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Apoptosis-inducing factor (AIF) is a mitochondrion-
localized flavoprotein with NADH oxidase activity. AIF nor-
mally acts as an oxidoreductase to catalyze the transfer of
electrons between molecules, but it can also kill cells when
exposed to certain stimuli. For example, intact AIF is cleaved
upon exposure to DNA-damaging agents such as etoposide,
and truncated AIF (tAIF) is released from the mitochondria to
the cytoplasm and translocated to the nucleus where it induces
apoptosis. Although the serial events during tAIF-mediated
apoptosis and the transition of AIF function have been
widely studied from various perspectives, their underlying
regulatory mechanisms and the factors involved are not fully
understood. Here, we demonstrated that tAIF is a target of the
covalent conjugation of the ubiquitin-like moiety ISG15
(referred to as ISGylation), which is mediated by the ISG15 E3
ligase HERC5. In addition, ISGylation increases the stability of
tAIF protein as well as its K6-linked polyubiquitination.
Moreover, we found that ISGylation increases the nuclear
translocation of tAIF upon cytotoxic etoposide treatment,
subsequently causing apoptotic cell death in human lung A549
carcinoma cells. Collectively, these results suggest that HERC5-
mediated ISG15 conjugation is a key factor in the positive
regulation of tAIF-mediated apoptosis, highlighting a novel
role of posttranslational ISG15 modification as a switch that
allows cells to live or die under the stress that triggers tAIF
release.

Apoptosis-inducing factor (AIF) and its strongly conserved
homologs are ubiquitous in organisms from bacteria to ver-
tebrates (1). AIF is synthesized in the cytosol and imported
into the mitochondrial intermembrane space. AIF normally
serves as a mitochondrial oxidoreductase under healthy
physiological condition (2). However, a distinct proapoptotic
function of AIF is displayed under stimulation with certain
toxic stimuli, which is critical for cell death. For example, upon
oxidative stress or depolarization of the mitochondrial mem-
brane, membrane-bound mature AIF is cleaved through pro-
teolytic processing into soluble AIF. The Ca2+-dependent
cysteine protease μ-calpain mainly cleaves AIF, and truncated
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AIF (tAIF) is then released into the cytoplasm (3–6). Finally,
cytosolic AIF translocates to the nucleus where it primarily
governs apoptosis, causing large-scale DNA breakage, chro-
matin condensation, and cell shrinkage, and eventually cellular
apoptosis (7).

Posttranslational modification (PTM) regulates various
functions of proteins and their physiological states. Similar to
many other proteins, AIF could be a target of diverse PTMs.
For example, PAK5 directly phosphorylates AIF at T281,
suppressing its nuclear translocation and promoting the
tumorigenesis of breast cancer (8). In addition, N-methyl-N-
nitro-N0-nitrosoguanidine (MNNG), a genotoxic agent, in-
duces caspase-independent but tAIF-induced apoptosis (9).
Interestingly, truncated AIF released into the cytoplasm by
MNNG is ubiquitinated by the ubiquitin E3 ligase CHIP,
inhibiting cell death (10). CHIP also mediates the K48-linked
and/or K63-linked polyubiquitination of tAIF, resulting in
the proteasomal degradation of tAIF. By contrast, the ubiquitin
protease USP2 catalyzes the deubiquitination of tAIF, antag-
onizing the CHIP-induced degradation of tAIF, thereby
maintaining the stability of tAIF and finally activating
apoptosis (10). AIF could also be a target of nondegradative
ubiquitination at the K255 residue by X-linked inhibitor of
apoptosis (XIAP), which attenuates the apoptosis-inducing
activity of AIF (11, 12). Overall, these results suggest that
diverse PTMs allow cells to orchestrate the structure and
localization of AIF, resulting in a delicate balance of its func-
tions, thereby modulating cell fate depending on the cell
context.

Although ubiquitin is the best studied posttranslational
modifier, there is a growing family of ubiquitin-like (UBL)
proteins that have been reported to modify cellular targets in
pathways that are parallel to, but distinct from, the ubiquitin
pathway. These proteins include SUMO, NEDD8, interferon
(IFN)-stimulated gene 15 (ISG15), and FAT10, and conjuga-
tion to these modifiers affects the target protein’s activity and/
or physiological functions. Among these, ISG15 is strongly
induced in response to type I IFN (13). ISG15 is also highly
induced by various toxic stimuli such as viral infection, lipo-
polysaccharide, and genotoxic stresses. Similar to ubiquitin,
ISG15 uses the C-terminal Gly-Gly motif for conjugation to
specific lysine residue of target proteins (14). In the process of
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HERC5-mediated ISGylation augments the cytotoxicity of tAIF
covalent ISG15 conjugation (referring to as ISGylation), the
cooperation of E1, E2, and E3 enzymes is required, similar to
ubiquitination (15). However, in contrast to the numerous
ubiquitin E3 ligases that have been identified to date, only
three are currently known for ISG15 E3 ligase: EFP, HHARI,
and HERC5 (16). Similar to ubiquitin, ISGylation is a reversible
enzymatic process, and ISG15 is removed from proteins by the
deconjugating enzyme USP18 (also known as UBP43) (17).
The expression of the enzymes involved in ISGylation,
including UBP43, is also upregulated by IFN treatment (18).

ISGylation affects the function and physiological state of
target proteins depending on the species, tissues, cell types,
and external stimuli, consequently regulating various signal
transduction pathways, protein ubiquitination, and the anti-
viral response. In addition, free ISG15 has been shown to act as
a cytokine and tumor suppressor or conversely, as an onco-
genic factor (19–23). Although several proteomics studies have
screened for viral substrates as well as hundreds of cellular
substrates of ISG15 modification (24–26), many of their reg-
ulatory mechanisms and functional consequences have yet to
be elucidated in detail.

Many studies have reported that ubiquitination targets
could also be conjugated by multiple UBL modifiers, including
ISG15. Moreover, several studies have demonstrated that
ISGylation affects target proteins and controls the balance
between cell death and survival. For instance, parkin ISGyla-
tion promotes ubiquitin E3 ligase activity by inhibiting intra-
molecular interactions, thereby increasing the cytoprotective
Figure 1. tAIF is a target of ISGylation. A, HEK293 cells were transfected for 2
His) or its truncated mutant lacking the N-terminal 101 amino acids (tAIF-V5
alone or in combination. Cell lysates were subjected to Ni-NTA pull down (PD: N
FLAG or anti-V5 antibody. Closed and open arrowhead indicate the bands of I
arrowhead on the gel were assumed to be the major ISG15-conjugated produc
His, FLAG-ISG15-WT, or FLAG-ISG-AA alone or in combination. Cell lysates were
with the indicated antibodies. C, HEK293 cells were transfected for 24 h with
combination. Cell lysates were immunoprecipitated using an anti-V5 antibody,
transfected with plasmids encoding the ISG15-activating enzyme UBE1L (E1) a
treated for 48 h with vehicle (−) or IFN-α (1000 U/ml). Immunoprecipitation (IP
blotting with anti-ISG15 or anti-AIF antibody. As a negative control, cell lysat
ISG15 and AIF in cell extracts was identified by Western blotting with their corre
controls. The asterisk indicates IgG heavy chains. AIF, apoptosis-inducing facto
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effect (27). ISGylation of CHIP also promotes E3 ubiquitin
ligase activity and reduces oncogenic c-myc levels, resulting in
the inhibition of tumor growth in lung carcinoma A549 cells
(28).

Based on these findings, we investigated whether AIF is a
novel target for ISG15 conjugation, and if that is the case, how
the ISGylation affects the nuclear translocation of tAIF. Our
results showed that tAIF was covalently modified by ISG15
when A549 cells were treated with etoposide, which was
mediated by the HERC5 ISG15 E3 ligase. In addition, ISGy-
lation enhanced the degradation-independent poly-
ubiquitination of tAIF and its nuclear transport, stimulating
apoptotic cell death in response to cytotoxic etoposide.
Results

Truncated AIF is a target of ISGylation in mammalian cells

To determine whether AIF is a target of ISGylation in
mammalian cells, we first performed Ni-NTA pull-down as-
says. Human embryonic kidney 293 (HEK293) cells were
cotransfected with multiple components of the ISG15-
conjugating system, including UBE1L (E1), UbcH8 (E2), and
FLAG-tagged ISG15 alone or with V5-His-tagged full-length
AIF or its truncated mutant lacking the N-terminal domain.
After cells were lysed with lysis buffer containing 8 M urea,
immunoblot analyses of the samples revealed that both full-
length AIF and tAIF were covalently modified by ISG15 un-
der denaturing conditions (Fig. 1A). Interestingly, a single
4 h with plasmids encoding C-terminal V5-His-tagged full length AIF (AIF-V5-
-His), FLAG-ISG15-WT, or its conjugation-defective mutant (FLAG-ISG15-AA)
i-NTA) under denaturing conditions, followed by Western blotting with anti-
SGylated full-length AIF and tAIF, respectively. The bands marked with a red
ts. B, HEK293 cells were transfected for 24 h with plasmids encoding tAIF-V5-
immunoprecipitated using an anti-V5 antibody, followed by immunoblotting
plasmids encoding tAIF-V5-His, FLAG-ISG15-WT, or FLAG-UBP43 alone or in
followed by immunoblotting with the indicated antibodies. All samples were
nd Myc-labeled ISG15-conjugating enzyme UbcH8 (E2). D, A549 cells were
) of cell lysates was carried out with anti-AIF antibody, followed by Western
es were immunoprecipitated with preimmune IgG (IgG). The expression of
sponding antibodies. β-Actin and HSP90 served as the equal protein loading
r; HEK293; human embryonic kidney 293; tAIF, truncated AIF.



