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a b s t r a c t

The expression of the ubiquitin-like molecule interferon-stimulated gene 15 kDa (ISG15) and post-
translational protein modification by ISG15 (ISGylation) are strongly activated by interferons or path-
ogen infection, suggesting that ISG15 and ISGylation play an important role in innate immune responses.
More than 400 proteins have been found to be ISGylated. ISG15 is removed from substrates by
interferon-induced ubiquitin-specific peptidase 18 or severe acute respiratory syndrome coronavirus 2‒
derived papain-like protease. Therefore, maintaining strong ISGylation may help prevent the spread of
coronavirus disease 2019 (COVID-19). However, it is unknown whether nutrients or chemicals affect
ISGylation level. Curcumin is the major constituent of turmeric and functions as an immunomodulator.
Here, we investigated the effect of curcumin on ISGylation. MCF10A and A549 cells were treated with
interferon a and curcumin after which the expression levels of various proteins were determined. The
effect of curcumin on ubiquitylation was also determined. Curcumin treatment was found to reduce
ISGylation in a dose-dependent manner. The findings suggested that curcumin partly prevents disulfide
bond-mediated ISG15 dimerization directly or indirectly, thereby increasing monomer ISG15 levels.
Reduced ISGylation may also occur via the prevention of ISG15 activation by ubiquitin-activating enzyme
E1-like protein. In conclusion, curcumin treatment was found to reduce ISGylation, suggesting that it
may contribute to severe COVID-19. This is the first study to report a relationship between ISGylation and
a food component.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Interferons (IFNs) are a group of cytokines that play a role in the
defense against bacterial and viral infections. IFNs are induced by
several stimuli, such as lipopolysaccharides, lipoproteins, lip-
opeptides, double-stranded RNA, single-stranded RNA, or unme-
thylated CpG motifs mainly via Toll-like receptors [1,2]. IFN-
19; FBS, fetal bovine serum;
rleukin-1; IRAK, interleukin-1
ed gene 15 kDa; NO, nitrogen
2, severe acute respiratory
ith Tween-20; UBE1L, ubiq-
uitin-conjugating enzyme E2
ercaptoethanol.
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stimulated gene, 15 kDa (ISG15) is the first reported ubiquitin-like
molecule induced by IFNs [3e6]. It forms covalent conjugates
with at least 434 proteins [7], which is similar to protein ubiq-
uitylation [8]. ISG15 is activated by the E1 enzyme, ubiquitin-
activating enzyme E1-like protein (UBE1L), in an ATP-dependent
manner [9e15]. Activated ISG15 is transferred to the E2 enzyme,
ubiquitin-conjugating enzyme E2 L6 (UBE2L6), followed by ISG15
modification (ISGylation) of substrates, which is recognized by
ISG15 ligases [9e15]. ISG15 expression and ISGylation are strongly
induced by type I IFNs [3,6,16]. Since mainly viral proteins are
translated in the infected cells and newly synthesized proteins can
be modified by ISG15 [17], ISGylation may interfere with pathogen
protein function. For example, it has been shown that ISGylation of
the human papillomavirus (HPV) L1 capsid protein has a dominant
inhibitory effect on the infectivity of HPV16 pseudoviruses [3,17].
Furthermore, cellular proteins involved in antiviral defense or
e under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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export of viral particles have been shown to be ISGylated [4]. IFNs
are key cytokines involved in innate immune responses [18,19].
Ubiquitin-specific peptidase 18 (USP18) is an IFN-induced protein,
which acts as an ISG15 isopeptidase that removes ISG15 from
substrates [20e23]. Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has been identified as a novel human betacor-
onavirus that causes coronavirus disease 2019 (COVID-19) [24].
Similar to USP18, SARS-CoV-2-derived papain-like protease (PLpro)
can remove ISG15 from substrates [25e29]. Therefore, it was hy-
pothesized that ISGylation may delay SARS-CoV-2 propagation,
although the substrate protein has not been identified. ISGylation
may modulate certain immune responses during infections and
various stresses.

