
Article https://doi.org/10.1038/s41467-022-35348-5

Expansion of interferon inducible gene pool
via USP18 inhibition promotes cancer cell
pyroptosis

Kei-ichiroArimoto1, SayuriMiyauchi1, TyD. Troutman2, YueZhang3,MengdanLiu3,
Samuel A. Stoner1, Amanda G. Davis1, Jun-Bao Fan1, Yi-Jou Huang3, Ming Yan1,
Christopher K. Glass2,4 & Dong-Er Zhang 1,5

While immunotherapy has emerged as a breakthrough cancer therapy, it is
only effective in some patients, indicating the need of alternative ther-
apeutic strategies. Induction of cancer immunogenic cell death (ICD) is one
promising way to elicit potent adaptive immune responses against tumor-
associated antigens. Type I interferon (IFN) is well known to play important
roles in different aspects of immune responses, including modulating ICD
in anti-tumor action. However, how to expand IFN effect in promoting ICD
responses has not been addressed. Here we show that depletion of ubi-
quitin specific protease 18 (USP18), a negative regulator of IFN signaling,
selectively induces cancer cell ICD. Lower USP18 expression correlates with
better survival across human selected cancer types and delays cancer
progression in mouse models. Mechanistically, nuclear USP18 controls the
enhancer landscape of cancer cells and diminishes STAT2-mediated tran-
scription complex binding to IFN-responsive elements. Consequently,
USP18 suppression not only enhances expression of canonical IFN-
stimulated genes (ISGs), but also activates the expression of a set of atypical
ISGs and NF-κB target genes, including genes such as Polo like kinase
2 (PLK2), that induce cancer pyroptosis. These findingsmay support the use
of targeting USP18 as a potential cancer immunotherapy.

Immunotherapy has emerged as a powerful tool against cancer1. How-
ever, despite its great potential,many cancer patients donot respond to
this form of therapy2. A major factor contributing to initial immu-
notherapy resistance is insufficient presentation of tumor antigens,
hindering adequate tumor T cell infiltration. Indeed, tumor antigen
levels differentiate unresponsive “cold tumors” from highly immuno-
genic “hot tumors”3. Consequently, many efforts are underway to
identify different therapeutic or combination approaches that could
turn ‘cold’ tumors into ‘hot’ tumors, including cancer vaccines, epige-
netic drugs, cytokine therapies, and adoptive T-cell transfer therapy4.

One promising way to potentiate anti-tumor immunity against
both solid tumors and hematological malignancies is induction of
immunogenic cell death (ICD), a process activated by conventional
therapies such as chemotherapy and radiation5. In addition to directly
killing tumor cells, several chemotherapeutic agents, such as doxor-
ubicin, trigger tumor-specific immune responses that promote the
elimination of residual cancer cells. Furthermore, induction of the
various forms of ICD (pyroptosis, ferroptosis, and necroptosis) in
combination with immune checkpoint inhibitors (ICIs) synergistically
enhances antitumor activity, even in ICI-resistant ‘cold tumors’6,
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highlighting the promise of ICD induction in overcoming this major
limitation of current immunotherapies.

Mechanistically, ICD begins with the secretion of damage-
associated molecular patterns (DAMPs), such as Calreticulin (CRT)7

or High mobility group box 1 (HMGB1)8, from dying tumor cells.
DAMPs can stimulate innate immune signaling via the cyclic GMP-AMP
synthase (cGAS)-STING pathway, Toll-like receptor 9 (TLR9), or Toll-
like receptor 3 (TLR3), ultimately resulting in the production of type I
interferon (IFN)9. Type I IFN binds to the IFNα receptor (IFNAR) which
is composed of the IFNAR1 and IFNAR2 subunits. IFNAR then phos-
phorylates and activates the receptor-associated tyrosine kinases
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which subsequently
phosphorylate the transcription factors signal transducer and acti-
vator of transcription 1 and 2 (STAT1 and STAT2). Phosphorylated
STAT1 and STAT2 hetero-dimerize and recruit IFN-regulatory factor 9
(IRF9) to form the STAT1-STAT2-IRF9 complex, which is also referred
to as interferon-stimulated gene factor 3 (ISGF3). The ISGF3 complex
translocates into the nucleus, where STAT2 recruits additional co-
factors such as p300/CBP and binds to IFN-stimulated response ele-
ments (ISRE) to activate transcription of IFN-stimulated genes
(ISGs)10,11.

In most cases, IFNs are necessary for the subsequent immune
response, but not required for the ICD itself. However, recent evidence
revealed that the type I IFN response is an essential pathway for eli-
citing effective antitumor responses upon ICD induction12. For exam-
ple, ICD induction by anthracycline-based chemotherapies and
radiotherapy are strictly dependent on their ability to activate IFN-
dependent gene expression programs in tumor cells that promote the
generation of effective anti-tumor immune responses12,13. It has also
been reported that type I IFN signaling is important for TNF, LPS, or
STING-induced Necroptosis14–16. Regarding whether modulating the
IFN response promotes ICD, it was recently shown that IFN inducible
Z-formnucleic acid bindingprotein 1 (ZBP1) can trigger ICD inRipk1−/−
cells17. However, ZBP1 induction by IFN alone is insufficient to trigger
ICD, suggesting that other unknown factors are required. Taken
together, though many studies support the importance of the type I
IFN response in ICD induction and its intrinsic ability to enhance anti-
tumor immunity, it is not well characterized whether and how mod-
ulating IFN responses directly promotes ICD. Therefore, we hypothe-
sized that there are genetic factors regulating IFN-mediated ICD.
Targeting these factors may have valuable therapeutic impact con-
sidering the higher levels of interferon production in the tumor
microenvironment.

Previously, we demonstrated that USP18 functions as a major
negative regulator of type I IFN signaling through its binding to the
IFNα receptor and STAT218,19. In this study, we describe a role of
nuclear USP18 in regulating cancer cell pyroptosis, a type of ICD. To
define the role of USP18 in cancer, we created a Usp18 conditional
knockout mouse and find that Usp18 deletion severely impairs
cancer progression and improves survival. Importantly, we find
that this anti-tumor effect can be exerted by the heterozygous
depletion of Usp18, which does not affect normal cells. By single-
cell RNAseq analysis, we also uncover evidence that inhibition of
USP18 specifically targets cancer stem cells, essential for relapse.
Mechanistically, we identify a nuclear role for USP18, independent
of its role at the interferon receptor. Our genome wide analyses
reveal that nuclear USP18 diminishes binding of IFN-regulated
transcription factors to their corresponding DNA motifs in coop-
eration with NF-κB. This function allows USP18 to regulate both
typical ISGs and non-canonical ISGs that are important for the
induction of cancer cell pyroptosis. These data reveal a role for
USP18 in malignancies via control of the ISG landscape and
demonstrate that targeting USP18 can be an effective tool for
treating cancer.

Results
Depletion of one Usp18 allele does not affect normal cells but
delays leukemogenesis
Among negative regulators of IFN signaling, we became interested in
USP18 because low expression is correlated with better survival in
several cancer types (Supplementary Fig. 1a). Furthermore, analysis of
The Cancer Genome Atlas (TCGA) revealed that in fifteen out of
twenty-four tumor types, USP18 expressionwasmarkedly upregulated
compared to the corresponding noncancerous tissues, whichmay also
indicate higher IFN production in several types of tumor micro-
environments (Supplementary Fig. 1b). Considering these trends, we
wonderedwhetherUsp18depletionmay enhance ICD anddelay cancer
development.

Prior to investigating the potential therapeutic role of Usp18
depletion in cancer, we first determined whether this gene is a rea-
sonable therapeutic target by testing ifUsp18 depletion affects healthy
cells. In our previous study, deletion of Usp18 in C57BL/6 mice was
lethal at the embryonic stage20. Further analysis and comparison to
Usp18+/− (He) mice revealed that Usp18−/− (KO) mice die around
E14.5~E15.0 (Supplementary Table 1). Interestingly, Ifnar1−/− Usp18−/−

mice are all alive and apparently healthy, suggesting that hyperactive
type I IFN responses during embryonic development cause the leth-
ality. At E14.5, we noticed that Usp18−/− mice had much smaller fetal
livers thanUsp18+/+ (WT) orUsp18+/− mice (Fig. 1a top). To examine this
phenotype more carefully, we generated Usp18 conditional knockout
mice (Usp18f/f) (Supplementary Fig. 2a–c). Survival analyses of Usp18−/f

crossed with Usp18+/f CMV-Cre (all tissue), UBCER-Cre (tamoxifen indu-
cible expression in all tissues), and Vav-iCre (hematopoietic cell spe-
cific) revealed that the embryonic lethality of Usp18 -deficient mice is
due to defects in hematopoiesis (Supplementary Table 2 and Fig. 1a
bottom).

Further analysis revealed that hematopoietic cell specific Usp18
knockout during embryonic development and in adult mice sig-
nificantly reduced hematopoietic stem cell (HSC) numbers and
impaired HSC function (Supplementary Fig. 2d–p and Supplementary
Table 3). Importantly, in both the embryonic and adult developmental
contexts, Usp18+/− mice were phenotypically comparable to Usp18+/+

mice. We only observed an enhanced IFN response in bone marrow
cells of Usp18+/− mice relative to Usp18+/+ mice (Fig. 1b), supporting the
feasibility of targeting Usp18 as a potential cancer therapy.

Having demonstrated that heterozygous Usp18 loss does not
harm healthy hematopoietic cells, we next tested the effect of het-
erozygous Usp18 depletion in two well established murine leukemia
models since ICD induction by chemotherapy has been shown to
effectively kill leukemia cells21. We transduced hematopoietic cells
fromUsp18+/f UBCER-Cremicewith retroviruses expressingAML1-ETO9a
(AE9a)-GFP or MLL-AF9 (MF9)-GFP, transplanted these cells into reci-
pient mice, and activated Cre (Supplementary Fig. 3a). We first eval-
uated whether heterozygous Usp18 deletion sensitized myeloid
leukemia cells to IFN stimulation. Indeed, Usp18+/Δ AE9a leukemia cells
were more sensitive to low amounts of type I IFN stimulation than
primary bone marrow-derived macrophages (BMDM) in vitro (Fig. 1c).
Next, we checked whether Usp18 depletion could reasonably promote
ICD. We observed a higher percentage of Annexin V+ cells in GFP+Lin
−c-Kit+Usp18+/Δ leukemia cells (Fig. 1d and Supplementary Fig. 12a).
Furthermore, higher numbers of CD8+ T cells and activated CD8+

T cells in viable GFP− host splenocytes in recipients of Usp18+/Δ cancer
cells were detected. We did not observe significant enhancement of
Tregs andB cells (Fig. 1e and Supplementary Fig. 12b). Both parameters
support a possible increase in ICD-mediated immune responses.

