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ABSTRACT Human cytomegalovirus (HCMV) protein pUL38 has been shown to pre-
vent premature cell death by antagonizing cellular stress responses; however, the
underlying mechanism remains unknown. In this study, we identified the host pro-
tein ubiquitin-specific protease 24 (USP24) as an interaction partner of pUL38. Mu-
tagenesis analysis of pUL38 revealed that amino acids TFV at positions 227 to 230
were critical for its interaction with USP24. Mutant pUL38 TFV/AAA protein did not
bind to USP24 and failed to prevent cell death induced by pUL38-deficient HCMV
infection. Knockdown of USP24 suppressed the cell death during pUL38-deficient
HCMV infection, suggesting that pUL38 achieved its function by antagonizing the
function of USP24. We investigated the cellular pathways regulated by USP24 that
might be involved in the cell death phenotype by testing several small-molecule
compounds known to have a protective effect during stress-induced cell death. The
iron chelators ciclopirox olamine and Tiron specifically protected cells from pUL38-
deficient HCMV infection-induced cell death, thus identifying deregulated iron ho-
meostasis as a potential mechanism. Protein levels of nuclear receptor coactivator 4
(NCOA4) and lysosomal ferritin degradation, a process called ferritinophagy, were
also regulated by pUL38 and USP24 during HCMV infection. Knockdown of USP24
decreased NCOA4 protein stability and ferritin heavy chain degradation in lyso-
somes. Blockage of ferritinophagy by genetic inhibition of NCOA4 or Atg5/Atg7 pre-
vented pUL38-deficient HCMV infection-induced cell death. Overall, these results
support the hypothesis that pUL38 binds to USP24 to reduce ferritinophagy, which
may then protect cells from lysosome dysfunction-induced cell death.

IMPORTANCE Premature cell death is considered a first line of defense against vari-
ous pathogens. Human cytomegalovirus (HCMV) is a slow-replicating virus that en-
codes several cell death inhibitors, such as pUL36 and pUL37x1, which allow it to
overcome both extrinsic and intrinsic mitochondrion-mediated apoptosis. We previ-
ously identified HCMV protein pUL38 as another virus-encoded cell death inhibitor.
In this study, we demonstrated that pUL38 achieved its activity by interacting with
and antagonizing the function of the host protein ubiquitin-specific protease 24
(USP24). pUL38 blocked USP24-mediated ferritin degradation in lysosomes, which
could otherwise be detrimental to the lysosome and initiate cell death. These novel
findings suggest that iron metabolism is finely tuned during HCMV infection to
avoid cellular toxicity. The results also provide a solid basis for further investigations
of the role of USP24 in regulating iron metabolism during infection and other dis-
eases.
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Apoptosis is a typical programmed cell death (PCD) which plays an important role
in the development and maintenance of the steady state in tissues (1). Apoptosis

also occurs as an antiviral response, by eliminating infected cells to prevent viral spread
and persistent infection (2). Human cytomegalovirus (HCMV) is a slow-replicating
betaherpesvirus that requires 48 to 72 h to begin producing progeny at peak levels in
fibroblasts. It is therefore essential for HCMV to block premature cell death to allow it
to complete its replication cycle. Indeed, HCMV has evolved multiple mechanisms to
accomplish this. Some well-studied examples are as follows. pUL37x1, also known as
viral mitochondrial inhibitor of apoptosis (vMIA), suppresses apoptosis by binding and
inhibiting the proapoptotic factor Bax (3–8). The UL36-encoded viral inhibitor of
caspase-8-induced apoptosis (vICA) inhibits Fas-mediated apoptosis by binding to the
prodomain of caspase-8 and preventing its activation (9). HCMV also expresses a long
noncoding RNA, �2.7 RNA, which binds to complex I of the respiratory transport chain
to maintain its stability and sustain ATP production and cell viability (10). Mouse
cytomegalovirus (MCMV) encodes multiple functionally conserved proteins, including
the UL36 homolog M36 (11–13), the UL37x1 counterpart m38.5 (6, 14, 15), a viral
inhibitor of Bak oligomerization by open reading frame m41.1 (16), and a viral inhibitor
of RIP activation (vIRA) by M45 (17–19), to block apoptosis or necroptosis (20).

The HCMV UL38 open reading frame is located within the intron region of UL37 but
is transcribed on its own to produce a protein of 331 amino acids (21). Terhune et al.
reported that a mutant virus lacking the pUL38-coding sequence induced host cell
apoptosis (22). Cells infected by the pUL38-deficient virus underwent a series of
morphological changes, including cell shrinkage, membrane blebbing, vesicle release,
and chromatin condensation and fragmentation (22). Further studies found that pUL38
was able to prevent endoplasmic reticulum (ER) stress-induced cell death by modulat-
ing the unfolded-protein response (23, 24). pUL38 was reported to interact with
tuberous sclerosis protein 2 (TSC2) and activate mTORC1 (23), but we showed that this
was not responsible for the cell death-inhibiting activity of pUL38 (25). The molecular
mechanism underlying the antiapoptotic function of pUL38 thus requires further
investigation.

In the current study, we identified ubiquitin-specific protease 24 (USP24) as a novel
interaction partner of pUL38. Mutant pUL38 lacking its USP24 binding capacity failed to
prevent cell death induced by pUL38-deficient HCMV infection. Inhibition of USP24
expression by RNA interference (RNAi) rescued cell viability during pUL38-deficient
HCMV infection, demonstrating that pUL38 achieved its function by inhibiting the
function of USP24. We also showed that pUL38 regulated ferritin degradation in the
lysosome during HCMV infection by antagonizing USP24, which in turn inhibited
autophagic ferritin degradation, thus maintaining lysosome integrity and cellular via-
bility.