Turmeric is the rhizome of the plant Curcuma longa and a gold-
colored spice commonly used in the Indian subcontinent [30]. Cur-
cumin is a bioactive compound present in turmeric. It exhibits
multiple activities, such as antioxidant, anti-inflammatory, antiviral,
antibacterial, antifungal, and anticancer activities [30]. Some of its
polypharmacological effects may be attributed to covalent adduction
to cellular proteins. Curcumin forms covalent bonds with the thiol of
glutathione, N-acetylcysteine, and 2-mercaptoethanol (2-ME) [31].
Moreover, it has been shown to block the thiols of interleukin-1 (IL-
1) receptor-associated kinase (IRAK) in a murine T-cell line, resulting
in the inhibition of early events in inflammatory signaling cascades,
such as IRAK recruitment to the IL-1 receptor and phosphorylation of
IRAK and IL-1 receptor-associated proteins [32].

ISGylation represents a well-known protein modification
induced by IFNs; however, the environment suitable for effective
ISGylation has not been fully elucidated, except for nitrosylation of
ISG15 [33]. Nitrosylation of ISG15 prevents ISG15 homodimeriza-
tion, which increases the levels of monomer ISG15 that participates
in ISGylation [33]. Here, we report that curcumin can prevent
UBE1L-ISG15 dimerization, which is the first step of ISG15 activa-
tion and necessary for ISGylation. Consequently, total ISGylation
was downregulated in the presence of curcumin. Since SARS-CoV-2
PLpro is an ISG15-removing enzyme, the daily intake of high
amounts of curcumin may enhance SARS-CoV-2 propagation if
ISGylation plays a role in prevention of virus propagation.

2. Materials and methods

2.1. Reagents

EDTA, cOmplete EDTA-free protease inhibitor cocktail, Ponceau
S, Triton X-100, and Tween-20 were purchased from Merck
(Kenilworth, NJ, USA). Can Get Signal™was purchased from Toyobo
(Osaka, Japan). Ni-NTA agarose was purchased from Fujifilm Wako
Pure Chemical Corporation (Osaka, Japan). Curcumin (C2302) was
purchased from Tokyo Chemical Industry (Tokyo, Japan). Curcumin
was dissolved in DMSO at a concentration of 20 mM and added to
cell culture medium at a final concentration of 5e10 mM.

2.2. Plasmid construction

Human UBE1L, human ISG15, and mouse Isg15 cDNA were
amplified via PCR and subcloned into pcDNA3.1, pFLAG-CMV2
(Merck), or pGEX6p-1 (Merck) [11,13]. Mouse Isg15 cDNA was
subcloned into pCAGGS vector containing a six-His tag [11]. Site-
directed point mutation was generated using a QuikChange® XL
site-directed mutagenesis kit (Stratagene, San Diego, CA, USA) [33].
These constructs were confirmed via DNA sequencing.

2.3. Cell culture and transduction

HEK293T (American Type Culture Collection, ATCC) and
95
A549 cells (gift from Dr. Keiichi Nakayama, Kyushu University,
Japan) were cultured in Dulbecco's modified essential medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin G, and 100 mg/mL
streptomycin. MCF10A cells (gift from Dr. Chin Ha Chung, Seoul
National University, Korea) were cultured in DMEM supplemented
with 5% FBS, 100 units/mL penicillin G, 100 mg/mL streptomycin,
10 ng/mL epidermal growth factor (AF-100-15-1mg, PeproTech,
Cranbury, NJ, USA), 5 mg/mL insulin (099e06473, Fujifilm Wako
Pure Chemical Corporation), 1 ng/mL cholera toxin (01e511, Bio-
Academia, Osaka, Japan), and 1 mg/mL hydrocortisone (H0533,
Tokyo Chemical Industry). HEK293T cells were transfected with
expression plasmids using polyethyleneimine (MW-25 K; Poly-
sciences, Warrington, PA, USA) at a mass ratio of 1:4.

2.4. IFN stimulation and curcumin treatment

Cells were trypsinized and cultured for 1 d. The next day, cells
were stimulated by 1,000 U/mL of human IFNa (#11100-1; R&D
systems, Minneapolis, MN, USA) with or without curcumin for 1 d.
The next day, the culture mediumwas changed following culturing
for 1 d with or without human IFNa and/or curcumin.