We next assessed whether Usp18 depletion can delay cancer
development. Recipients of Usp18+/Δ AE9a or MF9 cells showed sig-
nificantly delayed leukemogenesis compared to correlated controls
(Supplementary Fig. 3b, c). This survival benefit was due to Usp18
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depletion, not Cre expression or Tamoxifen injection as neither of
these factors alone affected survival in the AE9a mice model (Supple-
mentary Fig. 3d, e). We next examined whether targeting Usp18 can
suppress established leukemia, which better represents how a therapy
would be applied in a clinical setting. Usp18+/f leukemia cells were
transplanted into recipients and Cre was activated after the mice

became sick. Again, Usp18 depletion had a significant survival benefit
and fewer cancer (GFP+) cells were observed in the peripheral blood
(PB) of Usp18+/Δ mice compared to their respective controls (Fig. 1f, g).
Since USP18 is a negative regulator of interferon signaling18, we tested
whether the anti-cancer effect of Usp18 depletion is dependent on the
IFN response. Using an IFNα receptor 1 (IFNAR1) blocking antibody or
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Fig. 1 | Reduction of Usp18 delays cancer progression. a Representative pictures
of embryos (E14.5) ofUsp18+/+,Usp18+/−, andUsp18−/− (Top) andUsp18f/f,Usp18+/f Vav-
iCre, andUsp18f/f Vav-iCre (Bottom) mice. bWestern blots showing phosphorylated
and total STAT1 protein and β-actin inUsp18WT and Heterozygous bonemarrows.
cRatio of live cells fromUsp18+/ΔBMDMorUsp18+/ΔAE9a cells treatedwith different
doses of IFNβ for 72 h in one representative set of three independent repeats. p-
value was determined by one-way ANOVA test. (Usp18+/Δ BMDM n = 3,Usp18+/Δ AE9a
n = 3). d Percentage of Annexin V+ GFP+Lin−c-Kit+ splenocytes from Usp18+/f and
Usp18+/Δ AE9a recipient mice as analyzed by FACS. p-value was determined by two-
tailed Student t-test. (Usp18+/f n = 6 mice, Usp18+/Δ n = 6 mice). e Absolute numbers
of CD8+, activated T cells (CD8+/CD69+, CD8+/CD25+, CD8+/CD71+), Tregs
(CD4+CD25+Foxp3+) and B cells (CD19+) in viable host splenocytes per 10,000 GFP+

cells from Usp18+/f and Usp18+/Δ AE9a recipient mice. Information on other immune
cell populations is also shown in source data. P-value was determined by two-tailed
Student t-test. (Usp18+/f n = 7 mice, Usp18+/Δ n = 5 mice). f Kaplan–Meier survival
curve for recipients of Usp18+/f or +/Δ UBCER-Cre AE9a-GFP AMLs. p-value was deter-
mined by log-rank test. (Usp18+/f n = 6 mice, Usp18+/Δ n = 6 mice). g Percentage of
GFP+ cells in the PB of mice from (f). p-value was determined by one-way ANOVA
test. h Timeline of treatments combining chemotherapy with heterozygous dele-
tion ofUsp18 to treat AML. i Kaplan–Meier survival curve formice treated as in (h).
(Oil (+/f) n = 6mice, Tam (+/Δ) n = 4mice). p-valuewas determined by log-rank test.
j Percentage of GFP+ cells in the PB of mice from (i), analyzed weekly by FACS. All
data representmean± s.d, exceptwhere indicated. n.s. = not statistically significant.
Source data are provided as a Source Data file.
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IgG1 control, we compared leukemia development in Usp18+/f and
Usp18+/Δ AE9a recipients. The survival benefit of Usp18 heterozygous
deletion was ablated when IFN signaling was disrupted (Supplemen-
tary Fig. 3f, g), confirming the link between USP18, IFN signaling, and
anti-cancer phenotypes. We next assessed whether Usp18 depletion
can exert an enhanced anti-tumor effect in combination with a treat-
ment that increases IFN production. STING agonists are a rapidly
growing class of immunotherapeutic agents that promote type I IFN
production. Therefore, we examined whether suppression of Usp18
has a beneficial effect in combination with STING agonist-based
immunotherapy. Interestingly, while the STING agonist DMXAA alone
had no effect on overall survival, the survival benefit of Usp18 deple-
tion was significantly enhanced with the addition of DMXAA (Supple-
mentary Fig. 3h, i), supporting the therapeutic benefit of this
combination therapy. Finally, we examined whether suppression of
Usp18 has a beneficial effect in combination with chemotherapy. After
confirming remission, mice transplanted with Usp18+/fUBCER-Cre AE9a
were injected with tamoxifen (Fig. 1h). The survival of chemotherapy-
treated recipients with Usp18+/Δ leukemia cells was significantly pro-
longed compared to recipients of Usp18+/f cells (Fig. 1i). GFP+ leukemia
cells in the PB of Usp18+/f recipients came back earlier than those in
Usp18+/Δ recipients (Fig. 1j), indicating that Usp18 depletion delays
relapse after chemotherapy. Interestingly, single-cell RNA sequencing
(scRNA-seq) analysis of AML patient cells22 revealed that expression of
USP18 was substantially elevated soon after chemotherapy induction,
which is not dependent on global ISG induction (Supplementary
Fig. 3j). The expression of Usp18 was also increased after chemother-
apy in our AE9a AML mouse model (Supplementary Fig. 3k). These
observations suggest that residual leukemia cells may upregulate
USP18 expression as a protective mechanism against chemotherapy-
induced death.

Taken together, these results indicate that reduction of Usp18
expression potently suppresses cancer development and induces an
anti-tumor immune response in vivo by a mechanism dependent on
type I IFN signaling. Importantly, partial Usp18 loss does not disrupt
normal hematopoiesis, confirming a possible therapeutic window for
targeting USP18.

Heterozygous Usp18 depletion results in loss of niche resi-
dent LSCs
To explore phenotypic variation upon Usp18 suppression in reg-
ulating leukemogenesis, we performed scRNA-seq using GFP+Lin
−c-Kit+ Usp18+/f and Usp18+/Δ leukemia cells from recipients (Fig. 2a).
First, we generated a UMAP (Uniform Manifold Approximation and
Projection) (Fig. 2b) and confirmed higher Isg15 expression in all
clusters upon Usp18 suppression, indicative of enhanced IFN sig-
naling (Supplementary Fig. 4a). Next, we noticed that three popu-
lations (Clusters 8, 9, 11) were significantly altered in transplanted
cancer cells after Usp18 suppression (Fig. 2b and Supplementary
Fig. 4b). Clusters 8 and 11 were expanded upon Usp18 suppression,
characterized by enhanced inflammatory signaling and ISG activa-
tion, respectively. Among inflammatory signaling pathways, IL-33 is
one of the IL-1 family cytokines that is a well-known “alarmin,”
enhancing immunogenicity23. By contrast, cluster 9, characterized
by the pathway including enhanced inflammasomes and/or pyr-
optosis, a type of ICD, signaling, was significantly depleted (Fig. 2b,
c and Supplementary Fig. 4b–d). Reactome analysis revealed that
differentially expressed genes (DEG) in cluster 9 were highly cor-
related with the DNA-damage response, NF-κB activation, and
apoptosis pathways. Notably, upregulated genes were also corre-
lated with pyroptosis (AIM2 inflammasome), a type of ICD (Fig. 2d).
Interestingly, average gene expression in all clusters also show
activation of inflammasome/pyroptotic related genes (Fig. 2,
GSE165425) upon Usp18 depletion. These data suggest that deplet-
ing Usp18 may induce phenotypic features indicative of ICD.

We also noticed that cluster 9 contained the leukemia stem cell
(LSC) population as feature genes were highly correlated with repor-
ted LSC feature genes24,25 (Fig. 2e). We further conducted ‘cellHar-
mony’ analysis to identify the types of cells in our scRNA-seq dataset.
Notably, immature cell types (HSCP/MPP, and Multi-lin) were most
abundant in cluster 9 and substantially decreased by Usp18 depletion
(Fig. 2f). Consistent with this reduction in immature cell types, we
observed reduced frequencies of both Cd34 and Kit expressing cells in
cluster 9 after Usp18 depletion (Supplementary Fig. 4e). One critical
component for LSCs is adhesion to the microenvironment26,27, medi-
ated by the interaction of Very-Late-Antigen 4 (VLA-4; composed with
Itga4 and Itgb1) and VCAM-128. Interrogation of the feature genes in our
scRNA-seq clusters revealed that cluster 9 had the highest expression
of VLA-4 (Fig. 2g), further confirming LSC presence in this cluster.
Furthermore, we found these VLA-4 expressing niche resident cells in
cluster 9 were substantially depleted upon Usp18 suppression in vivo
(Fig. 2h). Finally, scRNA-seq analysis of GFP+Lin−c-Kit+Usp18f/f vs Δ/Δ

leukemia cells showed similar cluster alterations, ensuring the repro-
ducibility of our conclusions (Supplementary Fig. 4f–j).

Taken together, these data suggest that reduced Usp18
expression results in loss of leukemia cells including cells with
features of niche resident LSCs, which may be via apoptosis/pyr-
optosis, activating immune/inflammatory responses. Since LSCs are
difficult to eradicate by standard chemotherapy, our phenotypic
finding is important.

Depletion of USP18 induces expansion of ISGs
Because the scRNAseq data showed interesting phenotypic varia-
tions during Usp18 depletion and USP18 is a negative regulator of
IFN signaling, we next examined how targeting USP18 alters the
global ISG landscape. We performed bulk RNA-seq analysis of GFP
+Lin−cKit+ Usp18+/f and Usp18+/Δ leukemia cells. Notably, several
upregulated genes have never been reported as ISGs, including
inflammatory-related genes such as Il10 and S100a8 (Fig. 3a). Gene
set enrichment analysis (GSEA) revealed enrichment of pathways
associated with IFN, irradiation response, TNF-signaling, and
apoptosis. These enriched pathways suggest that suppression of
Usp18 induces not only IFN signaling genes but also NF-κB respon-
sive genes (Fig. 3b). Importantly, pathway analyses suggested
enhanced pyroptosis/inflammasome activation in Lin−cKit+ Usp18+/Δ

leukemia cells (Fig. 3c), supporting our scRNA-seq data. We further
validated upregulation of IFN and irradiation responses in GFP+Lin
−cKit+ leukemia Usp18+/Δ cells by qRT-PCR and western blots
(Fig. 3d, e).

Considering the intriguing observation in primary cells that
Usp18 loss induced expression of many genes that have never been
classified as ISGs, we next turned to cell lines to study this unique
feature of USP18 loss more clearly. We generated human leukemia
THP-1 and breast cancer MDA-MB-231 USP18+/− (He) and USP18−/−

(KO) cells and observed higher IFN signaling, DNA-damage
response, and annexin V+ cells upon IFN treatment (Fig. 4a–c). To
examine transcriptional changes, we performed RNA-seq using
parental and USP18−/− cells. Expression analysis revealed substantial
induction of both typical ISGs and non-ISGs in IFN treated USP18−/−

cells, resulting in a drastically altered ISG landscape (Fig. 4d, e).
Expectedly, Ingenuity Pathway Analysis (IPA) revealed that 88 genes
were related to typical type I IFN signaling (Heatmap cluster A;
genes upregulated in both IFN treated WT and USP18−/− THP-1 cells
that were not enhanced in USP18−/− 0 h vs WT 0 h). Strikingly, 412
genes were related to inflammatory signaling such as TNF, NF-κB,
and IL-33 signaling, not IFN signaling (Fig. 4e), suggesting that novel
ISGs by USP18 depletion are not regulated solely by ISRE mediated
transcription (Heatmap cluster D; genes upregulated in USP18−/

− + IFN vs WT + IFN and USP18−/− + IFN vs USP18−/− 0 h, but not
enhanced in WT + IFN vs WT 0 h and USP18−/− 0 h vs WT 0 h). Finally,
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we defined genes upregulated inUSP18−/− + IFN vsUSP18−/− and not in
WT + IFN vs WT as ‘Atypical ISGs’ (605 genes) and genes upregu-
lated in both as ‘Typical ISGs’ (448 genes). Within atypical ISGs, 343
genes were not reported as ISGs by Interferome analysis. These
genes were further divided into ‘hidden atypical ISGs’ or ‘Non-
canonical atypical ISGs’ depending on the respective presence or

absence of an ISRE and/or STAT1 binding motif/data in their pro-
moter/enhancers (Fig. 4f). Again, Gene Ontology (GO) analysis
showed atypical ISGs are related to the inflammatory response, not
type I IFN response (Fig. 4g). Importantly, atypical ISGs were
induced within 1 h of IFN treatment in USP18−/− cells, indicating that
induction is not a secondary effect (Fig. 4h).
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Overall, these data demonstrate that depletion of USP18 drasti-
cally alters the ISG transcriptional landscape in the tumor micro-
environment in vivo or upon IFN treatment in cell lines. Considering

this finding, we hypothesized that USP18 may mediate atypical ISG
expression by regulating transcriptional machinery beyond the cano-
nical STAT2-ISRE interaction.