RESULTS
pUL38 interacts with USP24. To further dissect the molecular mechanism of the

antiapoptotic function of pUL38, we performed affinity purification in HEK293T cells to
isolate pUL38 interaction partners (Table 1). A high-molecular-mass band of over 170
kDa that specifically copurified with pUL38 and pUL381–239 was repeatedly observed in
multiple purification attempts (Fig. 1A). This band was identified as USP24 by mass
spectrometry. A previous study also identified USP24 as a possible pUL38 interaction
protein by affinity purification and mass spectrometry analysis in HCMV-infected fibro-
blasts (23), but it was not validated by additional experiments. We confirmed the
interaction by coimmunoprecipitation (co-IP) and immunoblotting analysis. Flag-
tagged pUL38 and pUL381–239 effectively pulled down USP24, detected by a USP24-
specific antibody, while Flag-tagged green fluorescent protein (GFP) failed to do so (Fig.
1B, left panels). Reciprocal co-IP showed that pUL38 and pUL381–239 were specifically
pulled down by a USP24 antibody (Fig. 1B, right panels). We also analyzed the
interaction between pUL38 and USP24 in HCMV-infected human fibroblasts. pUL38 was
copurified with USP24 using a polyclonal USP24 antibody but not using control rabbit
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IgG (Fig. 1C, top panels), and USP24 was copurified with pUL38 using a mouse
monoclonal pUL38 antibody (Fig. 1C, bottom panels). These results demonstrated that
pUL38 interacted with USP24, both in isolation and in the context of HCMV infection.

Interaction between pUL38 and USP24 is essential for blocking cell death. To
determine if the physical interaction between pUL38 and USP24 contributed to its
antiapoptotic activity, we mapped the key residues of pUL38 required for its interaction
with USP24. We previously showed that while pUL381–239 was fully functional, further
deletion of another 14 amino acids from 226 to 239 rendered it incapable of blocking
cell death (25). We reasoned that the amino acids in this region might mediate the
pUL38-USP24 interaction and thus contribute to its cell death-inhibiting activity. We
generated three pUL38 mutants, TFV228-230AAA, DR231-232AA, and DS233-234AA, by
sequentially replacing each two or three amino acids with alanines. Co-IP and immu-
noblotting showed that DR/AA and DS/AA mutant pUL38 interacted with USP24
similarly to wild-type pUL38, but the TFV/AAA mutant protein failed to interact with
USP24 (Fig. 2A and B). Importantly, DR/AA and DS/AA mutants retained the ability to
prevent pUL38-deficient-HCMV-induced cell death in human fibroblasts, but the TFV/
AAA mutant protein, which was unable to bind to USP24, failed to prevent cell death
(Fig. 2C). Immunoblotting analysis showed that expression of the cell death marker
cleaved poly(ADP-ribose) polymerase (PARP) was reduced in pUL38- but not pUL38
TFV-expressing cells during pUL38-deficient HCMV infection (Fig. 2D), indicating that
the interaction between pUL38 and USP24 was indispensable for the antiapoptotic
function of pUL38.

USP24 downregulation prevents pUL38-deficient HCMV infection-induced cell
death. Having demonstrated the role of the pUL38-USP24 interaction in preventing cell
death, we determined whether pUL38 acted by antagonizing the activity of USP24
using two USP24-specific short hairpin RNAs (shRNAs) expressed in human fibroblasts.
Both shRNAs effectively downregulated USP24 protein expression, with shUSP24-1
being more efficient (Fig. 3D). Knockdown of USP24 by RNAi had no apparent effect on
the morphology of wild-type-HCMV-infected human fibroblasts (Fig. 3A and B, left
panels) but changed the morphology of pUL38-deficient-HCMV-infected MRC5 cells
(Fig. 3A and B, right panels). More spindle-shaped adherent fibroblasts were observed
in cells expressing USP24 shRNA (shUSP24-1 or shUSP24-2) than in control shRNA
(shc)-expressing cells. These cells expressed higher levels of GFP driven by an expres-

TABLE 1 pUL38 protein partners identified by mass spectrometry

Accession
no. Description

Size
(kDa)

Peptide
count

Cover
(%)

Q9UPU5 Ubiquitin carboxyl-terminal hydrolase 24 294.3 31 12.02
Q5JSZ5 Proline-rich coiled-coil protein 2B 243.0 4 2.11
Q6Y7W6 GRB10-interacting GYF protein 2 150.0 3 2.54
B4DE59 cDNA FLJ60424, highly similar to

junction plakoglobin
62.6 3 4.97

F5GWP8 Keratin, type I cytoskeletal 17 66.3 3 4.74
B4DW52 Highly similar to actin, cytoplasmic 1 38.6 3 12.68
P60709 Actin, cytoplasmic 1 41.7 3 11.73
Q1KLZ0 HCG15971, isoform CRA_a 41.7 3 11.73
Q14207 Nuclear protein of the ATM locus 154.3 2 0.49
B4DVW1 Ataxia-telangiectasia locus (NPAT) 52.6 2 1.45
P35579 Myosin 9 226.6 1 0.51
A8MT79 Putative zinc-alpha-2-glycoprotein-like 1 229.8 1 4.90
P25311 Zinc-alpha-2-glycoprotein 34.3 1 3.36
P68871 Hemoglobin subunit beta 16.0 1 8.84
Q6ZR08 Dynein heavy chain 12, axonemal 356.9 1 0.26
P46379 Large proline-rich protein BAG6 119.4 1 1.15
Q9Y312 Protein AAR2 homolog 43.5 1 2.34
P50454 Serpin H1 46.4 1 2.87
O15382 Branched-chain amino-acid

aminotransferase, mitochondrial
44.3 1 1.79

P54753 Ephrin type B receptor 3 110.3 1 0.70
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sion cassette built into the HCMV genome and were likely to be more viable than the
rounded cells expressing control shRNA (Fig. 3A and B, right panels). The phenotype
was more obvious in shUSP24-1-expressing cells than in shUSP24-2-expressing cells,
likely because the former downregulated USP24 more efficiently (Fig. 3D). These
observations were confirmed by cell viability assays (Fig. 3C). Immunoblotting analysis
showed that expression of the cell death marker cleaved PARP was reduced in USP24
shRNA-expressing cells during pUL38-deficient HCMV infection (Fig. 3D). These results
suggest that pUL38 prevented cell death by antagonizing a function of USP24 during
HCMV infection.