2.5. Antibodies

A rabbit polyclonal antibody against human ISG15 was gener-
ated by immunizing rabbits with recombinant human ISG15
(Merck, Tokyo, Japan). The anti-human ISG15 antibodywas purified
from antisera using glutathione S-transferase-tagged human ISG15
and used for IB (1 mg/mL in Can Get Signal™). Antibodies against
the following proteins were also used: FLAG (1 mg/mL in PBS; M2;
Merck), poly-ubiquitin (1 mg/mL in Can Get Signal™; FK2; Cosmo
Bio, Tokyo, Japan), Herc5 (0.5 mg/mL in Can Get Signal™; BML-
PW0920; Enzo Life Sciences, Farmingdale, NY, USA), His6 (1 mg/
mL in PBS; MAB050; R&D systems), UBE1L (0.2 mg/mL in Can Get
Signal™; sc-390097; Santa Cruz Biotechnology, Dallas, TX, USA),
UBE2L6 (0.5 mg/mL in Can Get Signal™; ab109086; Abcam, Cam-
bridge, MA, USA), and USP18 (1 mg/mL in Can Get Signal™; 4813;
Cell Signaling Technology, Tokyo, Japan).

2.6. Cell lysis and western blotting

Cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1% Triton X-100, 0.4 mM Na3VO4, 0.4 mM
EDTA, 10 mM NaF, 10 mM sodium pyrophosphate, and cOmplete
EDTA-free protease inhibitor cocktail, according to the manu-
facturer's protocol. Proteins were denatured using SDS-PAGE
sample buffer (with or without 2-ME) and boiling, separated
by SDS-PAGE, and transferred onto a nitrocellulose membrane
(Protran NC 0.1; 10600000; Cytiva, Marlborough, MA, USA). The
membrane was placed in 3% skim milk in PBS at room temper-
ature (22e28 �C) for 15 min and then with primary antibodies at
4 �C overnight. The membrane was washed three times with
Tris-buffered saline with Tween-20 (TBST) containing 50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% tween-20 at room
temperature for 15 min, followed by incubation with horseradish
peroxidase-conjugated anti-mouse IgG (1:8,000-dilution in 3%
skim milk in PBS; A4416; Merck) or anti-rabbit IgG (1:8,000-
dilution in 3% skim milk in PBS; A6154; Merck) at room tem-
perature for 1 h. The membrane was washed three times with
TBST for 15 min. Protein levels were measured using an
enhanced chemiluminescence reagent (Luminata Forte, Merck or
Super Signal West Pico PLUS, Thermo Fisher Scientific, Waltham,
MA, USA) and the SOLO.7S.EDGE (Vilber, France) system. Images
were processed using Photoshop; however, they were not
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cropped from different parts of the same gel, or from different
gels or fields.
2.7. Ni-agarose pull-down

Cell lysates were incubated with 10 mL of Ni-NTA agarose beads
in the presence of 20 mM imidazole at 4 �C for 1 h. The beads
were washed three times with lysis buffer containing 20 mM
Fig. 1. Downregulation of ISGylation but not of UBE1L, UBE2L6, Herc5, and USP18 via curcu
were stimulated by human IFNa with or without curcumin (5 or 10 mM) for 2 d. The cell ly
anti-Herc5, or anti-USP18 antibody. Ponceau S staining was used as loading control. Repres
Herc5, and USP18 expression levels, as well as of ISGylation in (A). Each signal was normaliz
was set as 1. Data are expressed as the mean ± standard deviation of three independen
value < 0.05 was considered statistically significant. (C) Curcumin partly prevents ISGylation
or 10 mM) for 2 d. The cell lysates were subjected to immunoblotting with an anti-ISG15, ant
as loading control. Representative data of three independent experiments. (D) Quantificatio
Each signal was normalized to that of Ponceau S staining. The signal intensity of cells stimula
three independent experiments. IFNa, interferon alpha; ISG15, interferon-stimulated gene
protein; UBE2L6, ubiquitin-conjugating enzyme E2 L6; Herc5, probable E3 ubiquitin-pro
compared using Student's t-test. A P value < 0.05 was considered statistically significant.
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imidazole. His6-ISG15 was eluted from Ni-NTA agarose beads
using SDS-PAGE sample buffer containing 300 mM imidazole and
via boiling.
2.8. Statistical analysis