Fig. 2 | ReducedUsp18 expression results in loss of niche resident LSCs. a Single
cell RNA-seq experimental design. GFP+Lin−c-Kit+ cells from Usp18+/f and Usp18+/Δ

AE9a recipient mice (Usp18+/f n = 3 mice, Usp18+/Δ n = 3 mice) were sorted and
pooled, and then scRNA-seq was performed. b UMAP of sorted GFP+Lin−c-Kit+ cells
from Usp18+/f and Usp18+/Δ AE9a recipient mice. Allows indicate the clusters that
significantly changed by Usp18 depletion. Arrows indicate clusters 8, 9, and 11.
c Reactome analyses for feature genes of clusters 8, 9, and 11. d Reactome analysis
for differentially expressed genes (DEG) in cluster 9. e Expression heatmap for LSC
feature and endothelial marker genes across all clusters from (b). f Frequencies of

immature cells (HSCP/MPP, Multi-lin1, and Multi-lin2) in clusters with cell numbers
>10, as defined by cellHarmony cell profiling analysis. Arrow indicates cluster 9.
g Violin plots for Itga4 and Itgb1 in all clusters. Arrow indicate cluster 9. h Sub-
clustering ofVLA-4 expressingAML cells. VLA-4 high cellsweremapped (toppanel).
Cluster 9 cells were then sub-clustered by Usp18+/f or Usp18+/Δ (bottom panel). p-
values for reactome analysis in (c, d) were determined by two-sided binomial test
adjustedwith Benjamini–Hochbergapproach. Sourcedata are provided as a Source
Data file.
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USP18-STAT2 epigenetically controls ISG expansion
Having identified a subset of atypical ISGs that are only activated
when IFN treatment is combined with USP18 deficiency, we next
sought to uncover the molecular mechanism for this. USP18 has
previously been described to inhibit IFN signaling at the interferon
alpha/beta receptor (IFNAR2). However, utilizing a proximity-

dependent-biotin-labeling (BioID) approach to identify proximal
proteins upon expression of USP18, we uncovered numerous
nuclear-localized proteins including transcription factors (TFs) and
chromatin modifiers (Supplementary Fig. 5a). Therefore, we hypo-
thesized that USP18 plays an undiscovered nuclear role, directly
regulating transcriptional machinery.
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To address this, we performed a quantitative genome wide com-
parison of active promoter/enhancer elements inWTorUSP18−/− THP-1
cells with and without IFN treatment. Specifically, we generated and
then integrated ATAC-seq data with CHIP-seq data for H3K27ac. IFN
treatment of parental cells had negligible impact on chromatin
accessibility and minimal impact on altered activity (Fig. 5a and Sup-
plementary Fig. 5b). Conversely, USP18 deficient cells had increased
accessibility and increased H3K27ac at promoter/enhancers, effects
that were both augmented by IFN treatment (Fig. 5a and Supplemen-
tary Fig. 5b). These findings indicate that USP18 is involved in large-
scale regulation of the epigenetic landscape and global gene reg-
ulatory responses to IFN treatment.

To predict mechanisms associated with this regulation, we pro-
filed ATAC-seq peaks with increased accessibility or acetylation for
enrichment of TF binding motifs. We first observed more significant
enrichment of the ISRE motif in IFN treated USP18−/− cells than in IFN
treated WT cells (Fig. 5b and Supplementary Fig. 5c, d). This observa-
tion aligns with the expanded list of atypical ISGs in the USP18−/− con-
text, someofwhichdo indeedharbor an ISRE sequence (‘hidden ISGs’).

Since we previously found that USP18 binds to STAT219, we
hypothesized that USP18 may disrupt STAT2/IRF9 complex formation
or binding to target DNA sequences. Neither USP18 alone nor in
combination with ISG15 (which stabilizes USP18)29 affected the inter-
action between STAT2 and IRF9 (Supplementary Fig. 6a, b). Addi-
tionally, USP18 cannot bind IRF9 without STAT2 (Supplementary
Fig. 6c). Next, DNA pull-down analysis revealed that IRF9 and STAT2
interacted only with the WT ISRE and this binding was substantially
reduced upon USP18 expression (Fig. 5c left). However, IRF9-ISRE
binding was unchanged by USP18 expression in STAT2−/− cells (Sup-
plementary Fig. 6d), confirming that this mechanism is STAT2-
dependent. We further verified that USP18 does not affect the bind-
ing between GAS (Gamma IFN activation site) and STAT1, nor does it
impact ISRE-IRF7 binding (Supplementary Fig. 6e, f). USP18 was also
able to inhibit IRF9/STAT2 binding to IRE sequences (minimum ISRE
element ‘TTTC’) (Fig. 5c right), present in ‘non-canonical’ atypical ISGs
that lack ISREmotifs. In reporter assays, USP18 expression significantly
decreased ISRE and IRE-mediated luciferase activation by IRF9/STAT2
or ISGF3 (Fig. 5d). ChIP-qPCR analysis of several atypical ISGs showed a
clear reduction of IRF9 occupancy to promoter/enhancer regions by
USP18 ectopic expression in THP-1 cells (Supplementary Fig. 7a). We
further validated one of these atypical ISGs, Polo like kinase 2 (PLK2),
via a reporter assay. PLK2 enhancer activity was increased with IRF9/
STAT2 expression but decreased with USP18 co-expression (Supple-
mentary Fig. 7b). These findings demonstrate that USP18 reduction
induces ISG diversity by permitting IRF9/STAT2 binding to ISRE and
IRE motifs in promoters/enhancers of atypical ISGs.

To determine whether other TFs may contribute to this newly
ascribed nuclear role of USP18 in modulating the ISG landscape, we
returned to our TF motif enrichment analysis (Fig. 5b). Among

additionalmotifs,we became interested inNF-κBbecauseweobserved
activation of this pathway inAE9a LSCs andTHP-1 cells followingUSP18
suppression (Figs. 2d and 4e). Indeed, NF-κB related regulators, not
IFN, were top upstream regulators of atypical ISGs by Ingenuity Path-
way Analysis (IPA) (Supplementary Fig. 8a). This observation was
confirmed by ChIP-Atlas-enrichment-analysis showing enrichment of
NF-κB (p65) binding to promoters/enhancers of atypical ISGs (Sup-
plementary Fig. 8b). Therefore, we first verified the presence of NF-κB
motifs in active promoters/enhancers of both hidden (PLK2) and non-
canonical atypical ISGs (CCL4L2, SGK1, and FPR1) previously described
to have anti-cancer functions30–33 (Fig. 5e and Supplementary Fig. 8c).
Next, we tested whether p65 is important for atypical ISG promoter
activity. Indeed, CCL4L2 promoter activity is enhanced by ISGF3
expression, decreased by USP18 co-expression, and substantially
abrogated if the NF-κB motif is deleted (Supplementary Fig. 8d).
Moreover, higher levels of p65 were observed in the nucleus only in
IFN treated USP18−/− cells (Fig. 5f). Additionally, IRF9 and p65 occu-
pancies in the promoter/enhancer region of PLK2 and CCL4L2 were
significantly higher in IFN treated USP18−/− cells than in IFN treated
WT cells (Fig. 5g). Furthermore, the NF-κB inhibitor, GYY4137, reduced
the induction of PLK2 and CCL4L2 in IFN treated USP18−/− cells (Sup-
plementary Fig. 8e). Finally, to testwhether atypical ISG expression can
be regulated by similar epigenetic machinery in Usp18 depleted mur-
ine leukemia cells in vivo as in the human cell line context, we also
performed paired ATAC and RNA-seq using Usp18+/f and Usp18+/Δ

murine leukemia cells. Compared to the human cell lines, we observed
similar gene expression alterations, but less expansion of ISGs (Sup-
plementary Fig. 8f). For the atypical ISG Plk2, we couldn’t see a
detectable difference in ATAC-seq peaks, which was the same as IFN
treated USP18−/− THP-1 cells. But we could detect a significant increase
in H3K27ac activity in the promoter/enhancer of the Plk2 gene, which
has an IREor ISREandNF-κBbinding sites, suggesting thatUSP18 could
modulate typical and atypical ISGs via a similar epigenetic mechanism
in both human and mouse contexts (Supplementary Fig. 8g). Alto-
gether, thesedata demonstrate thatUSP18 decreases the occupancyof
IRF9-STAT2-p65 complexes at ISRE/IRE/NF-κB DNA in the nucleus, a
function distinct from its role in regulating IFN signaling at the inter-
feron alpha/beta receptor (IFNAR2).

ISG expansion by USP18 depletion regulates immunogenic can-
cer cell death
We next examined the pathways uniquely affected by IFN treatment in
aUSP18−/− cellular context. Reactome analysis revealed that commonly
upregulated genes by IFN inboth THP-1 andMDA-MB-231USP18−/− cells
were related to cytokine signaling, caspase activation, inflammasome
activation, pyroptosis, and IL-1β processing (Fig. 6a). Just like we
observed in our scRNA-seq data of primary leukemia cells (Fig. 2c, d),
these data demonstrate that lack of USP18 may result in not only
apoptosis but also pyroptosis, a form of ICD. Consistent with this

Fig. 4 | USP18 loss in human cancer cells alters the landscape of ISGs. aWestern
blots depicting proteins related to IFN-signaling and the DNA damage response in
WT, USP18+/− (2 different clones) and USP18−/− (2 different clones) THP-1, and WT,
andUSP18−/− (2 different clones)MDA-MB-231 cells.bPercentage of annexinV+ THP-
1 cells (WT, USP18+/− or USP18−/−) when treated with IFNα (1000U/ml) for the indi-
cated times. (n = 3 independent samples each). Data represent mean ± s.d.
c Volcano plot of RNAseq data comparing WT vs WT + IFNα and USP18−/− (KO) vs
KO+ IFNα (1000U/ml) THP-1 cells (n = 3 independent samples each). p-value was
determined by two-sided Wald test adjusted with Benjamini–Hochberg approach.
d Heat map representing RNAseq data for MDA-MB-231 WT and USP18−/− cells with
or without IFNα (1000U/ml) for 6 h (n = 3 independent samples each). e Heat map
representing RNAseq data from THP-1 WT and USP18−/− cells with or without IFNα
treatment for 6 h. IPA pathway analysis and representative genes in clusters A andD
are shown. p-value was determined by right-tailed Fisher’s exact test adjusted with
Benjamini–Hochberg approach. f Dot plot and schematic representing how ISGs

were classified as ‘typical’ versus ‘atypical’. Genes upregulated in USP18−/− + IFNα vs
USP18−/− and not in WT+ IFNα vs WT were labeled ‘Atypical ISGs’ (605 genes) and
genes upregulated in both were labeled ‘Typical ISGs’ (448 genes). Within atypical
ISGs, 262 genes have been reported as IFNα (1000 U/ml) inducible in human cells.
However, 343 genes are not reported as ISGs by Interferome analysis. These genes
were further divided into ‘hidden atypical ISGs’ or ‘Non-canonical atypical ISGs’
depending on the respective presence or absence of an ISRE and/or STAT1 binding
motif/data in their promoter/enhancers. g Typical ISGs and atypical ISGs were
analyzed by GO biological process analysis. p-value was determined by one-sided
Fisher’s exact test adjusted with Benjamini–Hochberg approach. h qRT-PCR ana-
lysis of WT and USP18−/− THP-1 cells (n = 2 independent samples each) treated with
orwithout IFNα (1000U/ml) for indicated times. Data representmean± s.d. p-value
was determined by one-way ANOVA test. Source data are provided as a Source
Data file.
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hypothesis, the secretion of IL-1β and cleaved IL-1β levels were sub-
stantially increased in the culture supernatant of IFN treated USP18−/−

cells (Fig. 6b).
ICD is accompanied by increased membrane permeability, cell

swelling, and release of cytosolic contents, such as lactate dehy-
drogenase (LDH). Additionally, Calreticulin (CRT), one of the DAMP