Inhibition of USP24 makes cells less sensitive to ER stress-induced cell death.
We previously showed that pUL38 blocked ER stress-induced cell death when ex-
pressed alone in human fibroblasts (25). We therefore examined the role of USP24 in
this process. As expected, MRC5 cells expressing pUL38 were resistant to cell death
caused by the ER-stress inducers tunicamycin (TM) and thapsigargin (TG) (Fig. 4A).
However, the TFV mutant that could not bind USP24 failed to prevent cell death. The
viability of these cells was thus similar to that of the control vector cells (Fig. 4A), and
PARP cleavage was not suppressed (Fig. 4B). We also determined whether USP24
knockdown was sufficient to prevent ER stress-induced cell death. As shown in Fig. 4C
and D, the cell viability was higher in USP24-specific shRNA (shUSP24-1)-expressing
cells than in control shRNA (shc)-expressing cells after TM and TG treatment, and PARP

FIG 1 USP24 is an interaction partner of pUL38. (A) Protein complexes associated with each bait protein
were isolated by affinity purification and separated by gel electrophoresis. The specific bands were
distinguished by silver staining. Bait proteins Flag-Halo-UL38 (UL38), Flag-Halo-UL381–239 (UL381–239), and
Flag-Halo-GFP (GFP) and key captured proteins are indicated. The Halo tag was originally used for
tandem affinity purification, but one-step purification with the Flag tag was efficient enough for mass
spectrometry analysis. (B) pUL38 interacts with USP24 in HEK293T cells. HEK293T cells were transfected
with Flag-Halo-GFP-, Flag-Halo-UL38-, or Flag-Halo-UL381–239-expressing plasmid. Cell lysates were col-
lected 48 h later and subjected to immunoprecipitation with anti-Flag beads (left panels) or with
anti-USP24 antibody (right panels). Cell lysates and eluted proteins from the immunoprecipitation were
analyzed by immunoblotting with the indicated antibodies. (C) pUL38 interacts with USP24 during HCMV
infection. MRC5 cells were infected with HCMV at an MOI of 3. Cell lysates were prepared at 48 hpi, and
immunoprecipitation was performed using a mouse monoclonal antibody against pUL38 (anti-pUL38) or
a rabbit polyclonal antibody against USP24 (anti-USP24). Mouse IgG (M-IgG) or rabbit IgG (R-IgG) was
used as a control. Cell lysates and eluted proteins from the immunoprecipitation were analyzed by
immunoblotting with the indicated antibodies.
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cleavage was reduced in shUSP24-1-expressing cells under the same experimental
conditions. These results indicated that the pUL38-USP24 interaction was required for
pUL38 to prevent ER stress-induced cell death in isolation, and suppression of USP24
was sufficient to reduce ER stress-induced cell death.

Iron chelators prevent cell death induced by infection with pUL38-deficient
HCMV. We determined the events or pathways downstream of USP24 that initiated cell
death during pUL38-deficient HCMV infection by screening small molecules known to
inhibit ER stress-induced cell death by neutralizing reactive oxygen species (ROS). These
molecules included Tiron, which showed a protective effect based on cell morphology
and immunoblotting analysis of PARP cleavage (Fig. 5A). Tiron increased the number of
spindle-shaped adherent cells (Fig. 5A) and reduced PARP cleavage (Fig. 5B), both
indicating increased cell survival. Notably, however, two other commonly used ROS
scavengers, Trolox and N-acetyl-L-cysteine (NAC), failed to prevent the cell-death
phenotype (Fig. 5A and B), suggesting that Tiron protected against cell death via
mechanisms other than neutralizing ROS. Tiron is known to act as an iron chelator, and
we therefore determined if another iron chelator, ciclopirox olamine (CPX), could also
protect the cells from pUL38-deficient-HCMV-induced cell death. As shown in Fig. 5C,
CPX treatment increased cell viability similarly to Tiron treatment in our system, and
both compounds reduced PARP cleavage (Fig. 5D). Previous studies indicated that
HCMV replication was inhibited by iron chelators such as desferrioxamine (26, 27).
However, the virus titer was unaffected in wild-type-HCMV-infected cells and was
slightly upregulated in pUL38-deficient-HCMV-infected cells at 5 days postinfection
following treatment with CPX and Tiron, potentially related to increased cell viability

FIG 2 The TFV motif in pUL38 is required for interaction with USP24 and cell death inhibition activity. (A
and B) HEK293T cells were transfected with plasmids expressing Flag-tagged GFP, pUL38, or pUL38
mutant proteins as indicated. Cell lysates were prepared 48 h later, and immunoprecipitation was
performed with anti-Flag beads (A) or anti-USP24 and protein A beads (B). Cell lysates and eluted
proteins were then analyzed by immunoblotting with the indicated antibodies. (C) MRC5 cells were
transduced with lentivirus expressing the indicated proteins. Cell samples were prepared at 72 or 96 hpi
with wild-type (wt) or pUL38-deficient HCMV. Cell viability was assessed by CellTiter-Glo luminescent cell
viability assay. The data shown represent the mean � SD from three independent experiments. The
viability of cells infected with wild-type HCMV was set as 100%, and the viability of cells infected with
pUL38-deficient HCMV was normalized to that of wild-type-HCMV-infected cells. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ns, not significant. (D) MRC5 cells were transduced with lentivirus expressing proteins as
indicated. Cell lysates were prepared at 72 hpi with wild-type or pUL38-deficient HCMV at an MOI of 3.
Samples were assayed by immunoblotting with the indicated antibodies.
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(Fig. 5E). These results indicated that iron was involved in pUL38-deficient-HCMV-
induced cell death.

pUL38 and USP24 regulate ferritin degradation in lysosomes during HCMV
infection. Iron is an essential element for life. Key enzymes in the respiratory chain and
DNA metabolism require iron for their function. However, excess iron can be detrimen-
tal to life through initiation of ROS-dependent or -independent cell death (28, 29). The
autophagic degradation of ferritin, a major intracellular iron storage protein, which is
also called ferritinophagy, turns out to be a key mechanism maintaining iron homeo-
stasis (30, 31). Upon iron depletion or starvation, nuclear receptor coactivator 4
(NCOA4) binds to ferritin heavy chain (FTH1) and targets it to lysosomes for degrada-
tion, thus releasing the stored iron. In addition to supplying cells with sufficient
amounts of iron, uncontrolled ferritin degradation and increased amounts of labile free
iron could also sensitize cells to cell death (32, 33). Based on this knowledge, we
determined whether autophagic ferritin degradation was modulated by pUL38 and
USP24, which could potentially explain the involvement of iron in pUL38-deficient-
HCMV-induced cell death. NCOA4 protein levels were higher in pUL38-deficient-HCMV-
infected cells than in the wild-type-HCMV-infected cells at 72 hpi (Fig. 6A, lanes 8 and
9), and the faster-migrating FTH1 band, corresponding to a lysosomal FTH1 degrada-
tion product (31), was increased in pUL38-deficient-HCMV-infected cells compared with
wild-type-HCMV-infected cells (Fig. 6A, lanes 8 and 9), demonstrating decreased inhi-
bition of lysosomal ferritin degradation in the absence of pUL38. Complementary
expression of pUL38, but not the pUL38 TFV mutant, blocked ferritin degradation
during pUL38-deficient HCMV infection in MRC5 cells, indicating that the interaction
between pUL38 and USP24 was indispensable for pUL38 to regulate lysosomal ferritin
degradation (Fig. 6B). As expected, FTH1 colocalized with the lysosome marker LAMP1
in pUL38-deficient- but not in wild-type-HCMV-infected cells (Fig. 6C and D). Knock-