HERC5-mediated ISGylation augments the cytotoxicity of tAIF
ISGylated band with a size of approximately 90 kDa from full-
length AIF was detected in the presence of multiple compo-
nents of the ISG15-conjugating system, which was speculated
to be derived from a mono-ISG15 conjugation product.
However, two ISGylation bands with sizes of approximately
80 kDa and 110 kDa, respectively, were formed from tAIF,
which matched the sizes of mono- and di-ISG15 (or two
mono-ISG15) conjugation products (Fig. 1A). In addition,
these ISGylated bands from full-length AIF and tAIF were not
observed when the cells were coexpressed with the
conjugation-deficient ISG15-AA mutant, where the C-termi-
nal Gly-Gly residues were substituted with Ala-Ala as a
negative control (Fig. 1A). To verify the ISGylation of tAIF and
the pattern and size of their ISG15-conjugated bands, the cells
were cotransfected with a plasmid encoding V5-His-tagged
tAIF alone or with a plasmid encoding FLAG-tagged ISG15-
GG or ISG15-AA, followed by coimmunoprecipitation (co-
IP) of cell lysates with anti-V5 antibodies. Immunoblotting of
anti-V5 immunocomplexes with anti-FLAG antiserum
revealed two ISGylated tAIF bands with mono- and di-ISG15
conjugation products in the presence of WT ISG15, whereas
these bands were not formed with the conjugation-defective
ISG15-AA mutant (Fig. 1B). The multiple conjugation of
tAIF with ISG15 was further confirmed by the finding that
these two bands were missing after incubation with UBP43, a
de-ISGylation enzyme (Fig. 1C). Unlike ubiquitin and ubiq-
uitination, neither conjugation of poly-ISG15 chains to target
proteins nor specific ISG15 interaction motifs have been re-
ported to date (29). In addition, ISG15 has been reported to be
conjugated as a monomer rather than a polymer to a lysine
residue of a target protein (30). Based on these reports, the
results from our in vitro experiments indicated that tAIF is
conjugated by multiple ISG15 molecules.

Previous reports have shown that treatment with type I
IFNs promotes the accumulation of ISG15 as well as its
conjugating system, including E1, E2, and E3, subsequently
increasing the covalent conjugation of ISG15 to its target
protein (18). Based on this and our previous study showing
that stimulation of A549 cells with type I IFN induced the
ISGylation of multiple proteins (28), we next determined
whether AIF could be ISGylated in A549 cells in response to
IFN-α treatment. After A549 cells were left untreated or
stimulated with IFN-α, co-IP of cell lysates revealed that
endogenous AIF was ISGylated (Fig. 1D). As shown in
Figure 1D, IFN-α treatment induced significantly increased
expression of ISG15 in A549 cells, which is consistent with a
previous finding (28). In addition, IFN-α treatment induced
the formation of a single AIF band with a size of approxi-
mately 80 kDa, which was speculated to match the size of the
mono-ISGylated truncated AIF band. Collectively, these data
suggested that endogenous and truncated AIF could be tar-
gets of mono-ISGylation in response to IFN-α in A549 cells.
Thus, the discrepancy in the ISGylation pattern of tAIF (i.e.,
the detection of two ISGylated tAIF bands in Fig. 1, A–C)
could be due to the overexpression of ISG15 protein leading
to excessive ISGylation. Similar to the present data, we pre-
viously reported that overexpression of SUMO protein,
another UBL modifier, caused excessive SUMOylation of
targets based on in vitro experiments (31).

ISG15 E3 ligase HERC5 specifically promotes the ISGylation of
tAIF

We next tried to identify the specific E3 ligase(s) that
mediate the ISGylation of tAIF. To date, three E3 ligases have
been identified to catalyze the ISG15-conjugating reaction to
target: HERC5, EFP, and HHARI (16). HEK293 cells were
cotransfected with plasmids encoding two components of the
ISG15-conjugating system, UBE1L (E1) and UbcH8 (E2), V5-
His-tagged tAIF, or each of the three E3 ligases, including
FLAG-HERC5, Myc-EFP, or FLAG-HHARI, alone or in
combination. Immunoprecipitation analyses showed that the
presence of WT HERC5 enhanced the ISGylation of tAIF
(Fig. 2A), whereas this effect was not observed in the presence
of the catalytic-inactive HERC5-C994A mutant (Fig. 2A).
Furthermore, the two ISGylation bands of tAIF disappeared
when the cells were transfected with HERC5-siRNA (Fig. 2B).
In contrast to the effect of HERC5, ISGylation of tAIF was
unaffected by EFP or HHARI (Fig. 2, D and E). Moreover, we
determined whether HERC5 acts as an ISG15 E3 ligase for
endogenous AIF in A549 cells. After cells were transfected
with HERC5-WT or HERC5-C994A, co-IP of cell lysates
revealed that the ISGylation of endogenous AIF was signifi-
cantly increased in the presence of HERC5-WT but not with
HERC5-CA (Fig. 2C). These results suggested that HERC5, but
not EEP or HHARI, acts as an ISG15 E3 ligase of tAIF. To
further examine whether tAIF interacts with HERC5 in the
absence of the ISG15-conjugating system, HEK293 cells were
cotransfected with plasmids encoding V5-His-tagged trun-
cated AIF or FLAG-HERC5 alone or together. As shown in
Figure S1A, the co-IP assay further revealed that truncated AIF
does not interact with HERC5 in resting cells. However, IFN-α
treatment in A549 cells triggered considerable induction of
HERC5. In addition, the binding of AIF to HERC5 was
observed in A549 cells treated with IFN-α (Fig. S1B). These
data demonstrate that HERC5 specifically promotes the
ISGylation of tAIF.

Identification of ISGylation sites in tAIF

ISG15 has been reported to be conjugated as a monomer to
a lysine residue of a target protein (30). Since only one band of
endogenous AIF ISGylation was detected in A549 cells, we
hypothesized that a single lysine residue in tAIF would be
primarily modified by ISG15. To test this possibility, we next
attempted to map which lysine residue of tAIF that is poten-
tially modified by ISG15. To screen the ISGylation site within
tAIF, we initially selected the most conserved lysine residues
among species. The tAIF complementary DNA clone used in
the present study was from the rat Rattus norvegicus, in which
the N-terminal 101 amino acids were truncated, and there are
a total of 31 lysine residues fully conserved between rats and
humans. First, we generated a total of 31 tAIF mutants, in
which 31 lysine residues were individually substituted with
arginine (Fig. S2A). Unexpectedly, co-IP analyses revealed that
J. Biol. Chem. (2022) 298(10) 102464 3



Figure 2. The ISG15 E3 ligase HERC5 specifically promoted the ISGylation of tAIF. A, where specified, HEK293 cells were transfected for 24 h with
plasmids encoding E1, Myc-E2, tAIF-V5-His, FLAG-ISG15-WT, FLAG-HERC5-WT, or its catalytically inactive mutant (FLAG-HERC5-CA) alone or in combination.
Cell lysates were immunoprecipitated using anti-V5 antibody, followed by Western blotting with anti-FLAG or anti-V5 antibody. B, HEK293 cells were
transfected for 48 h with plasmids encoding E1, Myc-E2, tAIF-V5-His, FLAG-ISG15-WT, nonspecific scrambled control siRNA (NC), or HERC5-siRNA (H5) alone
or in combination. Cell lysates were immunoprecipitated, followed by Western blotting with anti-FLAG or anti-V5 antibody. C, A549 cells were transfected
for 24 h with plasmids encoding E1, Myc-E2, FLAG-ISG15-WT, FLAG-HERC5-WT, or FLAG-HERC5-CA alone or in combination. Cell lysates were immuno-
precipitated using anti-AIF antibody, followed by Western blotting with anti-ISG15 or anti-AIF antibody. D, HEK293 cells were transfected for 24 h with
plasmids encoding E1, Myc-E2, tAIF-V5-His, FLAG-ISG15-WT, FLAG-HERC5-WT, Myc-EFP-WT, or its catalytically inactive mutant (Myc-EFP-CS), alone or in
combination. Cell lysates were immunoprecipitated, followed by Western blotting with anti-FLAG or anti-V5 antibody. E, HEK293 cells were transfected for
24 h with plasmid encoding E1, Myc-E2, tAIF-V5-His, Xpress-ISG15-WT, or FLAG-HHARI-WT alone or in combination. Cell lysates were immunoprecipitated,
followed by Western blotting with anti-ISG15 or anti-V5 antibody. Tubulin, β-actin, and HSP90 served as the equal protein loading controls. The asterisk
indicates IgG heavy chains. AIF, apoptosis-inducing factor; HEK293; human embryonic kidney 293; tAIF, truncated AIF.