molecules, is translocated from the lumen of the endoplasmic reticu-
lum to the surface of the dying cell (ecto-CRT)7 upon ICD induction.
Here, we observed significantly greater levels of cell death, LDH
release, and ecto-CRT levels in IFN treated USP18+/− or USP18−/− THP-1
cells compared to WT (Fig. 6c, d, Supplementary Fig. 12c). We con-
firmed that cell death in IFN treated USP18−/− cells was not due to

b 

d

e

g

a 

IRE; GAGACTCAGTAGTTTCCATCGTCCAGT
ISRE; GAGACTCAGTAGTTTCACTTTCCATCGTCCAGT
ISRE mut; GAGACTCAGTAGTAGTTCATCCCATCGTCCAGT

Hidden atypical ISG PLK2

c

H3K27ac ChIP-seq 

0

10

20

30

40

50 MIP
MIP-USP18

p = 0.0151

p = 0.0028

EV IRF9
STAT2

ISGF3

R
el

at
iv

e 
IS

R
E-

Lu
c 

ac
tiv

ity

0

5

10

15

20

25 MIP
MIP-USP18

p = 0.0004

p = 0.0067

EV IRF9
STAT2

ISGF3

R
el

at
iv

e 
IR

E-
Lu

c 
ac

tiv
ity

f

WT = USP18+/+

KO = USP18-/-

WT = USP18+/+

KO = USP18-/-

WT = USP18+/+

KO = USP18-/-

0.00

0.01

0.02

0.03

0.04 p = 0.0017
CCL4L2
Pr1

IgG IRF9
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03

0.04
CCL4L2
Pr2

IgG IRF9
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03

0.04
p = 2e-5

CCL4L2
Pr1

IgG p65
ChIP

%
 in

pu
t

0.00

0.02

0.04

0.06 p = 9e-8
CCL4L2
Pr2

IgG p65
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03

0.04 p = 0.0014PLK2
Pr1

IgG IRF9
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03

0.04
PLK2
Pr2

IgG IRF9
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03
WT 0 h
WT IFN 6 h

USP18-/- 0 h
USP18-/- IFN 6 h

PLK2
Pr1

IgG p65
ChIP

%
 in

pu
t

0.00

0.01

0.02

0.03

0.04

0.05
WT 0 h
WT IFN 6 h

USP18-/- 0 h
USP18-/- IFN 6 h

p = 0.0058
PLK2
Pr2

IgG p65
ChIP

%
 in

pu
t

ATAC WT 6h

ATAC WT 0h

ATAC KO 6h

ATAC KO 0h

H3K27ac WT 6h

H3K27ac WT 0h

H3K27ac KO 6h

H3K27ac KO 0h

Article https://doi.org/10.1038/s41467-022-35348-5

Nature Communications |          (2023) 14:251 9



Fig. 5 | Nuclear USP18 regulates ISG landscape through IRF9/STAT2 and NFκB.
a Scatter plots of H3K27ac tag counts at promoter/enhancer regions in WT vs.
USP18−/−, WT vs.WT IFN,WT IFN vs.USP18−/− IFN, andUSP18−/− vs.USP18−/− IFN THP-1
cells (n = 2 independent samples each). Red data points represent peaks with >2-
fold change. b Heat map showing a comparative motif enrichment at enhancer
regionsdefinedbydifferentialH3K27ac in (a).p-valuewasdeterminedby two-tailed
Hypergeometric test adjusted with Benjamini–Hochberg approach. c DNA pull-
down assays with the indicated DNA probes and combinations of STAT2, IRF9, and
USP18 proteins.dRelative firefly to renilla luciferase activity inU5A (IFNAR2−/−) cells

expressing the indicated luciferase reporter constructs and combination of pro-
teins. (n = 3 independent samples each). Data represent mean ± s.d. p-value was
determinedby one-wayANOVA test. eGenomebrowser tracks depicting ATAC and
H3K27ac peaks in the atypical ISG PLK2. f Western blot analysis of the indicated
proteins in cytoplasmic andnuclear fractions ofUSP18−/−THP-1 cells with orwithout
IFNα (1000U/ml) treatment. g IRF9 or p65 ChIP qPCR of the PLK2 and CCL4L2
promoters in WT or USP18−/− THP-1 cells with or without IFN treatment. (n = 3
independent samples each). Data represent mean ± s.d. p-value was determined by
one-way ANOVA test. Source data are provided as a Source Data file.
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Fig. 6 | Loss of USP18 switches IFN-induced apoptosis to pyroptosis by altering
the ISG landscape. a Reactome analysis of commonly enhanced genes in IFNα
treatedUSP18−/− THP-1 andMDA-MB-231 cells. p-valuewas determinedby two-sided
binomial test adjusted with Benjamini–Hochberg approach. b IL-1β secretions and
cleaved IL-1β in culture supernatant were analyzed inMDA-MB-231WT andUSP18−/−

cells with or without IFNα (1000U/ml) for 36 h (n = 3 independent samples each).
c Percentage of live WT, USP18+/− and USP18−/− THP-1 cells treated with or without
IFNα (1000U/ml) for 48h (n = 3 independent samples each). d LDH release assay
and MFI of surface-exposed calreticulin (ecto-CRT) of WT, USP18+/− and USP18−/−
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splenocytes from Usp18+/f and Usp18+/Δ AE9a recipient mice (Usp18+/f n = 3, Usp18+/Δ

n = 3mice). jMFIof ecto-CRTof sortedGFP+Lin−c-Kit+ splenocytes fromUsp18+/f and
Usp18+/Δ AE9a recipient mice (Usp18+/f n = 3, Usp18+/Δ n = 3 mice). p-value was
determinedby two-tailed Student t-test.k LDH release assay ofUsp18+/f andUsp18+/Δ

AE9a cells after 48 h of treatment with or without murine IFNβ (500U/ml) (n = 3
independent samples each). l Analysis of IL-1β secretions of culture supernatant
from (k). All data represent mean ± s.d, except where indicated. n.s. = not statisti-
cally significant. p-value for (b–d, f, and k, l was determined by one-way ANOVA
test. Source data are provided as a Source Data file.
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autophagy or necroptosis (Fig. 6e, f). Furthermore, inflammasome-
Caspase-1-mediatedGSDMDcleavage andCaspase-3-mediatedGSDME
cleavage, unique markers of pyroptosis34–36, were also observed in IFN
treated USP18+/− and −/− cells (Fig. 6g, h). Importantly, we also detected
pyroptotic phenotypes in our Usp18+/ΔAE9a mousemodel, and Usp18+/

ΔAE9a cell line, supporting our hypothesis in Fig. 1 (Figs. 6i–l and 12d).
ICD was originally reported in solid tumors. To test whether our

findings canbe translated to solid cancermodels,wegeneratedUsp18+/

+, Usp18+/−, and Usp18−/− B16F10 melanoma and MC38 colon cancer
cells, subcutaneously injected them into mice, and monitored tumor
growth. We observed a clear reduction in the development of both
tumor types in mice injected with Usp18+/− or Usp18−/− cells compared
to those injected withUsp18+/+ cells, although their growth in vitro was
similar (Supplementary Fig. 9a). Furthermore, although we could not
quantify the GSDMD or GSDME cleavage due to low detection of the
full-length proteins in these cells, we detected significantly elevated
levels of LDH release and ecto-CRT in IFN treated Usp18−/− B16F10 and
MC38 (Supplementary Fig. 9b). Additionally, we found clear translo-
cation of HMGB1 from the nucleus to the cytoplasm in Usp18+/− and
Usp18−/− MC38 tumors, which is an ICD associated event seen in solid
tumors (Supplementary Fig. 9c left). Indeed, higher infiltration of CD8+

T cells was observed in these tumors, suggesting that depletion of
Usp18 in solid tumors can induce ICD and enhance the immune
response (Supplementary Fig. 9c right). Finally, to further test for ICD
in Usp18-depleted tumors, we used the gold standard vaccination
assay7,37,38 (Supplementary Fig. 10a). Mice were vaccinated with PBS
only, Usp18+/− B16F10 cells treated with cisplatin (non bona-fide ICD
inducer)39 or IFN, or with or without IFN treated Usp18+/+ or Usp18+/−

MC38 cells 1 week prior to the challenge of respective WT cells.
Strikingly, we observed a significant reduction of tumor development
in the group of mice vaccinated with IFN treated Usp18+/− cells (Sup-
plementary Fig. 10b, c). Importantly, this vaccine effect is through the
enhancement of tumor-infiltrating activated CD8+ T cells, which is
critical for ICD-induced vaccine effect (Supplementary Figs. 10d, 12e).
Thus, ICD induced by targetingUsp18occurs not only inhematological
malignancies but also certain solid cancers.

USP18 depletion induces both GSDMD and GSDME-dependent
pyroptosis upon IFN treatment
Depletion of USP18 induced GSDMD and GSDME cleavage, both mar-
kers of pyroptosis, upon IFN treatment. To further characterize the
pyroptosis in IFN treated USP18−/− cells, we created GSDMD−/−, GSDME
−/−,USP18−/−GSDMD−/−, andUSP18−/−GSDME−/− cells (Fig. 7a). As expected,
both IFN treated USP18−/−GSDMD−/− and USP18−/−GSDME−/− cells exhib-
ited reduced ICD markers (LDH release and ecto-CRT) compared to
IFN treated USP18−/− cells (Fig. 7b and Supplementary Fig. 12c). Inter-
estingly, IFN treated USP18−/−GSDMD−/− cells showed similar levels of
cell death as IFN treated USP18−/− cells; however, IFN treated USP18−/

−GSDME−/− cells showed less cell death, suggesting that GSDME clea-
vage, not GSDMD cleavage, is significantly involved in the cell death of
IFN treated USP18−/− cells (Fig. 7c).

Caspase-1 and8 arewell known to be involved inGSDMDand IL-1β
cleavage. Caspase-8 can be involved in GSDME cleavage as well. To
validate that the GSDMDpathway is active in IFN treatedUSP18−/− cells,
we transducedWTandUSP18−/− cellswithCaspase 1 sgRNAs.Reduction
of Caspase-1 in IFN treated USP18−/− cells substantially decreased the
levels of GSDMD cleavage (Fig. 7d) and IL-1β secretion (Fig. 7e), indi-
cating that the Caspase-1-GSDMD pathway is activated in IFN treated
USP18−/− cells. Importantly, the reduction of Caspase-1 did not affect
the cell death in IFN treated USP18−/− cells (Fig. 7f), which is consistent
with the consequence of IFN treated USP18−/−GSDMD−/− cells.

Next, we examined factors upstream of the Caspase-1-GSDMD
pathway in IFN-treatedUSP18−/− cells.We focused onNLRP3 and/or the
AIM2 inflammasome because the cluster 9 cells from our scRNA-seq
analysis of Usp18+/Δ primary murine leukemia cells predicted

inflammasome activation (Fig. 2c). Furthermore, commonly upregu-
lated genes by IFN in both THP-1 and MDA-MB-231 USP18−/− cells were
related to NLRP3 and AIM2 inflammasome activation (Fig. 6a). Inter-
estingly, MCC950 (NLRP3 inflammasome inhibitor) substantially
inhibited the cleavage of GSDMD and IL-1β secretion in IFN treated
USP18−/− cells, but ODN-A151 (AIM2 inflammasome inhibitor) did not
affect either, suggesting that the NLRP3 inflammasome is activated in
IFN treatedUSP18−/− cells (Fig. 7g, h). Again,MCC950 treatment did not
affect cell death, despite the loss of GSDMD cleavage, although it
remains possible that caspase-8-mediated cleavage of GSDME com-
plements the cell death, which needs to be further investigated in
future (Fig. 7i).

USP18 is an isopeptidase that cleaves the ubiquitin-like ISG15 from
target proteins40. To test whether the enzymatic activity of USP18
affects pyroptosis signaling, we expressed empty vector, USP18 cDNA,
or USP18 C64S (enzyme dead) cDNA in USP18−/− THP-1 cells. Upon IFN
treatment, expression of both WT and C64S mutant USP18 similarly
inhibited the cleavages of GSDMDandGSDME, cell death, LDH release,
ecto-CRT, and expression of typical (IFIT1) and atypical (PLK2 and
CCL4L2) ISGs, indicating that USP18 enzymatic activity does not affect
the ICD phenotypes (Fig. 7j–m and Supplementary Fig. 12c).