FIG 3 HCMV pUL38 prevents cell death by inhibiting the function of USP24. (A and B) MRC5 cells were transduced
with lentivirus expressing control shRNA (shc) or USP24-specific shRNA shUSP24-1 (A) or shUSP24-2 (B). Cells were
then infected with wild type (wt) or pUL38-deficient HCMV (UL38 mut) at an MOI of 3. Images were taken at 72
hpi. (C) MRC5 cells were transduced and infected as for panels A and B, and cell viability was assessed at 72 or 96
hpi by CellTiter-Glo luminescent cell viability assay. The viability of cells infected with wild-type HCMV was set as
100%, and the viability of cells infected with pUL38-deficient HCMV was normalized to that of wild-type-HCMV-
infected cells. Data shown represent the mean � SD from three independent experiments. ***, P � 0.001. (D) MRC5
cells were transduced and infected as for panels A and B. Cell lysates were collected at 72 hpi and analyzed by
immunoblotting with the indicated antibodies.
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down of USP24 decreased NCOA4 protein levels and lysosomal FTH1 degradation at 72
hpi (Fig. 6A, lanes 9 and 12), suggesting that USP24 played a crucial role in directing
FTH1 for lysosomal degradation. As expected, knockdown of USP24 reduced the
colocalization between FTH1 and LAMP1 in pUL38-deficient-HCMV-infected cells (Fig.
6C and D), reflecting the decreased ferritinophagy. USP24 is a deubiquitinase and
stabilizes substrates by removing ubiquitin. We therefore measured NCOA4 stability by
cycloheximide (CHX) chase assay and showed that the stability of NCOA4 protein
decreased after USP24 knockdown (Fig. 6E and F). Overall, these observations suggest
that pUL38 and USP24 regulated NCOA4 stability and ferritin degradation in lysosomes
during HCMV infection.

Inhibition of autophagic ferritin degradation prevents pUL38-deficient HCMV
infection-induced cell death. To clarify the relationship between USP24-mediated
ferritinophagy and pUL38-deficient-HCMV-induced cell death, we determined whether
the cell death phenotype could be prevented by blocking ferritinophagy via genetic
inhibition of NCOA4, Atg5/Atg7, or FTH1 itself. Elimination of NCOA4 expression by
RNAi knockdown significantly blocked cell death (Fig. 7A), PARP cleavage, and ferritin
degradation in lysosomes in MRC5 cells infected with pUL38-deficient HCMV (Fig. 7B).
Atg5 and Atg7 are critical for the formation of the autophagosome (34). Knockdown of
Atg5 or Atg7 successfully blocked pUL38-deficient HCMV infection-induced cell death,
possibly because Atg5 or Atg7 depletion diminished lysosomal activation and subse-

FIG 4 pUL38 prevents ER stress-induced cell death by inhibiting the function of USP24. (A) MRC5 cells
were transduced with lentivirus expressing the indicated proteins. Cell viability was assessed at 24 h after
treatment with thapsigargin (TG) (2 �M) or tunicamycin (TM) (2 �g/ml) by CellTiter-Glo luminescent cell
viability assay. The viability of dimethyl sulfoxide (DMSO)-treated cells was set as 100%, and the viabilities
of TG- and TM-treated samples were normalized to that of DMSO-treated cells. Data shown represent the
mean � SD from three independent experiments. ***, P � 0.001. (B) MRC5 cells were transduced with
lentivirus expressing the indicated proteins. Cell samples were prepared at 18 or 24 h after treatment
with TG (2 �M) and analyzed by immunoblotting with the indicated antibodies. (C) MRC5 cells were
transduced with lentivirus expressing control shRNA (shc) or USP24-specific shRNA (shUSP24-1). Cell
viability was assessed at 24 h after treatment with TG (2 �M) or TM (2 �g/ml) by CellTiter-Glo luminescent
cell viability assay. The viability of DMSO-treated cells was set as 100%, and the viabilities of TG- and
TM-treated samples were normalized to that of DMSO-treated cells. Data shown represent the mean �
SD from three independent experiments. ***, P � 0.001. (D) MRC5 cells were transduced with lentivirus
expressing control shRNA (shc) or USP24-specific shRNA (shUSP24-1). Cell samples were prepared at 24 h
after treatment with TG (2 �M) or TM (2 �g/ml) and analyzed by immunoblotting with the indicated
antibodies.
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quent ferritinophagy (Fig. 7C to E). Interestingly, knockdown of FTH1 itself also blocked
pUL38-deficient-HCMV-induced cell death (Fig. 7F and G), suggesting that lysosomal
degradation of FTH1 was a pivotal process for pUL38-deficient-HCMV-induced cell
death. These results, together with the evidence that pharmacologic treatment with
CPX and Tiron successfully blocked pUL38-deficient HCMV infection-induced cell death
(Fig. 5C and D), suggested that autophagic ferritin degradation and the release of free
iron into the lysosome was essential for pUL38-deficient HCMV infection-induced cell
death. pUL38 prevented these events by antagonizing the activity of USP24.

pUL38 inhibits LMP-mediated cell death. Intralysosomal iron produced by ferritin
degradation in lysosomes induces lysosomal membrane permeabilization (LMP) and
cathepsin leakage (35). The release of lysosomal cathepsin into the cytosol induces
caspase activation and apoptosis (36–38). As expected, cathepsin L leakage was in-
creased in cells infected with pUL38-deficient HCMV compared with wild-type HCMV
(Fig. 8A). Furthermore, cathepsin L leakage was decreased by treatment with iron
chelators in cells infected with pUL38-deficient HCMV (Fig. 8B). In addition, combination
treatment with the cathepsin inhibitors pepstatin A and E64d increased the viability