Data are expressed as the mean ± standard deviation of three
independent experiments. Means of different groups were
min treatment. (A) Curcumin partly prevents ISGylation in MCF10A cells. MCF10A cells
sates were subjected to immunoblotting with an anti-ISG15, anti-UBE1L, anti-UBE2L6,
entative data of three independent experiments. (B) Quantification of UBE1L, UBE2L6,
ed to that of Ponceau S staining. The signal intensity of cells stimulated by human IFNa
t experiments. Means of different groups were compared using Student's t-test. A P
in A549 cells. A549 cells were stimulated by human IFNa with or without curcumin (5
i-UBE1L, anti-UBE2L6, anti-Herc5, or anti-USP18 antibody. Ponceau S staining was used
n of UBE1L, UBE2L6, Herc5, and USP18 expression levels, as well as of ISGylation in (C).
ted by human IFNawas set as 1. Data are expressed as the mean ± standard deviation of
, 15 kDa; ISGylation, ISG15 modification; UBE1L, ubiquitin-activating enzyme E1-like
tein ligase; USP18, ubiquitin-specific peptidase 18. Means of different groups were
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compared using Student's t-test. A P value < 0.05 was considered
statistically significant.

3. Results

3.1. Curcumin downregulated ISGylation

MCF10A human mammary gland epithelial cell line shows
strong ISGylation in response to human IFNa. Therefore, MCF10A
cells were cultured in the presence or absence of IFNa and curcu-
min for 2 d. The cell lysates were subjected to SDS-PAGE followed
by immunoblotting (IB) with anti-ISG15, anti-UBE1L, anti-UBE2L6,
anti-probable E3 ubiquitin-protein ligase (Herc5), and anti-USP18
antibody. IFNa induced ISG15 expression at approximately
15 kDa, as well as ISGylation at 34e200 kDa (Fig. 1A and B) as re-
ported previously [33]. IFNa also induced UBE1L, UBE2L6, Herc5,
and USP18 expression as reported previously (Fig. 1A and B)
[10e12,34e36]. Curcumin treatment reduced ISGylation in a dose-
dependent manner; however, it did not reduce UBE1L, UBE2L6,
Herc5, and USP18 expression. A549 human lung adenocarcinoma
cell line also shows strong ISGylation in response to type I IFN [37].
Therefore, A549 cells were stimulated by human IFNa with or
without curcumin for 2 d. The cell lysates were subjected to SDS-
PAGE followed by IB with anti-ISG15, anti-UBE1L, anti-UBE2L6,
anti-Herc5, or anti-USP18 antibodies. ISGylation, and not UBE1L,
UBE2L6, Herc5, and USP18 expression, was downregulated via
curcumin treatment in a dose-dependent manner (Fig. 1C and D).
These results suggest that the downregulation of ISGylation by
curcumin was not cell type-specific.

3.2. Curcumin downregulated ISGylation and not ubiquitin
modification (ubiquitylation)

ISG15 is a ubiquitin-like protein, and the ISG15 modification
system is similar to the ubiquitylation system [3e6,38]. Therefore,
we evaluated the effect of curcumin on ubiquitylation. Ubiq-
uitylation has been found to be increased by curcumin treatment
[39,40]. Mechanistically, proteasome activity is downregulated by
curcumin [41]. In contrast, ubiquitylation in the muscles of diabetes
mellitus mice is downregulated by curcumin [42]. These data
suggest that the effect of curcumin on ubiquitylation may vary
under different conditions. Therefore, we determined the effect of
curcumin on ubiquitylation in MCF10A cells. MCF10A cells were
stimulated by human IFNa for 2 d with or without curcumin. The
cell lysates were subjected to SDS-PAGE followed by IB with anti-
poly ubiquitin or ISG15 antibody (Fig. 3A). Curcumin treatment
did not downregulate ubiquitylation (Fig. 2A and B). Therefore,
curcumin may selectively downregulate ISGylation in MCF10A
cells.