USP18 is also involved in many cellular processes other than IFN
signaling or ISG15 deconjugation41. To verify that the USP18-STAT2
interaction regulates ICD, we utilized the STAT2 R148Wmutant which
was recently shown to decrease its binding to USP1842. Expressing
STAT2 R148W in STAT2−/− (U6A) cells should phenocopy the USP18-
depleted cells even though USP18 is intact. We first confirmed that
2fTGH cells, the parental line from which the U6A line was derived,
showed elevated cell death and ICD markers upon USP18 depletion
and IFN treatment (Fig. 7n–o and Supplementary Fig. 12c). Next, we
expressed STAT2R148W in theU6A cells and observed an elevated IFN
response (IFIT1 expression), as was previously reported (Fig. 7p). Upon
IFN treatment of these cells, we observed increased atypical ISG PLK2
expression, cell death, IL-1β secretion, GSDME cleavage, LDH release,
and ecto-CRT (Fig. 7p–t and Supplementary Fig. 12c).

Taken together, these results indicate that the USP18-STAT2
interaction regulates both GSDMD and GSDME-dependent pyroptosis
and that the enzymatic activity of USP18 is not necessary for ICD.

PLK2, an atypical ISG, regulates GSDME-dependent pyroptosis
and leukemogenesis
Sincepyroptosiswas inducedbyUSP18depletionbut hasnotbeenwell
describedupon interferon treatment, andCaspase-3-mediatedGSDME
cleavage is not involved in canonical inflammasome-Caspase-1-
mediated GSDMD cleavage, we hypothesized that atypical ISGs may
contribute to cleavedGSDME-mediatedpyroptosis.UsingourRNA-seq
datasets, we identified 8 genes that were commonly upregulated in
USP18-depleted human and murine malignant cells (Supplementary
Fig. 11a). Among these genes was the atypical ISG polo like kinase 2
(PLK2), a gene that is downregulated in AML patients and thus may
play a tumor suppressive role in cancer (Supplementary Fig. 11b). We
confirmed that PLK2 expression is increased upon interferon treat-
ment only in USP18−/− cells (Supplementary Fig. 11c, d). Furthermore,
we also detected elevated PLK2protein levels inUsp18+/Δ leukemia cells
compared to Usp18+/f leukemia cells (Supplementary Fig. 11e). Inter-
estingly, the MV4-11 cell line was the only cell line that did not show an
increase in PLK2 and did not have elevated cell death upon IFN treat-
ment of USP18 depleted cells (Supplementary Fig. 11f, g). This obser-
vation supports our hypothesis that PLK2 contributes to our cell death
phenotype. Moreover, PLK2 knockdown inUSP18−/− cells, notWT cells,
led to fewer Annexin V+ cells upon IFN treatment (Supplementary
Fig. 11h–j).

To further characterize PLK2 in USP18−/− cells, we created PLK2−/−

and USP18−/−PLK2−/− cells. Importantly, the deletion of PLK2 in IFN-
treatedUSP18−/− cells showed a clear reduction of GSDME cleavage but
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not GSDMD cleavage (Fig. 8a). PLK2 deficiency resulted in reduced cell
death, LDH release, and ecto-CRT levels compared to IFN treated
USP18−/− cells (Fig. 8b, c and Supplementary Fig. 12c). Strikingly, over-
expression of PLK2 in PLK2−/− cells promoted processing of Caspase-3
and cleavage of GSDME, but did not affect cleavage of GSDMD
(Fig. 8d), linking PLK2 expression to GSDME dependent pyroptosis.

Notably, PLK2 expression induced cell death, enhanced LDH release,
and increased ecto-CRT but did not induce IL-1β secretion (Fig. 8e, f
and Supplementary Fig. 12c), suggesting that the PLK2-GSDME path-
way is totally independent of the GSDMDpathway. Furthermore, PLK2
kinase activity was not required to induce cleavage of Caspase-3 and
GSDME (Fig. 8g, h). Interestingly, PLK2 enzymatic activity suppresses
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its protein stability43. Since kinase activity does not contribute to the
role of PLK2 in pyroptosis, we utilized the PLK2 kinase inhibitor TC-
S7005 to stabilize PLK2 protein in AML cell lines and patient samples.
PLK2 protein levels and cell death were both increased by TC-S7005
treatment in THP-1 and OCI-AML3 cells (Fig. 8i, j). Furthermore, TC-
S7005 inhibited the growth of leukemia cells derived from two AML
patients in a dose-dependent manner (Fig. 8k).

Since PLK2 induced GSDME dependent pyroptosis during USP18
inhibition, we tested whether Plk2 upregulation contributes to the
survival benefit ofmice transplantedwithUsp18depleted leukemia cell
in vivo. First, we generated doxycycline-inducible Plk2C1498 andAE9a
leukemia cells to test whether expressing Plk2 alone has any effect on
leukemia development. We transplanted these cells into mice and
observed significantly prolonged survival upon Plk2 induction in vivo
(Fig. 9a). Then, to examine the biological effect of Plk2 upregulation
during Usp18 inhibition, we generated SgCtrl or SgPlk2 expressing
Usp18+/fUbcER-CreAE9a cell lines. Cells were transplanted into recipient
mice and Cre was activated after the mice developed AML. Again,
Usp18 depletion had a significant survival benefit and fewer cancer
(GFP+) cells were observed in the peripheral blood (PB) of
SgCtrlUsp18+/Δ mice compared to SgCtrlUsp18+/f. However, SgPlk2
Usp18+/Δ transplanted mice lost most of the survival benefit obtained
from Usp18 inhibition, indicating that Plk2 induction contributes to
leukemia cell death during Usp18 depletion in vivo (Fig. 9b, c).

Altogether, we observed an expanded list of ISGs upon IFN
treatment in USP18 deficient cells and increased apoptotic/pyroptotic
cell death.USP18depletion induces pyroptosis, which is dependent on
the NLRP3 inflammasome-Caspase-1-GSDMD and Caspase-3-GSDME
pathways. Among the atypical ISGs, we identified PLK2 as one med-
iator of the GSDME-dependent pyroptosis observed in a USP18-defi-
cient context (Fig. 9d). Our study demonstrates that USP18 deficiency
expands the landscape of ISGs, facilitating immunogenic, pyroptotic
cancer cell death in vivo.

Discussion
Here, we showed that USP18, a major suppressor of IFN signaling,
protects malignant cells from IFN-induced pyroptosis by suppressing
the expression of canonical and non-canonical ISGs. Consistent with
this finding, reduced expression of USP18 is correlated with better
survival in some human cancer subtypes and delays cancer progres-
sion in hematopoietic and solid tumormousemodels.We showed that
type I IFN induces pyroptotic cell death in malignant cells when
combined with the inhibition of endogenous USP18. Therefore, tar-
getingUSP18may expand the use of type I IFN treatment to previously
unresponsive cancer subtypes, by switching from non-
immunogenic to ICD.

In this study, we found that depletion of Usp18 induced ICD and
consequently delayed cancer progression in both hematological and
solid malignancies. ICD was confirmed by the presence of conven-
tional ICD indicators such as CRT exposure, and LDH release. In the
leukemia models, we uncovered that Usp18 has protective role from

pyroptosis of leukemia cells including LSC-like population, essential
for relapse. Although further investigation is needed to reveal the
underlying mechanism of LSC specificity, one possible explanation is
that hematopoietic stem cells (HSCs), fromwhich LSCs arise, and LSCs
inmyeloproliferative neoplasms (MPN) are known tomore sensitive to
chronic IFN exposure44,45. Inhibition of USP18 not only enhances the
type I IFN response, but also prolongs the IFN response, resulting in
chronic IFN signaling. Importantly, our scRNA-seq data revealed that
LSC-like cells expressed genes related to inflammasome activation/
pyroptosis, supporting the possibility that ICD induced by Usp18
depletion promotes the elimination of cancer stem cells. Further dis-
section of the ICD phenotype in murine and human cells revealed that
IFN treatment of USP18 depleted cells induced (1) NLRP3 inflamma-
some-Caspase-1-GSDMD-mediated canonical pyroptosis and (2)
Caspase-3-GSDME-mediated non-canonical pyroptosis. Interestingly,
GSDMD deficiency did not affect the cell death of IFN-treated USP18−/−

cells but reduced DAMPs and IL-1β release. This phenotype is not
surprising because pyroptosis is not always deadly46. Conversely,
GSDMEdeficiency suppressed the cell death andDAMPs release in IFN-
treated USP18−/− cells.

Mechanistically, we discovered that IFN treatment of USP18-
depleted cells resulted in considerable ISG expansion, including the
upregulation of ISRE/NF-κB target genes. Although USP18 is located in
both the cytoplasm and nucleus47, only its cytoplasmic role inhibiting
the IFN-receptor JAK-STAT signaling pathway has been described11,18.
Here, we elucidated the role of nuclear USP18 in regulating the ISG
enhancer landscape. Motivated by our previous finding that USP18
binds to STAT219, we discovered that nuclear USP18 inhibits the
binding of ISGF3 complexes to both ISRE and IRE DNA motifs in a
STAT2-dependent manner. We further revealed that USP18 can reg-
ulate the expression of previously unrecognized ISGs activated by
IRF9/STAT2 in combination with NF-κB. Importantly, it was previously
reported that IRF9/STAT2 can recruit p65 to NF-κB motifs in the vici-
nity of ISRE motifs to activate IL-6 expression48, supporting this
mechanistic finding. Overall, USP18 is a critical modulator of the ‘ISG
enhanceosome’ complex49, where each factor is essential for typical
and atypical ISG transcription.

Considering the newly ascribed nuclear role of USP18 and the
unique finding that USP18 depletion induced ICD when combined
with IFN treatment, we hypothesized that targeting USP18 activates
ICD-related atypical ISGs. Among atypical ISGs, we implicated PLK2
as one mediator of the observed cancer cell ICD. Enhanced levels of
PLK2 correlated with high levels of GSDME cleavage, a hallmark of
pyroptosis35,50, in IFN-treated USP18−/− THP-1 and MDA-MB-231 can-
cer cells. Importantly, we showed that ectopic expression of PLK2 in
several types of cancer cells promoted processing of Caspase-3,
cleavage of GSDME, DAMPs release, and cell death, but not IL-1β
secretion. Since the NLRP3 inflammasome can be formed and acti-
vated by DAMPs, PLK2-induced DAMPs release could also be
important for GSDMD pathway activation in USP18 depleted tumor
environment in vivo. It will be interesting to examine how PLK2

Fig. 7 | USP18-STAT2 regulatesGSDMDandGSDME-dependentpyroptosis upon
IFN stimulation. a Western blot of WT, GSDMD−/−, GSDME−/−, USP18−/−, USP18−/

−GSDMD−/− and USP18−/−GSDME−/− THP-1 cells treated with or without IFNα (1000 U/
ml) for 48h. b Analysis of ICD markers in (a). c Percentage of live cells in (a)
analyzed by FACS.dWesternblot ofWTor USP18−/− cells expressing Control sgRNA
or Caspase-1 sgRNA after treatment with IFNα (1000U/ml) for 48h. eAnalysis of IL-
1β secretions of culture supernatant in (d). f Percentage of live cells in (d) analyzed
by FACS. g Western blot of DMSO, MCC950 or ODN-A151 treated WT or USP18−/−

THP-1 cells further treated with or without IFNα (1000 U/ml) for 48h. h Analysis of
IL-1β secretions of culture supernatant in (g). i Percentage of live cells in (g) ana-
lyzed by FACS. j Western blot of USP18−/− THP-1 cells expressing Mock, USP18 or
USP18C64S treated with or without IFNα for 48h. k Percentage of live cells in (j)
analyzed by FACS. l Analysis of ICD markers in (j).m qRT-PCR of IFIT1, PLK2 and