FIG 5 CPX and Tiron rescue the viability of cells infected with pUL38-deficient virus. (A) MRC5 cells were infected
with wild-type (wt) or pUL38-deficient (UL38 mut) HCMV at an MOI of 3. Tiron (200 �M), Trolox (25 �g/ml), NAC
(5 mM), or DMSO (control) was added to cells infected with pUL38-deficient virus at the time of infection. Images
were taken at 72 hpi. (B) Cells were infected and treated as for panel A. Cell lysates were collected and analyzed
by immunoblotting with the indicated antibodies. (C) MRC5 cells were treated with Tiron (200 �M), CPX (0.5 �M),
or DMSO and then infected with wild-type or pUL38-deficient HCMV at an MOI of 3. Cell viability was assessed at
the indicated time points by CellTiter-Glo luminescent cell viability assay. The viability of cells infected with
wild-type HCMV was set as 100%, and the viability of cells infected with pUL38-deficient HCMV was normalized to
that of wild-type-HCMV-infected cells. Data shown represent the mean � SD from three independent experiments.
***, P � 0.001. (D) MRC5 cells were mock infected or infected with-wild type (wt) or pUL38-deficient (mut) HCMV
at an MOI of 3 and then treated as for panel C. Cell lysates were collected at 72 hpi, and cleaved PARP and FTH1
were analyzed by immunoblotting. Antibodies to viral proteins, as indicated, and the cellular protein tubulin were
used as infection and loading controls, respectively. (E) Growth analysis of wild-type (wt) or pUL38-deficient (mut)
HCMV infection of MRC5 cells at an MOI of 3 with DMSO, CPX (0.5 �M), or Tiron (200 �M) treatment. Cell-free
viruses in the supernatants were collected at the indicated days postinfection (dpi), and the virus titers were
determined by 50% tissue culture infective dose (TCID50) assay.
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FIG 6 pUL38 antagonizes the function of USP24 and prevents ferritin degradation in lysosomes. (A) MRC5 cells were
transduced with lentivirus expressing control shRNA (shc) or USP24-specific shRNA (shUSP24-1) and then mock infected
or infected with wild type (wt) or pUL38-deficient (mut) HCMV at an MOI of 3. Cell lysates were collected at the indicated
time points after virus infection and analyzed by immunoblotting with the indicated antibodies. (B) MRC5 cells were
transduced with empty vector (vector), or with pUL38- or pUL38 TFV/AAA-expressing lentivirus and then mock infected or
infected with wild type (wt) or pUL38-deficient (mut) HCMV at an MOI of 3. Cell lysates were collected at 72 hpi and
analyzed by immunoblotting with the indicated antibodies. (C) MRC5 cells were transduced with mCherry-FTH1- and
shc/shUSP24-1-expressing lentiviruses and then infected with wild-type (wt) or pUL38-deficient (mut) HCMV at an MOI of
0.3. Cells were fixed at 96 hpi and stained with the indicated antibodies. Images were taken using an Olympus FV1200 laser
scanning microscope. (D) Colocalization of mCherrry-FTH1 and LAMP1 was assessed using ImageJ. Data shown represent
the mean � SD for nine cells. ***, P � 0.001; ns, not significant. (E) RNAi knockdown of USP24 reduces NCOA4 protein
stability. MRC5 cells were transduced with shc/shUSP24-1-expressing lentivirus and then treated with 100 �g/ml cyclo-
heximide (CHX). Cell lysates were collected at the indicated time points and analyzed by immunoblotting. (F) Quantifi-
cation of NCOA4 protein levels in two independent CHX chase experiments. Data shown represent the mean � SD from
two independent experiments.
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FIG 7 Inhibition of ferritinophagy prevents pUL38-deficient HCMV infection-induced cell death. (A) MRC5 cells were
transduced with lentivirus expressing control shRNA (shc) or NCOA4-specific shRNA (shNCOA4-1 or shNCOA4-2)
and then infected with wild-type or pUL38-deficient HCMV at an MOI of 3. Cell viability was assessed at the
indicated time points by CellTiter-Glo luminescent cell viability assay. The viability of cells infected with wild-type
HCMV was set as 100%, and the viability of cells infected with pUL38-deficient HCMV was normalized to that of
wild-type-HCMV-infected cells. Data shown represent the mean � SD from three independent experiments. **, P �
0.01; ***, P � 0.001. (B) Control and NCOA4 knockdown MRC5 cells were mock infected or infected with wild-type
(wt) or pUL38-deficient (mut) HCMV at an MOI of 3. Cell lysates were collected at 72 hpi and analyzed by
immunoblotting with the indicated antibodies. (C) MRC5 cells were transduced with lentivirus expressing control
shRNA (shc) or Atg5- or Atg7-specific shRNA (shAtg5/shAtg7) and then infected with wild-type or pUL38-deficient
HCMV at an MOI of 3. Cell viability was assessed at the indicated time points by CellTiter-Glo luminescent cell
viability assay. The viability of cells infected with wild-type HCMV was set as 100%, and the viability of cells infected
with pUL38-deficient HCMV was normalized to that of wild-type-HCMV-infected cells. Data shown represent the
mean � SD from three independent experiments. ***, P � 0.001. (D) Control and Atg5 or Atg7 knockdown MRC5
cells were mock infected or infected with wild-type (wt) or pUL38-deficient (mut) HCMV at an MOI of 3. Cell lysates
were collected at 72 hpi and analyzed by immunoblotting with the indicated antibodies. (E) Knockdown efficiencies
of Atg5 and Atg7 were quantified by qRT-PCR. (F) MRC5 cells were transduced with lentivirus expressing control
shRNA (shc) or FTH1-specific shRNA (shFTH1-1 or shFTH1-2) and then infected with wild-type or pUL38-deficient
HCMV at an MOI of 3. Cell viability was assessed at the indicated time points by CellTiter-Glo luminescent cell
viability assay. The viability of cells infected with wild-type HCMV was set as 100%, and the viability of cells infected
with pUL38-deficient HCMV was normalized to that of wild-type-HCMV-infected cells. Data shown represent the

(Continued on next page)
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(Fig. 8C) and reduced PARP cleavage (Fig. 8D) of cells infected with pUL38-deficient
HCMV. These findings suggest that pUL38 inhibited LMP-mediated cell death by
regulating ferritin degradation in lysosomes.

DISCUSSION

Programmed cell death plays a pivotal role in regulating HCMV replication (5, 22,
39), and a panel of viral proteins, including pUL36, pUL37x1, pUL38, and some non-
coding RNAs, are utilized to overcome PCD (3–10, 22, 25, 40–43). Although pUL38 has
been shown to prevent cell death by targeting the unfolded-protein response pathway
(24), the detailed molecular mechanism remains elusive.