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
all of these tAIF mutants failed to show any remarkable
reduction in the extent of ISGylation compared to that
observed in WT tAIF (Fig. S2B). These results implied that
several sites in the tAIF could be randomly modified by ISG15
as a monomer rather than a single and fixed lysine residue.
4 J. Biol. Chem. (2022) 298(10) 102464
AIF was previously reported to be a target of nondegradative
ubiquitination at the K254 residue (in rat AIF, corresponding
to K255 in human AIF) (12), and structural analysis of AIF
protein revealed that the K473 and K243 residues are located
close to K254 as well as at the surface of the protein. Similarly,



HERC5-mediated ISGylation augments the cytotoxicity of tAIF
two additional lysine sites located around the groove region
and close to each other were selected through structural
analysis of AIF for identifying the candidate target of ISGyla-
tion and substituted with arginine. Therefore, three additional
constructs encoding tAIF mutants were generated: the tAIF-
3KR-1 mutant, in which the K243, K254, and K473 residues
are substituted with arginine; the tAIF-3KR-2 mutant with
point mutations at K230R, K231R, and K407R; and the tAIF-
3KR-3 mutant with substitutions at K277R, K286R, and
K295R (Fig. S2C). Co-IP analyses of these mutants revealed
that the extent of tAIF-ISGylation was not significantly
reduced compared to that of WT tAIF (Fig. S2D). In addition,
we attempted to create several different tAIF mutants in which
multiple lysine groups were substituted with arginine in
various combinations and tested the effects of the mutations
on ISGylation. However, no such effects were observed (data
not shown).

Finally, the tAIF-K0 mutant was produced as a control, in
which all 31 lysine groups within the protein were substituted
with arginine. Despite the removal of all available lysine
groups, the ISGylated bands of this tAIF-K0 mutant were still
detected (Fig. S2E). From these data, we speculated that ISG15
modifies tAIF at amino acids other than lysine. Supporting this
hypothesis, there have been several reports indicating that
cysteine can also be modified by ISG15 (32, 33), although
ISG15 mainly prefers to conjugate at lysine sites.

Next, we examined the validity of the hypothesis and if that
is the case tried to identify the ISG15-targeting cysteine site(s)
within the AIF through the mutagenesis analysis. As there are
three cysteine residues in tAIF (C255, C316, and C440;
Fig. S2A), total 14 tAIF mutants were generated in which two
group of each seven mutants were produced using tAIF-WT
and tAIF-K0 as s template, separately (Fig. 2, F and G). The
seven point mutants of tAIF in each group were made by the
substitution of three Cys residues with Ala in a single, double,
or triple sites individually or together (Fig. 2, F and G). We
then examined whether each mutant was still ISGylated. Un-
expectedly, co-IP analyses revealed that the extent of ISGyla-
tion of all those 14 AIF mutants was not significantly reduced
compared to that of tAIF-WT or tAIF-K0, respectively (Fig. 2,
F and G). These results indicated that ISGylation of tAIF did
not occur on Lys or Cys residue but on the novel site(s) that
are not highly conserved.
ISGylation of AIF is induced by etoposide treatment in
A549 cell

It is well known that mitochondrial AIF is truncated and
released into the cytosol during apoptotic cell death under
induction by various toxic signals such as DNA-damaging
agents, kinase inhibitors, irradiation, and reactive oxygen
species (3). Besides type I IFN, ISG15 is also induced by
various cytotoxic stimuli, including viral infection, lipopoly-
saccharide, camptothecin, and etoposide (27). Based on these
reports, we next investigated the stimuli that induce the
ISGylation of apoptotic AIF in A549 cells among four toxic
reagents tested: camptothecin (34), etoposide (27), MNNG
(10), and staurosporine (35). Western blot analysis revealed
that ISG15 was remarkably induced by etoposide and camp-
tothecin in A549 cells but not by MNNG or staurosporine
(Fig. 3A). As shown in Figure 3B, the maximal induction of
ISG15 was obtained at 36 or 24 h with 50 or 100 μM etoposide,
whereas it was reached at 24 h with 1 or 5 μM camptothecin
(data not shown).

We then determined whether the ISGylation of tAIF was
induced by etoposide or camptothecin. As shown in Figure 3C,
HEK293 cells were cotransfected with ISG15-conjugating
components and tAIF and then left untreated or stimulated
with etoposide. Immunoblotting analysis of the samples
showed that overexpression of HERC5 promoted total ISGy-
lation levels in cell lysates as a control, and ISGylation was
greatly enhanced under this condition with further etoposide
stimulation. In addition, an immunoprecipitation assay
confirmed the ISGylation of tAIF under these conditions,
which significantly increased in the presence of HERC5.
Moreover, ISGylation of tAIF was further increased when the
cells were treated with etoposide (Fig. 3C). The same pattern of
tAIF-ISGylation was observed in response to camptothecin
treatment (Fig. S3A). Notably, under this condition of an
excessive ISG15-conjugating system (i.e., HERC5 over-
expression plus etoposide treatment), slightly upshifted forms
of V5-tAIF were clearly detected by immunoblot analysis with
anti-V5 IgG, which was consistent with the presence of
ISGylated tAIF bands detected in co-IP analysis (Fig. 3C). The
same pattern of bands has been reported in many other studies
(36–38). Furthermore, endogenous AIF of A549 cells was
ISGylated upon treatment with etoposide or camptothecin
(Figs. 3D and S3B). Etoposide treatment caused an interaction
between endogenous AIF and HERC5 in A549 cells, although
there was no binding detected in resting cells (Fig. 3E).

Finally, we examined whether the truncated form of
endogenous AIF was actually generated when A549 cells were
treated with etoposide. When cells were treated with etoposide
alone, the endogenous tAIF level was detected but at a very
low level making it difficult to observe (Fig. 3F). However,
when the cells were cotreated with etoposide and the protea-
some inhibitor MG132, the endogenous tAIF level was greatly
increased compared with that detected under treatment of
etoposide alone. As a control, when cells were treated with
MG132 alone, there was no change in tAIF levels (Fig. 3F).
Similar results were observed when camptothecin was used
(Fig. S3C). These findings confirmed that endogenous tAIF
induced by etoposide and camptothecin is subjected to pro-
teasomal degradation, explaining why it is difficult to detect
endogenous tAIF by Western blot analysis.

Collectively, these data suggest that treatment of A549 cells
with DNA-damaging agents such as etoposide and campto-
thecin specifically triggered the ISGylation of tAIF.
ISGylation increases polyubiquitination of tAIF mainly
through K6-linkage

We next investigated whether ISGylation affects the
biochemical and functional properties of AIF. Our previous
J. Biol. Chem. (2022) 298(10) 102464 5



Figure 3. Treatment of A549 cells with etoposide triggered the ISGylation of tAIF. A, where indicated, A549 cells were treated for 24 h with vehicle
(DMSO), etoposide (ETO, 100 μM), or interferon-α (IFN-α, 1000 U/ml), respectively. In the case of MNNG, the cells were treated with 0.5 mM MNNG for
15 min, washed with PBS, and further incubated for an additional 14 h (upper panel). A549 cells were treated for 24 h with vehicle (−), etoposide (100 μM),
IFN-α (1000 U/ml), or camptothecin (CPT; 0.25, 1, or 2.5 μM), respectively (middle panel). A549 cells were treated for the indicated times with vehicle (−) or
1 μM staurosporine (STS, bottom panel). All cell lysates were immunoblotted with the indicated antibodies. B, A549 cells were treated for the indicated
times with 50 or 100 μM etoposide. Cell lysates were immunoblotted with the indicated antibodies. C, HEK293 cells were transfected for 24 h with plasmids
encoding UBE1L, HA-UbcH8, tAIF-V5-His, FLAG-ISG15-WT, or FLAG-HERC5-WT alone or in combination. Cells were then incubated with or without 100 μM
etoposide for an additional 24 h. Cell lysates were immunoprecipitated using anti-V5 antibody, followed by immunoblotting with the indicated antibodies.
D, A549 cells were treated for 24 h with vehicle (−) or 100 μM etoposide. Immunoprecipitation (IP) of cell lysates was carried out with anti-AIF antibody,
followed by Western blotting with anti-ISG15 or anti-AIF antibody. As a negative control, cell lysates were immunoprecipitated with IgG. The expression of
ISG15 and AIF in cell extracts was determined by Western blotting with their corresponding antibodies. E, A549 cells were treated for 24 h with vehicle (−) or
100 μM etoposide. IP of cell lysates was carried out with anti-AIF antibody, followed by Western blotting with anti-HERC5 or anti-AIF antibody. F, A549 cells
were treated for 24 h with vehicle (−) or 100 μM etoposide. After replacing with fresh culture media, cells were then treated for an additional 4 h with
vehicle (−) or 20 μM MG132. Cell lysates were immunoblotted with the indicated antibodies. As a negative control, cell lysates were immunoprecipitated
with IgG. Tubulin, β-actin, and HSP90 served as the equal protein loading controls. The asterisk indicates IgG heavy chains. AIF, apoptosis-inducing factor;
DMSO, dimethyl sulfoxide; HEK293; human embryonic kidney 293; MNNG, N-methyl-N-nitro-N0-nitrosoguanidine; tAIF, truncated AIF.