3.3. Curcumin treatment did not affect ISG15 homodimerization

ISG15 molecules interact with each other and form non-
covalent homodimers [33]. The minor fraction of ISG15 covalently
dimerizes via disulfide bonds of cysteine residues [33]. This cova-
lent dimerization reduces the levels of ISG15 monomers required
for ISGylation [33]. Thus, curcumin may affect non-covalent or
covalent homodimerization of ISG15 and downregulate ISGylation.
The human embryonic kidney cell line HEK293T was used to
examine this possibility owing to high transfection efficiency.
FLAG-tagged ISG15 (FLAG-ISG15) was transiently expressed with or
without His6-tagged ISG15 (His6-ISG15) in HEK293T cells. The cell
lysates were subjected to pull-down assays using nickel-
nitrilotriacetic acid (Ni-NTA) resin to evaluate the interaction be-
tween FLAG-ISG15 and His6-ISG15 (Fig. 2C). ISG15 molecules
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interacted with each other; however, curcumin did not affect the
homodimerization of ISG15 (Fig. 2C and D). This assay cannot
distinguish disulfide bond-mediated covalent binding and non-
covalent bond-mediated dimerization. Next, the effect of curcu-
min on the ISG15 disulfide bond formation was examined as re-
ported previously [33]. Given that mouse ISG15 contains two
cysteine residues at 76 and 143 positions, wild-type (WT) ISG15
and mutant ISG15(C76/143S), in which cysteine residues were
mutated to serine, were used (Fig. 3A). FLAG-ISG15 (WT or C76/
143S) was transiently expressed in HEK293T cells, followed by
curcumin treatment for 1 d. The cell lysates containing FLAG-ISG15
(WT or C76/143S) were subjected to either non-reducing or
reducing SDS-PAGE, followed by anti-FLAG IB. Disulfide bond-
mediated ISG15 dimerization, which represented a minor frac-
tion, was detected only in the non-reducing gel, and the cysteine
mutation to serine almost completely prevented dimerization. We
hypothesized that curcumin treatment would accelerate covalent
ISG15 homodimerization, thereby reducing the levels of available
monomer ISG15 required for ISGylation. However, curcumin
treatment reduced covalent ISG15 homodimerization (Fig. 3A and
B). This data suggests that curcumin treatment may increase
monomer ISG15 levels by partially preventing disulfide bond
formation.

3.4. Curcumin downregulated UBE1L-ISG15 formation

The downregulation of ISGylation by curcumin, despite the in-
crease in level of monomer ISG15, was not understood (Fig. 3).
ISGylation begins with the activation of ISG15 [43]. In short, a thiol-
ester bond is formed between UBE1L and ISG15, and ISG15 is
activated [43]. Therefore, we examined the effect of curcumin on
the thiol-ester bond formation between UBE1L and ISG15. UBE1L
was expressed with or without FLAG-ISG15 in HEK293T cells, fol-
lowed by curcumin treatment for 1 d. The cell lysates were sub-
jected to reducing SDS-PAGE, followed by anti-UBE1L or FLAG IB
(Fig. 4A). Additional two major and minor UBE1L bands (approxi-
mately 140 kDa) were observed when FLAG-ISG15 was co-
expressed (Fig. 4A). Both bands were also detected using anti-
FLAG antibody, suggesting that they were a UBE1L-ISG15 hetero-
dimer covalently bound by thioester. Notably, UBE1L-ISG15 was
downregulated by curcumin treatment, indicating that curcumin
partly prevents the activation of ISG15 by UBE1L (Fig. 4A and B).
Altogether, curcumin may downregulate ISGylation by partly pre-
venting the activation of ISG15 by UBE1L.

4. Discussion

In total, 434 proteins have been identified to be ISGylated after
Listeria monocytogenes infection [7]. Several ISGylated proteins
have been individually analyzed, and ISGylation has been found to
activate or inhibit few biological pathways, such as autophagy,
bacterial infection, cancer progression, cytoskeleton dynamics,
DNA translesion synthesis, exosome secretion, hypoxia and
ischemic response, and viral infection [1]. However, whether
ISGylation has a common effect on the substrate, as ubiquitylation
usually destabilizes its substrate, has not been determined. It is
necessary to analyze additional ISGylated substrates to collect basic
data to understand the physiological role of ISGylation. In contrast,
PLpro of SARS-CoV-2 has been shown to be able to remove ISG15
from substrates [25e29]. PLpro inhibitors have been sought after to
overcome SARS-CoV-2 infection [44e48]. This indicates that rela-
tively higher ISGylation may enhance the defense against SARS-
CoV-2; however, the substrate that is ISGylated remains un-
known. Therefore, strong ISGylation may indicate the ISGylation of
key substrates. IFNs can regulate the ISG15 modification system,