In the current study, we identified the host protein USP24 as a novel interaction
partner of pUL38 by immunoprecipitation-mass spectrometry analysis (Fig. 1). This
interaction is likely to be an important factor enabling pUL38 to block cell death, given
that a mutant pUL38 protein incapable of binding USP24 failed to block cell death (Fig.
2 and 4A and B). pUL38 fulfills its cell death inhibition activity by antagonizing USP24,
and RNAi knockdown of USP24 rescued cell viability during pUL38-deficient HCMV
infection or ER stress (Fig. 3 and 4C and D).

Mechanistically, pUL38 restrained the positive effect of USP24 on ferritinophagy,

FIG 7 Legend (Continued)
mean � SD from three independent experiments. **, P � 0.01; ***, P � 0.001. (G) Control and FTH1 knockdown
MRC5 cells were mock infected or infected with wild-type (wt) or pUL38-deficient (mut) HCMV at an MOI of 3. Cell
lysates were collected at 72 hpi and analyzed by immunoblotting with the indicated antibodies.

FIG 8 pUL38 inhibits cathepsin leakage-mediated cell death. (A) MRC5 cells were infected with wild-type
or pUL38-deficient HCMV at an MOI of 3. Cell samples were collected 72 h later. Cytosolic proteins were
separated and analyzed by immunoblotting with the indicated antibodies. (B) MRC5 cells were treated
with Tiron (200 �M), CPX (0.5 �M), or DMSO and then infected with wild-type or pUL38-deficient HCMV
at an MOI of 3. Cell samples were collected 72 h later. Cytosolic proteins were separated and analyzed
by immunoblotting with the indicated antibodies. (C) MRC5 cells were treated with pepstatin A (pep A)
(25 �M) plus E64d (10 �M) or with DMSO and then infected with wild-type or pUL38-deficient HCMV at
an MOI of 3. Cell viability was assessed at the indicated time points by CellTiter-Glo luminescent cell
viability assay. The viability of cells infected with wild-type HCMV infected cells was set as 100%, and the
viability of cells infected with pUL38-deficient HCMV was normalized to that of wild-type-HCMV-infected
cells. Data shown represent the mean � SD from three independent experiments. ***, P � 0.001. (D)
MRC5 cells were treated with pepstatin A (pep A) (25 �M) plus E64d (10 �M) or with DMSO and then
infected with wild-type or pUL38-deficient HCMV at an MOI of 3. Cell lysates were collected at 72 hpi and
analyzed by immunoblotting with the indicated antibodies.
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whereby ferritin is degraded in lysosomes and releases free iron. Our results were
consistent with the hypothesis that pUL38 suppresses ferritinophagy by modulating
the activity of USP24, which in turn reduces the release of free iron that could cause cell
death during HCMV infection. First, the iron chelators CPX and Tiron specifically
protected cells from pUL38-deficient HCMV infection-induced cell death (Fig. 5), indi-
cating that iron plays a role in PCD under these conditions. Second, more FTH1 was
colocalized with lysosomes (Fig. 6C), and the lysosomal degradation of FTH1 was
enhanced in pUL38-deficient-HCMV-infected cells (Fig. 6A), indicating increased ferri-
tinophagy. Third, knockdown of USP24 reduced the lysosomal degradation of FTH1
(Fig. 6A) and prevented cell death during pUL38-deficent HCMV infection (Fig. 3),
suggesting that pUL38 blocks cell death by inhibiting USP24-mediated ferritinophagy.
Fourth, a mutant pUL38 protein incapable of binding to USP24 was unable to suppress
ferritinophagy or cell death (Fig. 2) (Fig. 6B). Finally, inhibition of ferritinophagy by
knockdown of NCOA4, Atg5/Atg7, or FTH1 itself prevented pUL38-deficient HCMV
infection-induced cell death (Fig. 7). Overall, these results support our hypothesis that
pUL38 antagonizes USP24 and prevents premature cell death during HCMV infection by
suppressing ferritinophagy (Fig. 9).

USP24 is a deubiquitinase (44), and it was identified as a potential interaction
partner of pUL38 (23) in the current study. Single-nucleotide polymorphisms in the
USP24 gene have been reported to be associated with Parkinson’s disease (45, 46).
Furthermore, several studies have demonstrated that USP24 regulated cell survival in
various contexts through modulating the protein stability of some of its substrates,
such as DDB2 (47), Mcl-1 (48), and p53 (49, 50). However, to the best of our knowledge,
the role of USP24 in modulating ferritinophagy and iron metabolism has not previously
been reported.

Iron is essential for various cellular biochemistry processes, forming complexes such
as hemoglobin and myoglobin. Replication of and chronic infection with many viruses,
including HCMV, also rely on iron, and HCMV replication was inhibited by treatment

FIG 9 Model of pUL38- and USP24-mediated regulation of ferritin degradation in lysosomes and cell
death. pUL38 binds to USP24 in cells infected with wild-type HCMV to inhibit its function in stabilizing
NCOA4. NCOA4 is stabilized by USP24 in cells infected with pUL38-deficient HCMV. Increased NCOA4
binds to ferritin and promotes ferritin degradation in lysosomes, resulting in iron accumulation in the
lysosomes and lysosomal membrane permeabilization. Release of cathepsin into the cytosol induces
caspase activation and cell death.

Sun et al. Journal of Virology

July 2018 Volume 92 Issue 13 e00191-18 jvi.asm.org 12

http://jvi.asm.org


with an iron chelator (26, 27). The HCMV viral protein US2 was reported to increase
cellular iron uptake by targeting the transferrin receptor inhibitor HFE for proteasome-
mediated degradation (51). When iron absorption is enhanced during infection, excess
iron must be controlled to avoid iron overload-induced cell death. Ferritin is a globular
protein complex consisting of 24 subunits, including FTH1 and ferritin light chain (FTL),
with important roles in iron storage and homeostasis (52). Ferritin has been reported to
be degraded in the lysosome under iron-depleted conditions, which is crucial for iron
extraction from ferritin and utilization by cells (53). However, uncontrolled lysosomal
release of iron induces LMP and cathepsin leakage-mediated cell death during oxida-
tive stress (32, 35). Lysosomal cell death is executed mainly as a result of the cytosolic
leakage of lysosomal cathepsin proteases, leading to necrosis or apoptosis, depending
on the degree of leakage and the specific cellular context (36, 54–57). In the current
study, cytosolic leakage of lysosomal cathepsin was increased in pUL38-deficient-
HCMV-infected cells and decreased by treatment with iron chelators (Fig. 8A and B). In
addition, inhibition of cathepsin activity by pepstatin A and E64d successfully rescued
the viability of cells infected with pUL38-deficient HCMV (Fig. 8C and D), thus support-
ing our hypothesis that pUL38 antagonizes USP24 and suppresses ferritinophagy to
block cathepsin leakage-induced premature cell death during HCMV infection.