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
studies elucidated that ISGylation of target proteins affects
polyubiquitination (27, 28). Thus, we first examined whether
ISGylation affects the polyubiquitination or mono-
ubiquitination of tAIF. HEK293 cells were transfected with
plasmids encoding ISG15 conjugation components, including
E1 and E2, FLAG-ISG15, or tAIF-V5-His alone or in combi-
nation to set the conditions for tAIF-ISGylation, and an
immunoprecipitation assay of cell lysates with anti-V5 anti-
bodies was performed. Immunoblotting of anti-V5 immuno-
complexes with antiubiquitin antibodies revealed that the
polyubiquitination of tAIF was enhanced to a certain degree in
the presence of ISG-WT (Fig. 4A). However, this effect was not
observed with ISG-AA (Fig. 4A). Moreover, the extent of tAIF
polyubiquitination was further enhanced by HERC5-WT,
whereas it was almost abolished by the catalytically inactive
6 J. Biol. Chem. (2022) 298(10) 102464
HERC5-CA mutant (Fig. 4B). Similarly, treatment of
A549 cells with etoposide, which was found to promote tAIF-
ISGylation, greatly increased the polyubiquitination level of
endogenous AIF (Fig. 4C). These results suggested that
ISGylation promotes the polyubiquitination of tAIF. This was
further confirmed by the finding that transfection of A549 cells
with HERC5-specific siRNA decreased the polyubiquitination
level of endogenous AIF that was induced by etoposide
treatment, which reached the control level (Fig. 4D). To
determine the specific lysine-linkage type(s) in the poly-
ubiquitin chain of ISGylated-tAIF, HEK293 cells were trans-
fected with tAIF-V5-His and ISG15 conjugation components
alone or together with one of several plasmids encoding WT
ubiquitin or its mutants (Fig. 4E). These include the ubiquitin
K6, K11, K27, K29, K33, K48, and K63 mutants, and the



Figure 4. ISGylation increased the K6-linked polyubiquitination of tAIF. A, HEK293 cells were transfected for 24 h with plasmids encoding UBE1L, Myc-
UbcH8, tAIF-V5-His, FLAG-ISG15-WT, or FLAG-ISG15-AA, alone or in combination. Cell lysates were immunoprecipitated using an anti-V5 antibody, followed
by immunoblotting with the indicated antibodies. B, HEK293 cells were transfected for 24 h with plasmids encoding UBE1L, Myc-UbcH8, tAIF-V5-His, FLAG-
ISG15-WT, FLAG-HERC5-WT, or FLAG-HERC5-CA, alone or in combination. Cell lysates were immunoprecipitated using an anti-V5 antibody, followed by
immunoblotting with the indicated antibodies. C, A549 cells were treated for 24 h with vehicle (−) or 100 μM etoposide. Immunoprecipitation (IP) of cell
lysates was carried out with anti-AIF antibody, followed by Western blotting with antiubiquitin (Ubi) or anti-AIF antibody. D, A549 cells were transfected for
48 h with nonspecific scrambled control siRNA (NC) or HERC5-siRNA (H5). Cells were then incubated with or without 100 μM etoposide for an additional
24 h. Cell lysates were immunoprecipitated using an anti-AIF antibody, followed by immunoblotting with the indicated antibodies. As a negative control,
cell lysates were immunoprecipitated with IgG. The expression of HERC5 and AIF in cell extracts was determined by Western blotting with their

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
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HERC5-mediated ISGylation augments the cytotoxicity of tAIF
indicated number of each ubiquitin mutant denoted the lysine
residue to remain intact among the seven total lysine residues,
while the other six residues were mutated to arginine. Among
these mutants, tAIF was polyubiquitinated through K6-linkage
of the lysine residue under the condition of ISG15 conjugation;
this linkage is known to be proteasome mediated degradation
independent but is mostly involved in DNA repair (Fig. 4E).

Overall, these data suggest that ISGylation increases the
polyubiquitination of AIF through K6-ubiquitin linkage.

ISGylation increases the half-life of tAIF

Next, we examined whether ISGylation affects the protein
stability of tAIF. To determine if ISGylation regulates the half-
life of tAIF, it was compared in the presence or absence
(blockade) of HERC5 expression. HERC5-siRNA efficiently
decreased the HERC5 expression level in A549 cells by 30%
(Fig. 5A). Evaluation of the half-life of exogenous tAIF
following treatment with cycloheximide revealed that tAIF
protein was degraded much faster over 24 h in HERC5-
knockdown cells compared to its degradation rate in control
cells treated with nonspecific control siRNA (Fig. 5B). Similar
results were also observed when UBP43 was overexpressed in
A549 cells, which greatly reduced the half-life of exogenous
tAIF by 2.3-fold (Fig. 5, C and D). Moreover, the half-life of
exogenous tAIF was greatly reduced in the presence of the
conjugation-defective ISG-AA mutant, with a reduction of
48%, compared with that of cells with ISG15-WT (Fig. 5, E and
F). When we further measured the half-life of endogenous
tAIF, it was not much affected under etoposide treatment,
compared with that of control cells without any treatment
(Fig. 5G). However, HERC5-knockdown followed by etoposide
treatment caused a significant reduction in the half-life of
endogenous tAIF. In addition, the relative tAIF level was
significantly increased by etoposide and decreased again by
HERC5-knockdown. Taken together, these results suggested
that ISGylation increases the half-life of tAIF.

ISGylation promotes the cytosolic release of tAIF and its
nuclear transport upon toxic stimuli

As described previously, when cells are exposed to apoptotic
signals, including etoposide, mitochondrial AIF is released into
the cytoplasm and ultimately translocated to the nucleus,
triggering apoptosis (3). Therefore, we examined whether
ISGylation has an effect on the intracellular localization of AIF
following treatment with etoposide. After A549 cells were
treated with etoposide for different times, cell lysates were
sequentially fractionated into four subcellular fractions: cyto-
plasmic (Cyto), membrane organelle (Memb), soluble nuclear
(Sol-Nucl), and chromatin-bound nuclear (Chr-Nucl) extracts.
Immunoblotting analyses of these fractions revealed that the
amount of tAIF protein was increased gradually under
corresponding antibodies. E, where specified, HEK293 cells were transfected fo
FLAG-HERC5, HA-tagged WT ubiquitin (HA-Ubi-WT), or the mutant in which six
K48, or K63) were replaced with arginine, alone or in combination. Cell lysate
blotting with the indicated antibodies. Tubulin, β-actin, and HSP90 served as th
apoptosis-inducing factor; HEK293; human embryonic kidney 293; tAIF, trunca
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etoposide treatment in all fractions, reaching the maximum
value at 24 h. In particular, the amount of tAIF protein is
abundant in the cytosol and soluble nuclear fraction, whereas
it is relatively small in the membrane and chromatin-bound
nuclear fraction. Moreover, the expression of ISG15 in cells
treated with etoposide for up to 12 h was induced at a similar
level to that of control cells without any stimuli. However, cells
treated with etoposide for more than 24 h displayed much
stronger induction of ISG15 than the control group (Figs. 6A
and 3B). Unfortunately, the induction of ISG15 could not be
clearly assessed in chromatin-bound nuclear fraction due to
the presence of a strong and putative nonspecific band exactly
matched to the size of ISG15. To further determine whether
this protein band corresponds to either ISG15 or other
nonspecific band, the same experiment was repeated in the
presence of control siRNA or ISG15-siRNA. As shown in
Figure S4, the steady-state and etoposide-induced ISG15 levels
were efficiently blocked by ISG15-siRNA in cytosolic fraction,
whereas this effect was not seen in chromatin-bound nuclear
fraction. These results indicated that the 15 kDa protein band
in the chromatin-bound nuclear fraction was not the ISG15
but a nonspecific band whose identity was unknown. These
results further suggest that, in order for the truncated AIF to
be ISGylated, cellular treatment with etoposide for more than
24 h is required.

Accordingly, A549 cells were cotransfected with the plas-
mids encoding the ISG15 conjugation components in combi-
nation and then treated with 100 μM etoposide for an
additional 24 h. The cell lysates were sequentially fractionated
into four subcellular fractions, and co-IP analyses of these
fractions revealed that ISGylation of AIF mainly occurred in
the cytoplasm at a steady state under resting conditions
(Fig. 6B). In contrast, when cells were treated with etoposide,
ISGylation was dramatically increased not only in the cyto-
plasm but also in the soluble and chromatin-bound nuclei
(Fig. 6B). Moreover, we found a greater increase in ISGylation
of AIF in soluble nuclear fraction than in chromatin-bound
nuclear fraction (Fig. 6B).