Fig. 2. No effect of curcumin on ubiquitylation and ISG15 homodimerization. (A) Curcumin downregulates ISGylation but not ubiquitylation. MCF10A cells were stimulated by
human IFNa with or without curcumin (5 or 10 mM) for 2 d. The cell lysates were subjected to immunoblotting with an anti-ISG15 or polyubiquitin antibody (FK2). Ponceau S
staining was used as loading control. Representative data of three independent experiments. (B) Quantification of ubiquitylation and ISGylation in (A). The signal of ubiquitylation
was normalized to that of Ponceau S staining. The signal intensity of cells without curcumin treatment was set as 1. Data are expressed as the mean ± standard deviation of three
independent experiments. Means of different groups were compared using Student's t-test. A P value < 0.05 was considered statistically significant. (C) No effect of curcumin on
ISG15 homodimerization. HEK293T cells cultured in a 6 cm dish were transfected with plasmid encoding FLAG-ISG15 with or without His6-ISG15 as indicated and cultured for 1 d.
Next day, each sample was subcultured into two 6 cm dishes, followed by incubation for 1 d with or without 10 mM curcumin. His6-ISG15 was pulled-down using Ni-NTA agarose
and immunoblotted using an anti-FLAG or His6 antibody. Representative data of three independent experiments. (D) Quantification of FLAG-ISG15 bound to His6-ISG15 in (C). The
signal of FLAG-ISG15 was normalized to that of His6-ISG15. The signal intensity of cells without curcumin treatment was set as 1. Data are expressed as the mean ± standard
deviation of three independent experiments. Means of different groups were compared using Student's t-test. A P value < 0.05 was considered statistically significant.
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but factors that enhance or decrease ISGylation have not been
identified, except for nitrogen monoxide (NO) which enhances
ISGylation by increasingmonomeric ISG15 levels [33]. However, NO
is relatively unstable and high levels of NO induces necrosis and
apoptosis [49]. Moreover, neurons are sensitive to NO-induced
excitotoxicity, which may cause neuronal death [49].
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Initially, we examined several chemicals that are easy to ingest
and are associated with less side effects. During the experiment,
curcumin was unexpectedly found to reduce ISGylation. This is
important information for the regulation of ISGylation. If ISGylation
prevents SARS-CoV-2 amplification and/or propagation directly or
indirectly, then the intake of excess curcumin should be avoided



Fig. 3. Downregulation of disulfide bond-mediated ISG15 dimerization by curcumin. (A) HEK293T cells cultured in a 6 cm dish were transfected with plasmid encoding wild-type
(WT) FLAG-ISG15 or mutant ISG15 in which cysteine residues at 76 and 143 positions were mutated to serine residues following culturing for 1 d. Next day, each sample was
subcultured into two 6 cm dishes, followed by incubation for 1 d with or without 10 mM curcumin. The cell lysates were boiled in SDS-PAGE sample buffer with or without 2-
mercaptoethanol and subjected to immunoblotting using an anti-FLAG antibody. Short and long exposures are shown to get appropriate signals. Ponceau S staining was used
as loading control. Representative data of three independent experiments. (B) Quantification of dimerized FLAG-mouse ISG15 in (A). The signal of dimerized FLAG-ISG15 in the non-
reducing gel was normalized to that of monomer ISG15. The signal intensity of ISG15 (WT) without curcumin treatment was set as 1. Data are expressed as the mean ± standard
deviation of three independent experiments. Means of different groups were compared using Student's t-test. A P value < 0.05 was considered statistically significant.