NCOA4 was recently identified as an adaptor for ferritin degradation via ferritin-
ophagy, a target-specific autophagic turnover of ferritin (31). Here, we showed that the
host protein USP24 also regulated ferritinophagy, at least during HCMV infection. The
HCMV protein pUL38 binds to and suppresses USP24, which in turn inhibits ferritin-
ophagy and the premature death of infected cells. Further studies are needed to
determine whether USP24 modulates ferritinophagy and iron metabolism under other
physiological and pathological conditions and during other infections and to establish
the precise mechanisms whereby USP24 modulates ferritinophagy.

MATERIALS AND METHODS
Plasmids and reagents. The following lentiviral overexpression vectors were derived from pLKO.

DCMV.tetO (58). All of the following plasmids carried a 3�Flag tag at their N termini. pLKO-3�Flag-UL38
expressed the pUL38 protein, and pLKO-3�Flag-GFP expressed the green fluorescent protein. Amino
acids 228 to 230, 231 to 232, and 233 to 234 of pUL38 were mutated to alanines by overlapping PCR and
cloned into the pLKO.DCMV.tetO vector, producing pLKO-3�Flag-UL38 TFV/AAA, pLKO-3�Flag-UL38
DR/AA, and pLKO-3�Flag-UL38 DS/AA. Primers for introducing the mutations are listed in Table 2.
pLKO-3�Flag-Halo-UL38, pLKO-3�Flag-Halo-UL381–239, and pLKO-3�Flag-Halo-GFP all carried a 3�Flag
tag and a Halo tag at their N termini. All plasmids were verified by restriction enzyme analysis and DNA
sequencing.

The iron chelators Tiron and ciclopirox olamine (CPX), the ROS scavengers Trolox and N-acetyl-L-
cysteine (NAC), the ER stress inducers tunicamycin (TM) and thapsigargin (TG), the cathepsin inhibitors
pepstatin A and E64d, and the eukaryote translation inhibitor cycloheximide (CHX) were purchased from
Sigma-Aldrich. Primary antibodies used in this study included the following: anti-GFP, anti-alpha-tubulin,
and anti-USP24 (Proteintech); anti-cleaved poly(ADP-ribose) polymerase (PARP) and anti-LAMP1 (Cell
Signaling Technology); anti-Flag (Abmart); anti-pUL44 (Virusys); anti-NCOA4 (Sigma-Aldrich); anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Hangzhou Xianzhi); anti-ferritin heavy chain (FTH1) (Santa
Cruz); anti-cathepsin L (R&D Systems); anti-IE1/2 (a generous gift from Jay Nelson, Oregon Health &
Science University); and anti-pUL38 and anti-pp28 (gifts from Thomas Shenk, Princeton University). Alexa
Fluor 647 goat anti-rabbit IgG(H�L) secondary antibody was purchased from Invitrogen.

Cell culture, transfection, and transduction. HEK293T cells (kindly provided by Bin Li, Shanghai
Jiao Tong University), primary human foreskin fibroblasts (HFFs), and human embryonic lung fibroblasts

TABLE 2 Primers used to introduce mutations into the pUL38-coding sequence

Mutant Primers used to introduce mutationsa

TFV/AAA 5=-CAGCGAGTCGCGATCGGCGGCGGCCATAGGAATTTTCCCTTCGC-3=
5=-GCCGCCGCCGATCGCGACTCGCTG-3=

DR/AA 5=-CAGCGAGTCGGCGGCCACGAAGGTCATAGGAATTTTCCCTTCGC-3=
5=-ACCTTCGTGGCCGCCGACTCGCTG-3=

DS/AA 5=-ATTGGCTCGCAGGGCGGCGCGATCCACGAAGGTCATAGGAATTT-3=
5=-GTGGATCGCGCCGCCCTGCGAGCCAAT-3=

aUnderlining indicates nucleotide substitutions introduced into the pUL38-coding sequence.

pUL38 Prevents Cell Death by Binding to USP24 Journal of Virology

July 2018 Volume 92 Issue 13 e00191-18 jvi.asm.org 13

http://jvi.asm.org


(MRC5 cells) were routinely cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS). HFFs and MRC5 cells were obtained from ATCC. 293T cells were transfected with the
indicated plasmid together with the packaging plasmids 9.2ΔR and vesicular stomatitis virus G (VSV-G)
to produce lentivirus stocks. MRC5 cells were transduced with lentivirus supplemented with 5 �g/ml
Polybrene and selected with 2 �g/ml puromycin (Sigma-Aldrich) for approximately 3 days to generate
a pool of cells expressing the protein of interest.

Viruses. Bacterial artificial chromosome (BAC) pAD-GFP carried the green fluorescent protein (GFP)-
tagged genome of the HCMV AD169 strain and was used to produce wild-type virus ADwt (59). BAC
pADpmUL38 was used to produce pUL38-deficient virus ADpmUL38. pADpmUL38 carried multiple point
mutations and was constructed by two-step linear recombination as previously described (24, 59). Briefly,
in the first step, the PCR fragment containing a GalK/kanamycin dual-marker cassette was used to replace
the UL38 region of pAD-GFP. In the second step, linear recombination, the marker cassette was replaced
by the PCR fragment of the UL38 gene that contained the desired mutations, including nonsense
mutations at His6 and Met12,and a 2-bp insertion (GC) at Met96 to introduce frameshift mutation (24).

To reconstitute the virus, 2 �g of the indicated BAC DNA and 1 �g of the pp71-overexpressing
plasmid were transfected into HFFs as described previously (21). At 24 hours after transfection, the
culture medium was replaced with fresh medium. The supernatant was collected when 100% of the cell
monolayer was lysed.

shRNA knockdown. shRNA-expressing lentiviral vectors were constructed based on the pLKO.1
vector. The shRNA targeting sequences used in this study are listed in Table 3. Lentivirus preparation and
transduction were the same as described above. Pools of MRC5 cells stably expressing the respective
shRNAs were used in the experiments.