To further characterize the effect of ISGylation on the
subcellular localization of tAIF, the colocalization of endoge-
nous AIF and ISG15 was examined in A549 cells. As shown in
Figure 6C, AIF was mainly colocalized with ISG15 at a steady
state in the cytoplasm. Upon etoposide treatment, colocaliza-
tion of AIF and ISG15 was increased not only in the cytoplasm
but also in the nucleus (Fig. 6C). Consistently, similar results
were obtained in response to camptothecin treatment
(Fig. S5A). To verify the intracellular localization of covalently
conjugated AIF by ISG15, the actual interaction between AIF
and ISG15 was measured using a proximity ligation assay
(PLA) in A549 cells. Consistent with the previous results, the
PLA showed that ISGylated AIF barely occurred in the normal
state (Fig. 6D). However, when the cells were treated with
r 24 h with plasmids encoding ISG15-conjugating components, tAIF-V5-His,
lysine residues except for the numbered lysine site (K6, K11, K27, K29, K33,
s were immunoprecipitated using anti-V5 antibody, followed by immuno-
e equal protein loading controls. The asterisk indicates IgG heavy chains. AIF,
ted AIF.



Figure 5. ISGylation increased the half-life of tAIF. A, A549 cells were transfected for 48 h with a plasmid encoding tAIF-V5-His, nonspecific scrambled
control siRNA (−), or HERC5-siRNA, alone or in combination. Cell lysates were immunoblotted with the indicated antibodies. Relative protein levels of tAIF
compared with HSP90 were quantified, and the data are presented as the mean ± SEM of three independent experiments (***p < 0.001). B, A549 cells were
transfected for 48 h with nonspecific control scrambled siRNA (−), HERC5-siRNA, or a plasmid encoding V5-His-tagged tAIF. Cells were then treated for the
indicated times with 50 μg/ml cycloheximide (CHX) and cell lysates were immunoblotted with the indicated antibodies. Relative protein levels of tAIF
compared with HSP90 were quantified and the data are presented as the mean ± SEM of three independent experiments (**p < 0.01; ***p < 0.001). C,
A549 cells were transfected for 24 h with plasmids encoding V5-His tagged tAIF alone or together with FLAG-UBP43. Cell lysates were immunoblotted with
the indicated antibodies. Relative protein levels of tAIF compared with HSP90 were quantified and the data are presented as the mean ± SEM of three
independent experiments (***p < 0.001). D, A549 cells were transfected for 24 h with plasmids encoding V5-His-tagged tAIF, alone or together with FLAG-
UBP43. The cells were then treated for the indicated times with 50 μg/ml CHX and cell lysates were immunoblotted with the indicated antibodies. Relative
protein levels of tAIF compared with HSP90 are quantified and the data are presented as the mean ± SEM of three independent experiments (*p < 0.05;
**p < 0.01). E, A549 cells were transfected for 24 h with plasmids encoding V5-His-tAIF, alone or together with FLAG-ISG15-WT or FLAG-ISG15-AA. Cell
lysates were immunoblotted with the indicated antibodies. Relative protein levels of tAIF compared with HSP90 were quantified and the data are presented
as the mean ± SEM of three independent experiments (***p < 0.001). F, A549 cells were transfected for 24 h with plasmids encoding V5-His-tAIF alone or
together with FLAG-ISG15-WT or FLAG-ISG15-AA. The cells were then treated for the indicated times with 50 μg/ml CHX and cell lysates were immuno-
blotted with the indicated antibodies. Relative protein levels of tAIF compared with HSP90 were quantified and the data are presented as the mean ± SEM
of three independent (**p < 0.01). G, where specified, A549 cells were transfected for 48 h with nonspecific scrambled control siRNA (−) or HERC5-siRNA and
then treated for the indicated times with 50 μg/ml CHX or/and 100 μM etoposide (ETO) for 24 h. All samples were treated for 6 h with 20 μM MG132. Cell
lysates were immunoblotted with the indicated antibodies. Relative protein levels of endogenous tAIF compared with β-actin were quantified and the data
are presented as the mean ± SEM of three independent (*p < 0.05; **p < 0.01; ***p < 0.001). β-Actin and HSP90 served as the equal protein loading
controls. AIF, apoptosis-inducing factor; 293; tAIF, truncated AIF.

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
etoposide or camptothecin, the colocalization and interaction
between ISG15 and AIF remarkably increased. Moreover, the
extent of tAIF-ISGylation at the nuclear fraction increased,
suggesting that ISGylation promotes the cytosolic release and
nuclear translocation of tAIF (Figs. 6D and S5B). This
hypothesis was further validated by an additional assay to
determine whether HERC5 influences the interaction between
AIF and ISG15 induced by etoposide and camptothecin and its
change between the subcellular fractions. The PLA revealed
that knockdown of HERC5 significantly reduced the
J. Biol. Chem. (2022) 298(10) 102464 9



Figure 6. ISGylation promotes the cytosolic release and nuclear transport of tAIF upon etoposide treatment. A and B, all samples were treated for 6 h
with 20 μM MG132. A, after A549 cells were treated with 100 μM etoposide for the indicated times, cells were harvested, lysed, and fractionated into the
cytoplasmic (Cyto), membrane organelle (Memb), soluble nuclear (Sol-Nucl), and chromatin-bound nuclear (Chr-Nucl) extracts. Cell lysates were then
immunoblotted with the indicated antibodies. The asterisk indicated the nonspecific bands in the chromatin-bound nuclear fraction. B, A549 cells were
transfected for 24 h with plasmids encoding UBE1L, HA-UbcH8, FLAG-ISG15-WT, and FLAG-HERC5-WT. Cells were then incubated without (DMSO) or with
100 μM etoposide (ETO) for 24 h. Cells were harvested, lysed, and fractionated into the cytoplasmic (Cyto), membrane organelle (Memb), soluble nuclear
(Sol-Nucl), and chromatin-bound nuclear (Chr-Nucl) extracts. The samples were immunoprecipitated using an anti-AIF antibody, followed by immuno-
blotting with the indicated antibodies. HSP90, VDAC1, HDAC3, and histone H3 served as the respective markers for the cytoplasmic fraction, mitochondrial
(membrane organelle) fraction, soluble nuclear fraction, and chromatin-bound nuclear fraction. C, A549 cells were treated for 24 h with 100 μM etoposide

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
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HERC5-mediated ISGylation augments the cytotoxicity of tAIF
ISGylation of AIF, as expected (Figs. 6E and S5C). In addition,
ISGylation was significantly enhanced by etoposide or camp-
tothecin treatment, but the blockade of HERC5 expression
further inhibited the nuclear translocation of ISGylated AIF
compared with that in the control cells transfected with the
control siRNA. (Figs. 6E and S5C).

Overall, these data indicated that ISGylation of AIF plays a
vital role in the nuclear translocation of AIF upon treatment
with etoposide or camptothecin.

HERC5-mediated ISGylation of tAIF promotes cell death
following etoposide treatment

Finally, we investigated whether ISGylation influences tAIF-
mediated cell death. As we previously reported that ISGylation
is more likely to occur in A549 cells than in HEK293 cells,
which are lacking some of its essential components (28), we
examined the effect of tAIF-ISGylation on the cytotoxicity in
HEK293 and A549 cell lines, respectively. As shown in
Figure 7A, immunoblotting analysis verified that ectopically
transfected tAIF and the components of ISG15 conjugating
system, including ISG15, E1, E2, and E3, were properly
expressed in HEK293 cells. Measurement of HEK293 cell
viability using the lactate dehydrogenase (LDH) cytotoxicity
assay revealed that cells treated with etoposide alone displayed
cell death by �31% compared with mock-transfected control
cells (Fig. 7B). In addition, HEK293 cells transfected with tAIF
or the ISG15 conjugation system alone showed insignificant
change in etoposide-induced cytotoxicity, compared to the
control cells, respectively (Fig. 7B). When cells were cotrans-
fected with tAIF and the ISG15 conjugating components fol-
lowed by etoposide treatment, the cytotoxicity was increased
by �14% from 31% of the control group to 45% (Fig. 7B).
These results indicated that tAIF expression alone cannot
exert a cytotoxic effect in HEK293 cells in which the ISG15
conjugating system does not exist. However, when an artificial
environment was created in HEK293 cells to trigger the re-
actions of covalent ISG15 conjugation to their protein targets,
the extent of cell death was considerably promoted following
the etoposide-induced ISGylation of tAIF. Similarly, before
performing the cytotoxicity assay in A549 cells, immunoblot-
ting analysis confirmed that the expression of AIF and HERC5
was efficiently blocked by treatment with their siRNAs
(Fig. 7C). Then, the measurement of A549 cell viability showed
that etoposide treatment alone induced cell death by �85% in
cells transfected with nonspecific control siRNA (Fig. 7B).
However, A549 cells treated with AIF-siRNA showed a �5%
decrease in etoposide-induced cytotoxicity compared with that
before fixation. Representative confocal images of endogenous AIF (red) and IS
colocalization of AIF and ISG15 was analyzed by calculating Pearson0s correlatio
of three independent experiments (n = 9; ***p < 0.001). D, A549 cells were t
Proximity ligation assays (PLAs) were performed with the primary antibodies of
are shown. The scale bar represents 10 μm. The PLA signals were quantified
ISGylated AIF (red) and the nucleus (blue) was analyzed by calculating Pearso
mean ± SEM of three independent experiments (n = 10; ***p < 0.001). E, A549
HERC5-siRNA and treated for an additional 24 h with DMSO or etoposide (100
endogenous ISGylated AIF (red) are shown. The scale bar represents 10 μm.
scatter plot. The colocalization of ISGylated AIF (red) and the nucleus (blue)
software. Data are presented as the mean ± SEM of three independent expe
apoptosis-inducing factor; DMSO, dimethyl sulfoxide; tAIF, truncated AIF.
of the control cells. These results indicated that AIF expression
alone could exert a cytotoxic effect in A549 cells. Intriguingly,
the knockdown of HERC5 expression also reduced the cyto-
toxicity of etoposide by �7% compared to that of the control
group. These results suggest that, similar to the silencing of
AIF, the blockade of HERC5 expression and subsequent in-
hibition of tAIF-ISGylation has a cytoprotective effect. Finally,
when both AIF- and HERC5-specific siRNAs were cotrans-
fected into cells followed by treatment with etoposide, the
cytotoxicity of cells was attenuated in an additive manner
compared with that of the cells transfected with either siRNA
alone (Fig. 7D). Finally, to determine whether cell death
induced by AIF-ISGylation and identified by LDH assay occurs
through apoptosis, flow cytometry analysis was performed
using Annexin V-FITC and propidium iodide (PI) staining.
When the expression of AIF and HERC5 was blocked simul-
taneously using their corresponding siRNAs, flow cytometry
showed a reduction in apoptotic cell death by �18% compared
with that of the control group (***p < 0.001, Fig. 7E). Taken
together, these results suggest that AIF and HERC5 play
essential roles in apoptotic A549 cell death. In addition,
HERC5-mediated ISGylation of AIF promoted apoptosis upon
etoposide treatment.