Fig. 4. Downregulation of ISG15 activation by UBE1L in the presence of curcumin. (A) HEK293T cells cultured in a 6 cm dish were transfected with plasmid encoding UBE1L and/or
FLAG-ISG15 as indicated and cultured for 1 d. Next day, each sample was subcultured in two 6 cm dishes, followed by incubation for 1 d with or without 10 mM curcumin. The cell
lysates were separated via SDS-PAGE under reducing condition and subjected to immunoblotting with an anti-UBE1L or FLAG antibody. Short and long exposure are shown to get
appropriate signals. Free or ISG15-bound UBE1L are indicated by arrows. Ponceau S staining was used as loading control. Representative data of three independent experiments. (B)
Quantification of ISG15-bound UBE1L in (A). The signal of ISG15-bound UBE1L was normalized to that of monomer UBE1L. The signal intensity of ISG15-bound UBE1L without
curcumin treatment was set as 1. Data are expressed as the mean ± standard deviation of three independent experiments. Means of different groups were compared using Student's
t-test. A P value < 0.05 was considered statistically significant.
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Fig. 5. Hypothetical model of the mechanism via which curcumin downregulates
ISGylation. ISG15 forms homodimers via disulfide bond formation as reported previ-
ously. Curcumin may react with the thiol group of ISG15 directly or modify it indirectly,
which results in the increase in level of monomer ISG15. ISG15 forms thioester bonds
with UBE1L, which is the first step of ISGylation. Curcumin may also react with the
thiol group of UBE1L directly or modify it indirectly, which results in the down-
regulation of ISG15 activation, thereby downregulating ISGylation. In contrast, SARS-
CoV-2 PLpro prevents ISGylation by removing ISG15 from the substrate, which may
accelerate virus propagation. ISG15, interferon-stimulated gene, 15 kDa; ISGylation,
ISG15 modification; UBE1L, ubiquitin-activating enzyme E1-like protein; SARS-CoV-2
PLpro, severe acute respiratory syndrome coronavirus 2-derived papain-like protease.
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which may downregulate ISGylation, although curcumin has anti-
viral activity under certain conditions [30].

Altogether, it is suggested that curcumin partly prevents disul-
fide bond-mediated ISG15 dimerization directly or indirectly,
thereby increasing monomer ISG15 levels (Figs. 3 and 5). The C-
terminal carboxyl group of ISG15 is activated by UBE1L in an ATP-
dependent manner. Consequently, a thiol-ester bond is formed
between UBE1L and monomer ISG15, and ISG15 is activated
[43,50]. Active ISG15 is then transferred to UBE2L6 and further
transferred to a substrate protein, which is recognized by E3 en-
zymes [43]. Curcumin partly prevents UBE1L-ISG15 thioester bond
formation probably by blocking the thiol group directly or indi-
rectly (Figs. 4 and 5). Therefore, curcumin treatment reduces
ISGylation. It is unclear whether ISGylation has anti-SARS-CoV-2
activity; however, ISG15-deficient mice are relatively more sus-
ceptible to influenza A/WSN/33 and influenza B/Lee/40 virus in-
fections [51]. These mice also exhibit increased susceptibility to
herpes simplex virus type 1, murine gammaherpesvirus 68, and
Sindbis virus infections [51]. The increased susceptibility of ISG15-
100
deficient mice to Sindbis virus infection is rescued by expressing
WT ISG15 and not a mutant form of ISG15 that cannot form con-
jugates [51], which suggests that ISGylation is important in the
resistance against Sindbis virus infection. The amount of curcumin
required for the most effective anti-virus activity remains unclear.

This study had a few limitations. Since anti-curcumin antibodies
are unavailable, it is unclear whether curcumin directly binds to the
thiol group of ISG15. However, curcumin has been shown to inhibit
protein and DNA oxidation [30,52,53], suggesting that curcumin
may prevent oxidation of ISG15 and UBE1L thiol group indirectly.
We showed that treatment with at least 10 mM curcumin partly
prevents ISGylation in two cell lines MCF10A and A549 (Fig. 1).
However, the amount of curcumin required to obtain benefits
without side effects, such as reduced ISGylation, remains unknown.
Since human diet contains various nutrients, it is difficult to
determine the exact effect of other anti-oxidant compounds on
curcumin activity. It is also unknown whether long-term or short-
term intake of curcumin affects its impact on ISGylation in vivo.
Although SARS-CoV-2 PLpro inhibits ISGylation, the key substrate
which is ISGylated remains unknown, and the role of PLpro in virus
propagation has not been studied.
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