CCL4L2 expression in USP18−/− THP-1 cells expressing Mock, USP18 or USP18C64S
treated with or without IFNα (1000U/ml) for 6 h. n Percentage of live WT, USP18+/−

and USP18−/− 2fTGH cells after 48h of treatment with or without IFNα (1000U/ml).
o Analysis of ICDmarkers in (n). p qRT-PCR of IFIT1 and PLK2 expression of STAT2
or STAT2 R148W expressing STAT2−/− (U6A) cells that were treated with or without
IFNα (1000U/ml) as indicated.q Percentage of live cells of STAT2 or STAT2 R148W
expressing STAT2−/− (U6A) cells that were treated with or without IFNα (1000U/ml)
for 48h. rWestern blot of cell lysates in (q). s Analysis of IL-1β secretions of culture
supernatant in (q). t Analysis of ICD markers in (q). n = 2 for Fig. 7p and n = 3
independent samples for (b, c, e, f, h, I, k–o, q, s–t) were analyzed. All data
represent mean ± s.d, except where indicated. n.s. = not statistically significant. All
p-value in Fig. 7 was determined by one-way ANOVA test. Source data are provided
as a Source Data file.
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activates the Caspase-3-GSDME pathway in the future. Importantly,
we also validated the biological effect of Plk2 in WT and Usp18-
depleted leukemia cells in vivo. Since AML levels (GFP) were
restored by Plk2 inhibition and the LSC-like population was most
reduced by Usp18 depletion in leukemic mice, we hypothesize that
Plk2-mediated pyroptosis contributes to LSC reduction in Usp18-
depleted leukemia. Suppression of PLK2 kinase activity enhances

the protein level of PLK2. Consequently, a PLK2 kinase inhibitor
might have potential as a cancer therapeutic agent.

Altogether, our data supports the potential of targeting Usp18 for
cancer therapy. Importantly, we demonstrated a significant survival
benefit by the heterozygous deletion of Usp18, which does not affect
normal cells. Supporting the potential of a therapeutic window,
interferonopathy has not been detected in humans or Salmonella
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Fig. 8 | USP18 loss-induced atypical ISG PLK2 regulates GSDME cleavage
dependent pyroptosis. aWestern blot ofWT, PLK2−/−,USP18−/−, andUSP18−/−PLK2−/−

THP-1 cells treated with or without IFNα (1000 U/ml) for 48 h with indicated anti-
bodies. b Percentage of live cells in (a) (n = 3 independent samples each). p-value
was determined by one-way ANOVA test. c Analysis of ICD markers (LDH release
and ecto-CRT) in (b) (n = 3 independent samples each). p-value was determined by
one-way ANOVA test. d Western blot of PLK2−/− THP-1 cells infected with Mock or
PLK2 after two days of blasticidin selection using the indicated antibodies. e; Per-
centage of live cells in (d) (n = 3 independent samples each). p-value was deter-
mined by two-tailed Student t-test. fAnalysis of ICDmarkers (LDH release and ecto-
CRT) and IL-1β secretions in (d) (n = 3 independent samples each). p-value was
determined by two-tailed Student t-test. g; THP-1 and Kasumi-1 cells were trans-
duced with MIP, MIP-PLK2 WT, or MIP-PLK2 enzyme activity mutants. Two days
after puromycin selection, cell lysates were analyzed bywestern blot with indicated

antibodies. h Ectopic PLK2 expression induces cell death in several AML cell lines
independent of its kinase activity. THP-1, Kasumi-1, and MV4-11 cells were infected
with MIP, MIP-PLK2 WT, or MIP-PLK2 enzyme activity mutants. Two days after
puromycin selection, live cells were analyzed by FACS (n = 3 independent samples
each). p-value was determined by one-way ANOVA test. i THP-1 or OCI-AML3 cells
were treated with DMSO or TC-S7005 (final 10 µM) for 48h, then cell lysates were
analyzed. j THP-1 or OCI-AML3 cells were treated with DMSO or TC-S7005 for
indicated times, then PI (%) and Annexin V+ (%) were analyzed by FACS (n = 3
independent samples each). p-value was determined by one-way ANOVA test.
k Two different PDX AML cells were cultured with different dose of TC-S7005, and
analyzed cell growth (n = 3 independent samples each conditions). All data repre-
sentmean ± s.d, exceptwhere indicated. n.s. not statistically significant. p-valuewas
determinedby one-wayANOVA test. Source data are provided as a SourceData file.
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Typhimurium infected mice with heterozygous USP18 depletion51–53.
Since tumors have higher STING activation and consequently more
local type I IFN production compared to normal tissue54, tumor sites
should be more sensitive to targeting USP18. Furthermore, inducing
ICD by targeting USP18 should prompt the release of DAMPs, resulting
inmore IFNproduction. Consequently, this therapeutic strategywould
enhance IFN-dependent gene expression programs in multiple ways,
resulting in amore robust anti-cancer response compared toother ICD
inductionmethods. Based on our mechanistic data, an important next
step is to develop aUSP18 inhibitor that inhibits its bindingwith STAT2
but does not necessarily alter its enzymatic activity. One possible
approach to generate a USP18 inhibitor is to perform a compound
screen in THP-1 cells co-expressing USP18 and an ISRE reporter55.

In summary, we discovered that USP18 plays an essential role in
regulating cancer immunogenic, pyroptotic cell death. Thus, blocking
USP18 represents a possible immunotherapeutic strategy to treat
cancer.

Methods
Mice
All the animal studies were approved by the University of California
San Diego (UCSD) Institutional Animal Care and Use Committee
(IACUC, protocol # S07271); all experiments in this study adhere with
all relevant ethical regulations for animal research.

ConditionalUsp18 knockoutmice (Usp18f/f) were generated in this
study and crossed with UBCER-Cre mice (Stock 008085, B6.Cg-Tg-
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Fig. 9 | USP18 loss-induced atypical ISG PLK2 regulates leukemogenesis.
a Survival of sub-lethally irradiated recipient mice transplanted (i.v.) with Plk2
doxycycline inducible C1498 or AE9a cells (C1498, n = 5mice each, AE9a, n = 8mice
each). Two weeks after transplantation, mice were fed with or without doxycycline
water (400 μg/ml, 5 % sucrose). p-value was determined by two-tailed
Gehan–Breslow–Wilcoxon test (for C1498) or log-rank test (for AE9a). PLK2
induction inC1498 cells are also shown.b Survival for recipients of SgCtrl or SgPlk2

infectedUsp18+/f or+/Δ UBCER-Cre AE9a-GFP AMLs. p-value between +/f SgCtrl and +/Δ
SgPLK2, and +/Δ SgCtrl and +/Δ SgPLK2 were determined by log-rank test. (right,
n = 7 mice each group). Western blot of PLK2 protein level in SgRNAs expressing
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ANOVA test. d Model of USP18-STAT2 mediated ISGs regulation followed by pyr-
optosis. Source data are provided as a Source Data file.
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Ndor1(UBC-cre/ERT2)1Ejb/2J; The Jackson Laboratory). C57BL/6 background
Usp18+/− and Ifnar1−/− mice were previously described56. C57BL/6 WT
mice were used as recipients for all non-competitive transplantation
experiments. B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) (Stock 002014) mice
from The Jackson Laboratory were used as recipients for the compe-
titive transplantation experiment in supplementary Fig. 2o, p. The day
of thefirst injectionwasdefined asday0. Allmice in this study areboth
sex 8–12 weeks age were used. Animal vivarium condition; light/dark
cycle: 12 h, temperature: 18–23 degrees C, humidity: 40–60%.

Patient cohort analysis
USP18 expression data from multiple cancer types and clinical anno-
tations from human AML, ACC, and LGG patients were analyzed using
GEPIA257. The top and bottom quartiles were used to define groups for
analysis. For breast and lung cancer patients, the relapse-free and
overall survival correlation was assessed by KMplot58, respectively.
Patient cohorts were restricted to SEER prevalence. For lung cancer
patients, GSE30219 was used.

AML patient scRNA-seq analysis
scRNA-seq from three AML patients who had been given standard
chemotherapy were analyzed (GSE116256). The average expression of
USP18 and IFIT1 inmalignant cellswerequantified for patients AML329,
AML556, and AML707B both before and after chemotherapy
treatment.

Mouse models of AML driven by AML1-ETO 9a and MLL-AF9
Mouse fetal liver (FL) cells derived from Usp18+/fUBCER-Cre or wild-type
mice were transduced with MSCV-IRES-GFP retroviruses expressing
AML1-ETO9a (AE9a) or MLL-AF9 (MF9) and were transplanted intra-
venously (i.v.) into lethally irradiated (9 Gy) recipient mice. AE9a or
MF9-expressing leukemia cells were harvested from spleens of mor-
ibund mice. AE9a leukemia cells were secondarily transplanted into
sub-lethally irradiated (6Gy) recipient mice.

Mouse models of solid tumors
Usp18+/+, Usp18+/−, or Usp18−/− B16F10 cells (1 × 105) or MC38 cells (5 ×
105) were subcutaneously (s.c.) injected into C57BL/6 mice. Tumor
volumeswere calculated over time: volume= length ×width2 ×0.5. The
maximum tumor size/burden (2 cm × 2 cm2 × 0.5 = 4000 mm3) per-
mitted by our institutional review board was not exceeded in
our study.

Gold standard vaccination assay
The same number of B16F10 Usp18+/−cells were treated with IFNβ
(1000U/ml) for 72 h or 20μM cisplatin for 24h. Both treatments
resulted in 60–70 % cell death. After being washed with PBS, 3 × 105

treated cells were injected into the left flank of each C57BL/6 mouse
(s.c. vaccination site). PBS was injected as the control. One week later,
the vaccinated mice were challenged with a subcutaneous injection of
1 × 105 living B16F10 cells into their right flanks (challenge site). For the
MC38 tumor vaccination assay, MC38 Usp18+/+ or Usp18+/− cells were
treated with or without IFNβ (1000U/ml) for 72 h. After being washed
with PBS, 1 × 105 treated cells were injected into the left flank of each
C57BL/6 mouse (s.c. vaccination site). One week later, the vaccinated
mice were challenged with a subcutaneous injection of 3 × 105 living
MC38 cells into their right flanks (challenge site). Tumor incidence and
growth in each group of mice were routinely monitored after the
challenge. Tumor volumes were calculated: volume = length ×
width2 × 0.5.

Tamoxifen, anti-IFNAR1 antibody, doxycycline, and che-
motherapy drug administration to mice
In all models of UbcER-Cre mediated Usp18 depletion, tamoxifen
(Sigma; T5648) was dissolved in corn oil (Sigma; C8267) and

intraperitoneally injected (i.p.) into transplanted mice (100mg/kg).
For the competitive bone marrow transplantation assay, mice were
also fed a diet containing tamoxifen: 2020 Teklad Global Soy Protein-
Free Rodent Diet 949.75 g, Sucrose 49.75 g, Tamoxifen 0.25 g, and Red
Food color 0.25 g/Kg. This diet will provide ~40mg tamoxifen per kg
body weight, assuming 20–25 g body weight and 3–4 g intake. In the
primary leukemia transplantation mouse models, oil or tamoxifen
injection began three weeks after transplantation. To deplete Usp18 in
transplanted mice with established leukemia, mice were first allowed
to become sick. Thenmicewere split into two groups with equal GFP%
(AML) in their peripheral blood (PB) and injectedwith oil or tamoxifen.
Control anti-mouse-IgG1 (0.25mg/mouse, MOPC-21, #BP0083, BioX-
Cell) or anti-mouse-IFNAR1 (0.25mg/mouse, MAR1-5A3, #BE0241,
BioXCell) was intravenously injected with the first oil or tamoxifen
treatment in the corresponding experiments.