Discussion

In the present study, we demonstrated that tAIF is a novel
target for ISG15 conjugation. However, when the bands of
ISG15-conjugated tAIF were closely analyzed, there were some
inconsistencies. For example, two major ISGylated bands were
observed under the ectopic expression of ISGylation compo-
nents corresponding to the size of multi-ISG15–conjugated
tAIF (Figs. 1, A and B and 2). However, upon stimulation with
IFN-α or DNA-damaging agents, only one ISGylated band of
endogenous tAIF was detected (Fig. 1D), which corresponded
to the size of the mono-ISG15–conjugated form. Moreover,
multiple bands, including two major bands, were observed
when ISG15 was excessively attached to tAIF, such as under
the condition of HERC5 overexpression and/or toxic reagent
treatment (Figs. 3C and 5C and 6A). This phenomenon could
be explained by the differential environment of target ISGy-
lation, such as a physiologically low extent of or excessive
conjugation. Several studies have reported that it is difficult to
observe the ISGylation of endogenous target proteins (30, 36,
39). These studies explain the difficulty in detecting endoge-
nous ISGylated proteins, presumably due to transient ISG15
conjugation to target proteins, as it is generally known that
covalent ISG15 conjugation is immediately removed from the
G15 (green) immunostaining are shown. The scale bar represents 10 μm. The
n coefficient with Image J software. Data are presented as the mean ± SEM
reated for 24 h without (DMSO) or with 100 μM etoposide before fixation.
AIF and ISG15. Representative PLA images of endogenous ISGylated AIF (red)
using Image J software and depicted as a scatter plot. The colocalization of
n0s correlation coefficient with Image J software. Data are presented as the
cells were transfected for 48 h with the nonspecific control siRNA (si-NC) or
μM). PLA was performed as described in (C). Representative PLA images of
The PLA signals were quantified using Image J software and depicted as a
was analyzed by calculating Pearson0s correlation coefficient with Image J
riments (n = 7; *p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant). AIF,
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Figure 7. ISGylation promoted tAIF-induced cell death following etoposide treatment. A, HEK293 cells were transfected for 24 h with plasmids
encoding UBE1L, Myc-UbcH8, FLAG-ISG15-WT, FLAG-HERC5-WT, or tAIF-V5-His, alone or in combination. Cell lysates were immunoblotted with the indicated
antibodies. β-Actin served as a loading control. B, HEK293 cells were transfected for 24 h with plasmids encoding UBE1L, Myc-UbcH8, FLAG-ISG15-WT, FLAG-
HERC5-WT, or tAIF-V5-His alone or in combination and treated for an additional 24 h with DMSO or etoposide (100 μM). Cell toxicity was measured using an
LDH assay kit. Data are represented as the mean ± SEM of three independent experiments (n = 6; **p < 0.01; ***p < 0.001). C, A549 cells were transfected
for 48 h with nonspecific scrambled control siRNA (−), HERC5-siRNA, or AIF-siRNA. Cell lysates were immunoblotted with the indicated antibodies. Tubulin
served as a loading control. D, A549 cells were transfected for 48 h with nonspecific control siRNA (si-NC), AIF-siRNA, or HERC5-siRNA and treated for an
additional 24 h with DMSO or etoposide (100 μM). Cell toxicity was measured using an LDH assay kit. Data are represented as the mean ± SEM of four
independent experiments (n = 12; *p < 0.05; **p < 0.01; ***p < 0.001). E, A549 cells were transfected for 48 h with nonspecific control siRNA (si-NC), AIF-
siRNA, or HERC5-siRNA and treated for an additional 24 h with DMSO or etoposide (100 μM). The extent of apoptotic cell death was detected by flow
cytometry. On the two-dimensional scatter diagram, Annexin V-FITC and PI are on the x- and y-axes, respectively. The second quadrant represents late
apoptotic cells and the fourth quadrant represents early apoptotic cells. The diagram shown in this figure is representative of multiple experiments. The
data are presented as a graph of the mean ± SEM of three independent experiments (n = 6; *p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant). AIF,
apoptosis-inducing factor; DMSO, dimethyl sulfoxide; HEK293; human embryonic kidney 293; PI, propidium iodide; tAIF, truncated AIF.

HERC5-mediated ISGylation augments the cytotoxicity of tAIF
target substrate by the ISG15-deconjugate enzyme USP18 (30,
36, 39). Moreover, we speculate that multiple bands might be
generated due to the excessive ISGylation of tAIF
12 J. Biol. Chem. (2022) 298(10) 102464
accompanied by additional polyubiquitination (40). Similar to
the present findings, we previously reported that covalent
conjugation of SUMO protein, another member of the
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ubiquitin-like modifier family, to its novel target produced
double and triple SUMOylated forms, which were attributed to
increased SUMO levels and consequent excessive SUMOyla-
tion (31, 41). More specifically, zinc finger protein 131
(ZNF131) is mono-SUMOylated at the Lys567 residue under
physiological conditions using either endogenous SUMO1 or
SUMO2/3. Nevertheless, overexpression of SUMO protein
and SUMO E3 ligase UHRF2 generated di- and tri-
SUMOylated forms of ZNF131 in HEK293 cells, which likely
occurred because of increased SUMO levels and subsequent
excessive SUMOylation. Similarly, multiple auto-SUMOylated
UHRF2 bands were generated in cells overexpressing SUMO
protein, whereas UHRF2 was mono-SUMOylated under
physiological conditions using endogenous SUMO1.

Among the three ISG15 E3 ligases, we clarified that HERC5
mediates the ISGylation of tAIF. Although we observed that
ISGylation was clearly promoted by HERC5, the interaction
between tAIF and HERC5 was difficult to observe under
normal resting conditions. Interestingly, the binding of tAIF to
HERC5 was observed upon treatment with IFN-α, etoposide,
or camptothecin, in which the ISG15 conjugation system was
activated. According to a previous study, HERC5 mediates
covalent ISG15 conjugation to another substrate, Parkin, in
mammalian cells (27). Similar to the present findings, we could
not detect the interaction between HERC5 and Parkin in the
resting condition. Parkin specifically bound to WT HERC5
and its catalytically inactive mutant, when it was coexpressed
with three components of the ISG15 conjugation system (27).
These results indicated that the interaction between HERC5
and Parkin might be mediated by another unknown compo-
nent. The present data support this hypothesis, further sug-
gesting that the interaction between HERC5 and its target
protein might be mediated by other unknown factor(s) that
can be activated by certain stimuli.

With regard to the mapping of ISG15-targeting Lys site(s)
within the AIF protein, we could not identify the exact site(s).
There are several reports showing that ISGylation has rela-
tively lower specificity to the substrate than other types of
PTM, suggesting that adjacent lysine residues can be alterna-
tively ISGylated (40, 42, 43). This much lower selectivity of
ISG15 conjugation to the target is mainly due to the various
innate immune responses required to protect cells from a large
range of pathogens (44). Consistently, ISG15, unlike other
ubiquitin modifiers, also has much lower specificity for the
lysine residue of the target and is even more rarely conjugated
to cysteine rather than lysine (32, 33, 39, 45). Presumably, this
could be the reason why we were not able to map the exact
ISGylation site(s) of tAIF. When all conserved lysine residues
of tAIF were substituted with arginine individually or in
various combinations, there was no significant difference of
ISG15 conjugation between the WT and each mutant. Even if
all of the available lysine groups of tAIF were replaced,
ISGylated bands were still detected (Fig. S2), indicating that
tAIF ISGylation does not occur at the conventional lysine
residue site.