Assays of cell death/apoptosis. Confluent MRC5 cells were infected at a multiplicity of infection
(MOI) of 3 in DMEM containing 10% FBS. At the indicated time points, cells were analyzed for
morphological and biochemical changes indicating premature cell death as previously reported (22, 24).
These assays included microscopic analysis for cell morphology and immunoblotting analysis for
elevated PARP cleavage. For microscopic analysis, MRC5 cells were examined under a phase-contrast
microscope at 72 h postinfection (hpi) for their cell morphology. Dying cells were detached from the
culture plate and fragmented, while surviving cells remained attached and maintained a fibroblast-like
morphology. For induction of elevated PARP cleavage, cell lysates were analyzed by immunoblotting
using the antibody specific to the cleaved forms of PARP.

IP and immunoblotting. Coimmunoprecipitation (co-IP) was done either in MRC5 cells infected with
HCMV at an MOI of 3 at 48 hpi or in 293T cells transfected with plasmids of interest. Cells were lysed in
lysis buffer, containing 120 mM NaCl, 40 mM HEPES (pH 7.4), 1 mM EDTA, 0.3% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS) (Sigma-Aldrich), protease inhibitor cocktail (PIC)
(Roche), and phosphatase inhibitor cocktail (PHIC) (Sigma-Aldrich), with rotation for 1 h at 4°C. After
centrifugation at 12,000 rpm for 15 min at 4°C, supernatants were taken and incubated with Flag
antibody-conjugated magnetic beads (Sigma-Aldrich) for 1 h at room temperature, washed with wash
buffer (120 mM NaCl, 40 mM HEPES, 1 mM EDTA, 0.3% CHAPS) five times, and eluted with 0.2 mg/ml Flag
peptide (Sigma-Aldrich). The eluted proteins were analyzed by immunoblotting.

For mass spectrometry analysis, 10 plates of 293T cells were used for immunoprecipitation. The
eluted proteins were concentrated with an Amicon Ultra centrifugal filter (Millipore) and separated in a
4 to 12% SDS-containing polyacrylamide gel, and the specific bands were cut and sent to Shanghai PSI
Biotechnology Co., Ltd., for mass spectrometry analysis.

Proteins were analyzed by immunoblotting as described previously (24). Briefly, cells were washed
with ice-cold phosphate-buffered saline (PBS) once and then lysed in protein sample buffer supple-
mented with protease inhibitor cocktail (PIC) (Roche) and phosphatase inhibitor cocktail (PHIC) (Sigma-
Aldrich). Proteins from equal cell numbers were separated by electrophoresis on an SDS-containing
polyacrylamide gel, transferred to a polyvinylidene difluoride (PVDF) membrane (0.45 �m; Millipore),
hybridized with primary antibodies, reacted with horseradish peroxidase (HRP)-conjugated secondary
antibodies, and visualized with Clarity Western ECL substrate (Bio-Rad).

qRT-PCR. Quantitative real-time reverse transcription-PCRs (qRT-PCRs) were performed in an
ABI7900HT instrument (Applied Biosystems) using SYBR Premix Ex Taq (TaKaRa). Each sample was
analyzed in duplicate with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control.
Total RNA was extracted using the TRIzol reagent (Invitrogen). cDNA was reverse transcribed with
oligo(dT) primer and random 6-mers using the Primerscript RT reagent kit (TaKaRa). cDNA was then
quantified using SYBR Premix Ex Taq (TaKaRa) with specific primer pairs for the gene of interest or the
GAPDH gene. The sequences of the qRT-PCR primers used in this study are listed in Table 4.

TABLE 3 shRNA targeting sequences

Name shRNA targeting sequence

shUSP24-1 GAAACTCAGGGTTGATACT
shUSP24-2 GGAAGCTTCTGCTCTTGATAC
shFTH1-1 GCTATCTTCCAGATTCCTTAA
shFTH1-2 CCTGTCCATGTCTTACTACTT
shNCOA4-1 GGTATTGTAGCTGTCCCTTTC
shNCOA4-2 GCAAACCTGCCAGTGGTTATC
shAtg5 AGATTGAAGGATCAACTATTT
shAtg7 GCTTCCAGAAATGGCATTTAG
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Cell viability assay. MRC5 cells were seeded at a density of 8,000 cells per well in 96-well plates and
allowed to attach overnight. Cells were infected with wild-type or pUL38-deficient HCMV at an MOI of
3. Cell viability was assessed by using the CellTiter-Glo luminescent cell viability assay (Promega). Cells
were lysed by adding 100 �l of reagent per well in 96-well plates at indicated time points. Luminescence
was recorded with a Thermo Scientific Varioskan Flash multimode reader. The cell viability of wild-type-
HCMV-infected cells was set as 100%. The cell viability of pUL38-deficient-HCMV-infected samples was
normalized to that of wild-type-HCMV-infected cells. The results are presented as the mean � standard
deviation (SD) (n � 3). Statistical analyses were performed with the paired Student t test. The threshold
of significance was set at a P value of �0.05.

Immunofluorescence microscopy. Cells grown on glass coverslips were fixed in 2% paraformalde-
hyde (in PBS) for 20 min at room temperature and permeabilized with 0.1% Triton X-100 (in PBS) for 15
min at room temperature. The cells were blocked with 5% FBS (in PBS) for 20 min before subsequent
incubation with primary and fluorescence-labeled secondary antibodies. To visualize the nuclei, cells
were counterstained with DAPI (4,6-diamidino-2-phenylindole) (Beyotime) for 10 min. Finally, labeled
cells were mounted on slides with Prolong Gold antifade reagent (Invitrogen-Molecular Probes) over-
night. Images were captured using an Olympus FV1200 confocal laser scanning microscope at a
magnification of �60.

Detection of lysosomal permeability. For cytosolic extraction, the final concentration of digitonin
was 25 �g/ml. Briefly, cell samples were collected and extracted with digitonin lysis buffer (25 �g/ml
digitonin [300410; Calbiochem] in lysis buffer containing 1 mM Pefabloc [76307-100MG; Sigma] and 8
mM dithiothreitol [DTT] at pH 7.5). Cells were gently incubated for 10 min on ice with intermittent
upside-down rotation every 2 min. The samples were then spun down (13,000 rpm, 90 s, 4°C), the
supernatant was quickly transferred to a new tube, 3� SDS sample buffer was added, and the mixture
was boiled at 100°C for 10 min. The samples were analyzed by immunoblotting. Cytosolic cathepsin L
was used as a marker for lysosomal membrane permeabilization (LMP) and cathepsin leakage.
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