To evaluate the role of Plk2 in vivo, mice were first transplanted
with either C1498 or AE9a AML cells harboring doxycycline inducible
Plk2. Two weeks after transplantation, the mice were given water with
or without doxycycline (Sigma; D9891) (400 μg/ml, 5% sucrose).

For experiments assessing the combinatorial effect of che-
motherapy and Usp18 depletion, chemotherapy treatment was initi-
ated in mice upon detection of >5% GFP+ cells in their PB by flow
cytometry. Micewere treated every 24 h for five consecutive days with
i.p injections of 100mg/kg cytarabine (Hospira, Zydus Hospira
Oncology Private Ltd, India). During the first 3 days, 3mg/kg doxor-
ubicin (APP, Fresenius Kabi USA) was also administered via a separate
i.p. injection. Mice treated with chemotherapy were given
ciprofloxacin-supplemented drinking water (ciprofloxacin (Sigma;
#17850) 125mg/L, sucrose (Sigma; S9378) 20 g/L) until 2 weeks after
the end of chemotherapy treatment. Immediate response and long-
term treatment effects were monitored weekly by flow cytometry and
blood counts.

AE9a cell lines
To generate AE9a cell lines, primary spleen cells from Usp18+/+ AE9a-
GFP or Usp18+/f UbcER-Cre AE9a-GFP secondary transplantation reci-
pient mice were grown in either IMDMmedia supplemented with 20%
FBS and both IL3 and SCF conditioned media (for Usp18+/+ AE9a-GFP
cell line) or phenol red free IMDM media supplemented with 20%
charcoal stripped FBS (Gibco; A3382101) and 10 ng/ml each of IL-3
(#213-13; Peprotech) and SCF3 (#250-03; Peprotech) (for Usp18+/f

UbcER-Cre AE9a-GFP cell line) for several weeks. Cells were able to be
maintained without added cytokines after several weeks in culture.

Plasmid construction
Human USP18, human PLK2, and PLK2 kinase domain mutant cDNAs
were cloned into the MSCV-IRES-Puro (MIP) retroviral vector. SgRNA
resistant human USP18, USP18 C64S mutant and PLK2 cDNAs were
cloned into the pCX4-bsr retroviral vector. ShRNA plasmids (pLKO.1
vectors) targeting human PLK2 (TRCN0000000868: ShPLK2-2,
TRCN0000000869: ShPLK2-3) and a control shRNA were purchased
from La Jolla Institute (LJI). SgRNA for Caspase-1 (target sequence;
CACACGTCTTGCTCTCATTA) and murine Plk2, (target sequence;
ACGGGGAAGCGCTACTGCCG) were cloned into lentiCrispr V2 plas-
mid. For doxycycline mediated Plk2 induction, murine Plk2 cDNA was
cloned into the doxycycline-inducible lentiviral vector (pTRIPZ back-
bone from Addgene #83468). Expression constructs for IRF9, STAT1,
and STAT2 were previously created as described19. The following luci-
ferase reporter plasmids were created by cloning into the pGL3-basic
plasmid: ISRE-Luc, IRE-Luc, PLK2 enhancer-Luc, PLK2 enhancer ΔISRE-
Luc, CCL4L2 promoter-Luc, and CCL4L2 promoter ΔNF-κB-Luc.

Transfection and viral infection
Transfection was conducted using PEI (Polyethylenimine). For retro-
virus production, 293T cells were co-transfected with plasmids
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encoding viral vectors and packaging vectors: pCL-10A1 for infection
of human cells or Ecopac for murine cells. For lentivirus production,
gag-, pol-, and env-expressing packaging plasmids (pMD2.G: Addgene
#12259 and psPAX2: Addgene #12260) were used. Viral particles were
collected 48h after transfection and passed through a 0.45 μm sterile
filter. For retroviral or lentiviral infection, cells were spin infected
(2000 × g, 3 h, 30 °C; Allegra X12R [Beckman Coulter]) with polybrene
(8μg/ml).

Cell culture
293T (ATCC), MDA-MB-231 (ATCC) (kindly provided by Dr. David
Cheresh, previously), U5A (IFNAR2−/−), and U6A (STAT2−/−) (kindly
provided by Dr. George Stark, previously) cells were grown in DMEM
media supplemented with L-glutamine, penicillin/streptomycin, and
10% FBS. THP-1 (ATCC), MV4-11 (ATCC), MOLM13 (ATCC), OCI-AML3
(ATCC), Kasumi-1 (ATCC), B16F10 (ATCC) and MC38 (NCI) cells were
grown in RPMI media supplemented with glutamine, penicillin/strep-
tomycin, and 10% FBS. For colony assay, cells were grown (2 × 105 cells
per plate) in M3434 medium (STEMCELL Technologies) G; Granulo-
cyte, GM; Granulocyte/Macrophage, GEMM; Granulocyte/Erythroid/
Macrophage/Megakaryocyte, M; Macrophage, E; Erythroid. Primary
bonemarrow (BM)or fetal liver cells fromUsp18 conditionalmicewere
maintained in IMDM media supplemented with 20% FBS and both IL3
and SCF conditioned media.

Crispr knockout cell lines
CRISPR gene editing technology was used to delete USP18 in THP-1,
MDA-MB-231 and 2fTGH,murineUsp18 in B16F10 andMC38, and PLK2,
GSDMD, and GSDME in THP-1 and USP18−/− THP-1 cells. Guide RNA
sequences were cloned into the pSpCas9(BB)−2A-Puro (PX459) plas-
mid (Addgene #48139) or the lentiCrispr V2 puro plasmid (Addgene
#52961). Virus preparation and infectionwere performed aspreviously
described. Single cells were then sorted into 96-well plates and incu-
bated without selection. Individual clones were screened for genes of
interest knockouts by PCR, DNA sequencing, and Western blot. Guide
RNA sequences and primers are provided in Supplementary Table 4.

Western blotting and antibodies
Cells were lysed in mild RIPA buffer composed of 25mM Tris-HCl (pH
8.0), 150mM NaCl, 1mM EDTA, and 0.5% Nonidet P-40 (NP-40). Pro-
teinase and phosphatase inhibitors (Roche) were added to all lysis
buffers. Cell lysates were centrifuged (20,000 × g) at 4 °C for 5min. All
samples were then denatured in 1× sample buffer (50mMTris-HCl [pH
6.8], 2% SDS, 2-mercaptethanol, 10% glycerol, and 1% bromophenol
blue) for 5min at 100 °C. For the detection of cleaved Caspase-1 and
cleaved GSDMD, cell culture supernatants were incubated with Blue
Sepharose 6 Fast Flow (GE Healthcare; GE17-0948-01) for 2 h, then
precipitated with three volumes of cold methanol. Antibodies used
include: FLAG (M2; Sigma), Myc (9E10; Santacruz), HA (3F10; Roche),
α-tubulin, β-actin, STAT1 (#9172; CST), phospho-STAT1 (#9167; CST),
PLK2 (#14812; CST), H2AX (#2595; CST), γH2AX (#9718; CST), LC3B
(#3868; CST), AIM2 (#12948; CST), GSDMD (#96458, or #39754; CST),
GSDME (ab215191; Abcam), Caspase1 (sc-56036; Santacruz), Cleaved
Caspase1 (D57A2, #4199; CST), Cleaved IL-1β (D3A3Z, #83186; CST),
Caspase3 (#9662; CST), p84 (5E10, GTX70220; GeneTex), GAPDH
(GT239, GTX627408; GeneTex) and NF-κB p65 (#8242; CST). For anti-
murine PLK2 detection, Anti-snk (E-10) (PLK2) antibody (sc-374643;
Santacruz) was used. Anti-murine ISG15, human USP18, and murine
USP18 antibodies were used as previously described19,56. All antibodies
for western blot analysis were used at 1:1000 dilution. The LI-COR
Odyssey system was used for image acquisition and quantification.

DNA-pulldown assay
293T or U6A cells were transfected with plasmids encoding FLAG-
tagged: empty vector, IRF9, STAT2, or USP18. Cell lysates were

incubated with M2 FLAG-beads (Sigma). FLAG-tagged proteins were
eluted using 3× FLAG peptide.

3’ biotinylated ISRE, IRE, or unmodified DNA oligos were
incubated with the indicated purified Flag-tagged proteins for 2 h
at 4 °C in binding buffer (10mM Tris, 1 mM KCl, 1% NP-40, 1 mM
EDTA, 5% glycerol). 10% input was collected and streptavidin beads
(RayBiotech; #65305) were added for 2 additional hours of incu-
bation at 4 °C. Samples were washed three times in wash buffer
(25mM Tris·HCl [pH 8.0], 300mM NaCl, 1 mM DTT, 1 mM EDTA,
0.1% SDS, 1% NP-40, and 0.5% sodium deoxycholate) and ISRE- or
IRE-binding proteins were eluted by boiling and analyzed by
immunoblotting.

ELISA
Culturemedia was collected and analyzed for human IL-1β production
using the Human IL-1β Quantikine enzyme-linked immunosorbent
assay (ELISA) kit (R&D systems; DLB50) or Human interleukin 1 beta
ELISA kit (MyBioSource.com; MBS263843). For the murine IL-1β
quantification analysis in culture media, Mouse interleukin 1 beta
ELISA kit (MyBioSource.com; MBS175967) was used.

Luciferase assays
Luciferase assays were performed using the Dual-luciferase repor-
ter assay system (Promega; E1910). Briefly, cells were transfected
with IRF9, STAT2, NF-κB p65, pRL-TK Renilla luciferase plasmid
(Promega), and the indicated pGL3 Firefly luciferase reporter plas-
mids. Empty pcDNA3.1 plasmidwas added to equalize DNA amounts
between wells. 24 h post-transfection, cells were lysed in passive
lysis buffer (Promega; E1941). Firefly and Renilla luciferase activities
were measured using the Dual-Luciferase Assay Kit (Promega;
E1910) and a FLUOstar OPTIMA luminometer (BMG Labtech,
Ortenberg, Germany), according to the manufacturer’s instruc-
tions. Firefly luciferase activity was normalized to Renilla luciferase
activity and the fold induction of each reporter was calculated by
normalizing to activity of control cells transfected with empty
vector.

RNA isolation and qRT-PCR analysis
RNA was extracted with Trizol reagent (Thermo Fisher Scientific;
15596026). Reverse transcription (RT) reactions using equal amounts
of RNA were performed using the qScript cDNA synthesis kit (Quanta
Biosciences; #95048). The resulting cDNA templates were then ana-
lyzed by qRT-PCR using the KAPA SYBR FAST universal qPCR kit (Kapa
Biosystems, Inc.) and a CFX96 thermal cycler (BIO-RAD). Primer
sequences are as provided in Supplementary Table 5.

PDX of Patient AMLs and growth assay with TC-S7005
All patient AML samples were collected with proper, informed
consent and all experiments were performed according to an
institutional review board-approved protocol, in accordance with
the Declaration of Helsinki, and with an approved animal study
IACUC protocol at Cincinnati Children’s Hospital Medical Center
(CCHMC). Residual diagnostic specimens from AML patients at
CCHMC were treated with an OKT3 antibody and engrafted into
NSGSmice. Sensitivity of these PDX-derived AML cells was assessed
in StemSpan media (STEMCELL Technologies; #09600) supple-
mented with 50 ng/mL human SCF, TPO, FLT3L, IL-3, and IL-6 with/
without TC-S7005. The PDX-derived AML cells were plated in tri-
plicate with the following doses of TC-S7005 (TOCRIS): 0 (DMSO),
0.5, 1, 5, and 10 μM.

Lactate dehydrogenase release assay
The lactate dehydrogenase (LDH) released from cells into culture
supernatants wasmeasured using the LDH CytoxTM Assay Kit (426401;
BioLegend) according to themanufacturer’s protocol. The percentage

Article https://doi.org/10.1038/s41467-022-35348-5

Nature Communications |          (2023) 14:251 17



of LDH release (Cytotoxicity) was calculated as follows: % Cytotoxi-
city = (OD490: interferon-treated LDH activity − spontaneous LDH
activity) / (OD490: maximum LDH activity - spontaneous LDH
activity) × 100.