Based on the additional reports that cysteine can be modi-
fied by ISG15 (32, 33), we further examined whether cysteine
residue(s) within the AIF could be a novel target of ISGylation.
Contrary to expectations, it was observed that tAIF was still
ISGylated even when both lysine and cysteine were mutated.
Accordingly, these results indicated that ISGylation of tAIF
may not target on Lys or Cys residues but on the novel site(s)
that are not highly conserved, and these cases have been found
in some of protein ubiquitination. Although ubiquitination
mainly targets the lysine residues, numerous studies have re-
ported the nonlysine-linked ubiquitination, occurring through
nonamine groups, such as sulfhydryl groups of cysteine or
hydroxyl groups of threonine and serine residues (46–50).
Supporting to our data, there was a report suggesting that
"noncanonical" conjugation of ISG15 to its target protein could
also be possible (51). In this case, the target protein has no
cysteine residue except for lysine residues, and all serine and
threonine residues, which widely reported to be alternative
conjugation sites in noncanonical ubiquitination studies, were
substituted for the assay of ISG15-conjugation. Nevertheless,
this mutant still showed to be ISGylated, suggesting that the
complex regulatory mechanisms may underlie the ISGylation
of target protein. The present study supports these hypotheses,
and further studies would be required to expand the under-
standing of more complicated mechanism of protein ISGyla-
tion than can be expected.

We further found that ISG15 was induced by various
stimuli, including IFN-α, etoposide, and camptothecin in
A549 cells, and tAIF-ISGylation was also promoted by these
stimuli. We also previously reported that, unlike the
HEK293 cell line lacking some necessary components, ISGy-
lation worked well in A549 cells (28). In addition, IFN-α
treatment induced the ISGylation of the ubiquitin E3 ligase
CHIP in the A549 cell line. Moreover, we have shown that
ISG15 was significantly induced by DNA-damaging agents
such as camptothecin and etoposide in various cell lines,
including A549 cells (27). Accordingly, A549 cells were
selected for this study. Moreover, numerous reports have
shown that mitochondrial tAIF is released into the cytoplasm,
inducing apoptosis in response to a variety of apoptosis-
inducing agents, including staurosporine, etoposide, azide,
tert-butylhydroperoxide, anisomycin, UV radiation, campto-
thecin, and MNNG (3, 52, 53). Since we observed that ISG15
and tAIF are mainly colocalized in the cytoplasm, we could
assume that ISGylation of tAIF could be promoted by these
apoptosis-inducing agents. Among the four apoptosis-
inducing agents tested (i.e., camptothecin, etoposide,
MNNG, and staurosporine), ISG15 conjugation of AIF was
significantly induced by camptothecin and etoposide in
A549 cells. Although AIF is known to induce caspase-
independent apoptosis by MNNG, ISG15 and subsequent
tAIF-ISGylation were not induced by MNNG in A549 cells.
Since etoposide and camptothecin are well-known caspase-
dependent inducers of apoptosis, our results suggest that the
downstream step(s) of cell death processes induced by ISGy-
lated tAIF might involve caspase-dependent apoptotic events.
Under this assumption, it would be interesting to further
examine whether the signaling pathway of tAIF-ISGylation
may accompany the release of cytochrome c followed by
J. Biol. Chem. (2022) 298(10) 102464 13
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caspase activation. Moreover, these results suggest that
although apoptotic cell death induced by tAIF occurs in
response to many toxic stimuli, their individual mechanisms
and underlying regulatory modes could be different. Further-
more, the present results provide evidence that the specific
conjugation of ISG15 to its targets (including AIF) largely
depends on different cell types and stimuli (16, 27).

Truncated AIF is known to be ubiquitinated by CHIP and
XIAP, differentially affecting the biochemical and physical
properties of tAIF (10, 11). For example, CHIP destabilizes and
eventually degrades tAIF via proteasome-dependent ubiquiti-
nation, resulting in the inhibition of apoptosis. XIAP inhibits
apoptosis by ubiquitination of AIF at K255, enhancing its
binding to DNA and chromatin degradation. Similar to the
latter case, we have previously shown that ISGylation affects
the ubiquitination of Parkin and CHIP, positively affecting
Parkin and CHIP activities (27, 28). In line with these previous
studies, in this study, we first tested whether ISGylation affects
the ubiquitination of tAIF. Consequently, we found that
ISGylation increased the ubiquitination of tAIF, which occurs
through a nonclassical K6 ubiquitin linkage mechanism.
Accumulating evidence suggests that K6 ubiquitin linkage may
be involved in protein stabilization (54–56) and other non-
degradative regulation of targets, including mitophagic protein
regulation (57–59). Recently, another novel function of K6-
linked ubiquitination was revealed: it enhances the DNA-
binding capacity of the substrate in the innate immune sys-
tem response (60). More precisely, the transcription factor
IRF3 is ubiquitinated via K6-linkage upon viral infection,
causing IRF3 to interact with the promoter of type I IFN genes
and ultimately enhancing antiviral innate immunity. Consid-
ering the multiple functions of K6-linked ubiquitination in the
preceding cases, it can be inferred that the K6-linked ubiq-
uitination of ISGylated tAIF is also likely to contribute to the
stabilization of tAIF, as well as its nuclear translocation and
DNA-binding capacity.

We further investigated whether the stability of tAIF was
affected by ISGylation. Our results indicated that ISGylation
increases the half-life of tAIF. We found that the half-life of
ectopic tAIF was significantly reduced when HERC5 expres-
sion was knocked down (Fig. 5B). In addition, we investigated
whether the de-ISGylating enzyme UBP43 could also nega-
tively affect the half-life of ectopic tAIF (Fig. 5D). The half-life
of ectopic tAIF was also reduced when it was measured in the
presence of conjugation-deficient ISG15-AA as a dominant-
negative mutant (Fig. 5F). In addition, the half-life of endog-
enous tAIF was significantly reduced by HERC5-knockdown
and etoposide treatment (Fig. 5G). In contrast to the effect of
the CHIP-mediated ubiquitination of tAIF to suppress
neuronal cell death through the degradation of tAIF, we
speculated that apoptosis would be enhanced by ISGylation
through the stabilization of tAIF.

Next, we examined whether ISGylation also affects the nu-
clear translocation of tAIF. Cell fractionation and immuno-
fluorescence analyses and the PLA verified that treatment with
etoposide or camptothecin increased the ISGylation of AIF
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itself in all fractions, in particular promoting the nuclear
translocation of tAIF simultaneously. This finding was further
confirmed when the expression of AIF and HERC5 was
knocked down in A549 cells, resulting in proportional sup-
pression of apoptotic cell death. These results support our
hypothesis that the ISGylation of tAIF causes the K6-linked
ubiquitination and stabilization of tAIF, eventually promot-
ing cell death. Since AIF and its homologs are ubiquitously
present in several tissues and cells other than the lung and
A549 cells and defective PTMs, including ISGylation, are
closely linked with many human diseases, a complete under-
standing of tAIF-ISGylation would be critical for future ther-
apeutic development and treatment of diverse AIF-related
diseases.

Taken together, the present finding of an additional PTM
mode (i.e., ISGylation) for the regulation of apoptotic tAIF
activity indirectly highlights the functional importance of AIF
within cells, for example, in the maintenance of cellular ho-
meostasis. In addition, our data support the hypothesis that the
induction of ISG15 and subsequent ISGylation of protein
target(s) has a novel regulatory role that contributes to toxic
stimuli-induced cell death.
Experimental procedures

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum were purchased from Corning Life Science.
Lipofectamine 2000 and Ni-NTA agarose beads were pur-
chased from Invitrogen. Protein A-Sepharose beads were
purchased from GE Healthcare Life Sciences. Protein G-
agarose 4B resin was purchased from Lugen Sci. Enhanced
chemiluminescence reagents were purchased from Perki-
nElmer Life and Analytical Sciences, AbClon, and Advansta.
IFN-α was purchased from PBL Assay Science. MG132 was
purchased from AG Scientific. Camptothecin (C9911), eto-
poside (E1383), staurosporine (S4400), and cycloheximide
(C4859) were purchased from Sigma–Aldrich. MNNG
(M0527) was purchased from Tokyo Chemical Industry. The
monoclonal anti-V5 antibody (46-0705) was purchased from
Invitrogen. Monoclonal anti-FLAG (F3165) antibodies were
purchased form Sigma–Aldrich. Monoclonal anti-AIF (sc-
13116), monoclonal anti-HSP90 (sc-13119), monoclonal
anti-β-actin (sc-47778), monoclonal anti-ISG15 (sc-166755),
polyclonal anti-ISG15 (H150; sc-50366), monoclonal anti-Myc
(sc-40), monoclonal antiubiquitin (sc-8017), and polyclonal
anti-HDAC3 (sc-11417) antibodies were purchased from Santa
Cruz Biotechnology. Polyclonal anti-AIF (4642S) and poly-
clonal anti-VDAC1 (4866) antibodies were purchased form
Cell Signaling Technology. Monoclonal anti-hemagglutinin
(HA) antibody (MMS-101P) was purchased from Covance.
Polyclonal mouse anti-HERC5 (H00051191-A01) was obtained
from Novus Biologicals. Monoclonal antitubulin (GTX628802)
was purchased from Genetex. Polyclonal antihistone H3
(ab1191) and polyclonal anti-V5 (ab9116) antibodies were
purchased from Abcam. Mouse IgG (12-371), rabbit IgG (12-
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370), peroxidase-conjugated mouse IgG (AP124P), and
peroxidase-conjugated rabbit IgG (AP132P) were purchased
from Millipore. Alexa Fluor 488–conjugated antimouse (A-
11029) and Alexa Fluor 594–conjugated anti-rabbit (A-11012)
secondary antibodies were purchased from Invitrogen.

DNA constructs

Plasmids encoding V5-His-tagged rat full-length AIF and its
truncated form lacking the N-terminal 101 amino acids
(pcDNA4.1-V5-His/TOPO-AIF and pcDNA4.1-V5-His/
TOPO-tAIF), FLAG-tagged WT ISG15 (pFLAG-ISG15-WT)
and its conjugation-defective mutant (pFLAG-ISG15-AA),
WT UBE1L (pcDNA-UBE1L), Myc-tagged UbcH8, and Myc-
tagged EFP were kindly provided by C.H. Chung (Seoul Na-
tional University, Seoul, Korea). Mammalian construct
encoding HA-tagged UbcH8 (pRK5-HA-UbcH8) was a kind
gift from T. M. Dawson (Johns Hopkins University School of
Medicine, Baltimore, MD, USA). The plasmid encoding
FLAG-tagged HERC5 was kindly provided by K. Hochrainer
(Weill Cornell Medical College, New York, NY, USA). The
plasmid encoding FLAG-tagged HHARI (pFLAG-HHARI) was
kindly provided by D. E. Zhang (University of California at San
Diego, San Diego, CA, USA). Several plasmids encoding either
WT tAIF with V5-His-tagging at the C terminus (tAIF-V5-
His) or its point mutants having a substitution of lysine with
arginine at the indicated single or multiple sites were produced
by site-directed mutagenesis using the QuikChange XL Site-
directed Mutagenesis kit (Stratagene). All DNA sequences
were confirmed by sequencing (BIONICS).

Cell culture and DNA transfection

HEK293 cells and human lung carcinoma A549 cells were
maintained in DMEM supplemented with 10% fetal bovine
serum and 100 U/ml penicillin–streptomycin. The cells were
grown at 37 �C in a humidified atmosphere containing 5%
CO2. All DNA transfections were performed using Lipofect-
amine 2000 according to the manufacturer’s protocol. To
induce apoptotic cell death, the cells were treated with 50 or
100 μM etoposide for 36 or 24 h, respectively.

RNAi

siRNAs targeting HERC5, AIF (catalog no.: # 9131-2), or
ISG15 (catalog no.: #9636-1) were synthesized by Bioneer.
Scrambled siRNA (catalog no.: # 51-01-14-04) as a negative
control was purchased from Integrated DNA Technologies.
The HERC5-specific siRNA duplex sense and antisense se-
quences were 50-GGACUAGACAAUCAGAAAGdTdT-30 and
50- CUUUCUGAUUGUCUAGUCC dTdT-30, respectively.

Immunoprecipitation and Western blotting analysis

Cultured cells were harvested by scraping with ice-cold PBS
and washed with PBS. Cells were then incubated at 4 �C for
30 min with radioimmunoprecipitation assay buffer containing
50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, and 0.1% SDS. Aliquots of protease in-
hibitor cocktail including 0.2 mM PMSF, 1 μg/ml aprotinin,
1 μg/ml leupeptin, 1 mMNa3VO4, and 10 mMNaF were added
to the cell lysates just before use. Cell lysates were then vor-
texed every 10 min, centrifuged at 15,000×g for 15 min at 4 �C,
and the supernatants were collected into clean tubes. For
immunoprecipitation, cell lysates including 0.5 to 2 mg of
protein were incubated with the appropriate antibody over-
night at 4 �C with gentle rotation. The samples were incubated
with either Protein A-Sepharose or Protein G-Agarose beads,
incubated for 2 h at 4 �C, centrifuged at 9300×g for 30 s, and
washed three times with radioimmunoprecipitation assay lysis
buffer. Immunocomplexes were collected by centrifugation at
8000×g for 1 min, and bead-bound proteins were eluted by
adding 2× SDS-PAGE sample buffer. The samples were dena-
tured by boiling for 5 min, separated on SDS-PAGE gels, and
transferred onto nitrocellulose membranes. Membranes were
blocked for 1 h at room temperature (RT) in 1× TBST buffer
(25 mM Tris [pH 7.6], 137 mM NaCl and 0.1% Tween 20)
containing 5% nonfat dry milk and incubated with the appro-
priate primary antibody overnight at 4 �C. The membranes
were then washed with TBST, incubated for 2 h with horse-
radish peroxidase–conjugated secondary IgG, washed again
with TBST, and visualized using enhanced chemiluminescence
reagents following the manufacturer’s instructions.

Ni-NTA pull-down analysis

Cells were harvested by scraping with ice-cold PBS, washed
with PBS, and lysed for 30 min at RT in lysis buffer containing
0.1 M NaH2PO4/Na2HPO4 (pH 7.4), 8 M urea, 10 mM imid-
azole, and a protease inhibitor cocktail. Cell lysates were vor-
texed every 10 min, centrifuged at 15,000×g for 20 min at RT,
and the supernatants were collected into clean tubes. The
samples were then incubated with Ni-NTA agarose beads for
90 min at RT, washed three times with lysis buffer containing
50 mM imidazole, and the bound proteins were then eluted
with the same buffer containing 500 mM imidazole. The
samples were incubated in SDS sample buffer for 5 min at RT
and separated by SDS-PAGE.

Subcellular protein fractionation assay

After A549 cells were harvested by scraping with ice-cold
PBS, subcellular fractionation was performed using a subcel-
lular protein fractionation kit (catalog no.: #78840, Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Protein extracts from the cytoplasm, membrane fractions,
soluble nucleus, and chromatin-bound nucleus were sequen-
tially obtained.

Immunocytochemistry analysis

A549 cells were cultured on poly-L-lysine–coated glass
coverslips in 6-well plates. The cells were treated with either
etoposide or camptothecin, harvested, washed twice with PBS
buffer, and fixed in 3.7% formaldehyde for 10 min at RT. Cells
were then permeabilized with 0.2% Triton X-100 for 10 min,
blocked with 1% bovine serum albumin in PBS for 1 h at RT,
and stained with anti-ISG15 or anti-AIF antibodies for 16 h at
4 �C. The samples were incubated with Alexa Fluor 488–
J. Biol. Chem. (2022) 298(10) 102464 15
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conjugated antimouse or Alexa Fluor 594–conjugated anti-
rabbit secondary antibodies to detect the primary antibodies.
Images were captured using an LSM 880 laser scanning
confocal microscope (Carl Zeiss) and the data were processed
using Zeiss LSM Image Browser (Carl Zeiss). To quantify the
colocalization of ISG15 and AIF proteins within cells, Image J
software (National Institutes of Health) was used to calculate
Pearson’s correlation coefficient.

PLA

A PLA was performed using the Duolink PLA assay kit
(DUO92101, Sigma–Aldrich), following the manufacturer’s
protocols. The PLA signals are displayed in red and the nuclei
are shown in blue. To quantify the PLA signals, Image J soft-
ware was used for analysis.

LDH cytotoxicity assay

Cellular cytotoxicity was measured using an LDH cyto-
toxicity assay kit (MK401; Takara), according to the manu-
facturer’s instructions. Briefly, after DNA or siRNA
transfection for 48 h, A549 cells were left untreated or treated
with 100 μM etoposide for an additional 24 h. Cell-free cul-
ture media were then transferred to sterile 96-well plates, and
the appropriate mixture of solutions was added to each well.
The plates were incubated for up to 30 min at RT to deter-
mine the LDH activity in the supernatant. The absorbance of
each sample was measured at 490 to 492 nm using a micro-
plate reader.

Flow cytometry analysis of apoptotic cells

Apoptosis of A549 cells was analyzed by using Annexin V-
FITC Apoptosis Staining/Detection Kit (ab14085, Abcam),
according to the supplier’s instructions. Cells were cultured in
6-well plates, harvested, and stained with Annexin V-FITC
and/or PI for analysis with a BD FACS LSR II SORP system
(Becton Dickinson).

Statistical analysis

One-way ANOVA with unpaired t tests was used for all
statistical analyses to compare data from different groups. The
analysis was performed using SPSS statistical analysis software
(version 25.0; IBM). All values are reported as mean ± SEM; p
values less than 0.05 were considered statistically significant,
and the sample size for each experiment (n) is noted in the
corresponding figure legends. The intensities of the Western
blot bands were measured using GelQuant.NET software
(version 1.8.2; biochemlabsolutions.com).

Data availability

All datasets are included within the article or are available
from the corresponding author: Kwang Chul Chung (kchung@
yonsei.ac.kr).
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