Flow cytometry
Primary cells (FL, PB, and BMcells) frommicewere treated with ACK
buffer at room temperature for 5 min. For stem cell analysis of BM,
the lineage cocktail consisted of PerCP-Cy5.5 conjugated CD3 (17A2,
#100218), CD4 (GK1.5, #100434), CD8a (53-6.7, #100734), CD11b
(M1/70, #101228), Gr1 (RB6-8C5, #108428), B220 (RA3-6B2,
#103236), CD19 (6D5, #115534), and Ter119 (TER-119, #116228), Sca-
1-APC (E13-161.7, #122512), c-Kit–PE-Cy7 (2B8, #105814), CD48-PE
(HM48.1, #103405), and CD150-biotin (TC15-12F12.2, #115908) (All
antibodies are from Biolegend, except for CD48 (HM48.1) from
eBioscience) together with streptavidin-APC-Alexa Fluor 750 (Invi-
trogen, SA1027) was used. LSK (Lin− c-Kit+ Sca-1+) were further
analyzed with CD48 and CD150 to define long-term HSC (LT-HSC),
short-term HSC (ST-HSC), and multipotent progenitors (MPP). For
stem cell analysis of FL, PerCP-Cy5.5 conjugated lineage cocktail
(Biolegend), c-Kit–PE-Cy7 (2B8, #105814), and AA4.1 (CD93) -APC
(#136510) (Biolegend) was used. For analysis or sorting LK (Lin− c-Kit
+) of splenocytes from leukemicmice, the following antibodies were
used: c-Kit-PE-Cy7 (2B8, #105814) and PerCP-Cy5.5 conjugated
lineage cocktail (Biolegend). For ecto-CRT staining, PE conjugated
Calreticulin antibody (Cell signaling, clone D3E6, #19780) was used.
Apoptotic cells were stained with Annexin V-APC (BDB550474),
using the Annexin V apoptosis detection kit (BD) according to the
manufacturer’s protocol. Dead cells were stained with Propidium
Iodide (PI) (Thermo, P1304MP). Flow cytometric analysis was per-
formed using a BD FACSCanto with standard lasers and optical fil-
ters. Cell sorting was performed using a BD FACSAria-II. For immune
cell profiling in Fig. 1e and Supplementary Fig. 10d, we used the
following antibodies and analyzed samples with NovoCyte Advan-
teon (Agilent Technologies). Zombie Near-IR (#423108) and TruS-
tain FcX™ (#101320) fromBioLegendwere used for viability staining
and Fc block, respectively. Antibodies: CD45.2 (104, #109822) CD3
(17A2, #100241), CD4 (RM4-5, #100542), CD8a (53-6.7, #100710),
CD25 (PC61, #102008), CD69 (H1.2F3, #104541), CD71 (RI7217,
#113813), CD11b (M1/70, #101257), CD11c (N418, #117336), F4/80
(BM8, #123137), Gr-1 (RB6-8C5, #108452), NK1.1 (PK136, #108737),
and CD19 (6D5, #115541) from BioLegend, CD19 (1D3, #553785) from
BD, Foxp3 (FJK-16s, #17-5773-82) from eBioscience. All antibodies
for FACS analysis were used at 1:100 dilution. Gating strategies in
this study are provided in Supplementary Fig.12.

Immunohistochemistry
MC38 tumors were harvested on Day 14, fixed in 4% paraformalde-
hyde, embedded inparaffin, and sectioned. After deparaffinization and
antigen retrieval in citrate buffer, slides were blocked with BLOXALL
Blocking Solution (Vector Laboratories SP-6000-100) and 2.5% normal
horse or goat serum (Vector Laboratories) and incubated with the
following primary antibodies overnight at 4 °C: anti-HMGB1 (rabbit
monoclonal, clone D3E5, Cell Signaling Technology #6893, 1:100
dilution), anti-CD8a (rat monoclonal, clone 4SM16, eBioscience 14-
0195-82, 1:100 dilution). For HRP-conjugated secondary antibodies
andDAB substrate, ImmPRESSHorseAnti-Rabbit IgGPLUSPolymerKit
Peroxidase (Vector Laboratories MP-7801) and ImmPRESS Goat Anti-
Rat IgG Polymer Kit Peroxidase (Vector Laboratories MP-7444) were
used according to the manufacturer’s instructions. Counterstain was
performedwith hematoxylin (Vector LaboratoriesH-3502). Slideswere
then dehydrated andmounted in PermountMountingMedium (Fisher
SP15-100). Images were captured with a BZ-X710 (Keyence)
microscope.

Proximity-based biotin labeling (BioID) and protein identifica-
tion by mass spectrometry
U5A cells stably expressing USP18-BioID2 or Control-BioID2 were cul-
tured in media (DMEM, 10% FBS, 1% Pen/Strep) supplemented with
50μM biotin for 48 h. Approximately 20 million cells per sample were
washed, lysed, and subjected to streptavidin-based co-immunopreci-
pitation to identify proximal proteins using the BioID2 method
described in Roux et al.59. Mass spectrometry was performed by the
Sanford Burnham Prebys Proteomics Shared Resource.

scRNA-seq and analysis
GFP+ Lin− c-Kit+ splenocytes were sorted by FACS from transplanted
Usp18+/for f/f UBCER-CreAE9a recipientmice following two injections with
oil or tamoxifen. 8000 cells from each group (GFP+Lin−c-Kit+ Usp18+/f

and Usp18+/Δ leukemia cells or GFP+Lin−c-Kit+ Usp18f/f and Usp18Δ/Δ leu-
kemia cells)were coupled to beads using the 10×Genomics Chromium
controller. Single cell sequencing librarieswere preparedusing the 10×
Genomics chromium single cell 3’ reagent V3 kit according to the
manufacturer’s protocol and sequenced using an IlluminaHiseq 4000.
Data were mapped using Cell Ranger version 3.0.2 (10× Genomics) to
mm10 and analyzed using the Seurat R for single cell genomics60.

CellHarmony was used to generate identities for all cells in an
unsupervised fashion61. Cell types were applied to each cell based on
the statistical correlation (Pearson coefficient > 0.4) between their
gene expression profiles and those of published Lin− c-Kit+ CD34+

progenitor reference profiles62. The standardworkflowwas followed as
described in the workflow’s associated documentation (http://www.
altanalyze.org/cellHarmony/).

Bulk RNA-seq and analysis
For transcriptomic analysis of AE9a leukemia cells with Usp18 deple-
tion, two sets of GFP+ Lin− c-Kit+ splenocytes were sorted after
administration of three oil or tamoxifen injections to transplanted
Usp18+/f UBCER-Cre AE9a mice (n = 3 mice each, one set used for paired
ATAC-seq). RNA was extracted from sorted cells using Trizol reagent.
For transcriptomic analysis of cell lines, RNA was extracted from
untreated or IFNα (1000U/ml) treated (6h) THP-1 and MDA-MB-231
WT and USP18−/− cells. All RNA-seq libraries were prepared by Novo-
gene and sequenced using an Illumina Novaseq 6000 (PE150). The
data were analyzed using the RNASTAR/DeSeq2 pipeline.

ATAC-seq and analysis
Permeabilized nuclei were obtained by resuspending cells in 250 µl
Nuclear Permeabilization Buffer (10mM Tris-HCL [pH 7.5], 10mM
NaCl, 3mM MgCl2, 0.1% Tween-20 [Sigma], 0.1% IGEPAL-CA630
[Sigma] and 0.01% Digitonin [Promega] in water) and incubating for
10min on a rotator at 4 °C. Nuclei were then pelleted by centrifugation
for 5min at 500× g at 4 °C. Thepelletwas resuspended in20 µl ice-cold
Tagmentation Buffer (33mM Tris-acetate [pH 7.8] [BP-152, Thermo
Fisher Scientific], 66 mM K-acetate [P5708, Sigma], 11mMMg-acetate
[M2545, Sigma], 16% DMF [DX1730, EMD Millipore] in Molecular biol-
ogy grade water [46000-CM, Corning]). An aliquot was then counted
to determine nuclei concentration. Approximately 50,000 nuclei were
resuspended in 10 µl ice-cold Tagmentation Buffer and incubated with
1 µl Tagmentation enzyme (FC-121-1030; Illumina) at 37 °C for 30min.
The tagmentated DNA was purified using the MinElute PCR purifica-
tion kit (28004, Qiagen). The libraries were amplified using NEBNext
High-Fidelity 2× PCR Master Mix (M0541, NEB) with primer extension
at 72 °C for 5min and denaturation at 98 °C for 30 s, followed by 8
cycles of denaturation at 98 °C for 10 s, annealing at 63 °C for 30 s, and
extension at 72 °C for 60 s. Amplified libraries were then purified using
the MinElute PCR purification kit (28004, Qiagen) and two size selec-
tion steps were performed using SPRIselect bead (B23317, Beckman
Coulter) with 0.55× and 1.5× bead-to-sample volume ratios,
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respectively. Libraries were sequenced on an Illumina HiSeq 4000 to a
total read depth ≥ 35 Million Read Pairs.

FASTQ files from ATAC-seq experiments were mapped to the
human hg38 or mm10 genome using Bowtie2 (PMCID: PMC3436841)
using default parameters. HOMER software (PMCID: PMC2898526)
was used for further analysis. First, peaks were identified using find-
Peaks with the selected options: ‘style factor -minDist 200 -size 200’.
Next, peaks were merged using mergePeaks and signals were quanti-
fied using annotatePeaks.pl for each data replicate. Peaks within
3000bp of the transcription start site were excluded, then differen-
tially accessible regions were identified using DeSeq2 (PMCID:
PMC4302049) through HOMER getDiffExpression.pl default para-
meters (fold change >2 and adjusted p-value <0.05). We used the
default parameters of findMotifsGenome.pl to assess enrichment of
known DNA motifs within the differential regions increased by IFN
treatment and/or USP18−/−.

H3K27ac ChIP-seq and analysis
Untreated and IFN treated cells were crosslinked by adding 1% paraf-
ormaldehyde to the culture media and incubating at room tempera-
ture for 10min. The crosslinked cells were quenched by adding ice-
cold glycine to a final concentration of 125mM and incubated for
5min. Cells were then washed with PBS, resuspended in Supplement
Cell Lysis buffer (5mM PIPES [pH 8.0], 85mM KCl, 0.5% NP-40) sup-
plemented with 1 × proteinase inhibitor cocktail (Roche), and incu-
bated on ice for 10min. Nuclear pellets were lysedwith SDS lysis buffer
(1% SDS, 10mM EDTA, 50mM Tris-HCl, pH 8.1) containing 1 × protei-
nase inhibitor cocktail for 15min prior to sonication. Cells were soni-
cated using the Bioruptor plus (Diagenode) on the High setting: 30 s
On, 30 s Off for 20 cycles. SDS was removed from the chromatin
solution by centrifugation for 10min at 4 °C. The sheared chromatin
was measured, diluted with ChIP Dilution buffer (0.01% SDS, 1.1% Tri-
ton X-100, 1.2mM EDTA, 16.7mM Tris-HCl, pH 8.1, 167mMNaCl), and
incubated with Protein A agarose beads for 1 h at 4 °C. An aliquot was
removed as input from the pre-cleared chromatin and 300 μg of each
sample was then incubated with H3K27ac antibody (Active Motif
#91193) overnight at 4 °C. Then, Protein A agarose beads were added
for 1 h at 4 °C. The immune complexes were washed once with low salt
wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl,
pH 8.1, 150mM NaCl), once with high salt wash buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1, 500mM NaCl),
once with LiCl wash buffer (0.25M LiCl, 1% NP-40, 1% deoxycholate,
1mM EDTA, 10mM Tris-HCl, pH 8.1), and twice with 1× TE buffer
(10mM Tris-HCl, 1mM EDTA [pH 8.0]). The complexes were eluted
with elution buffer (1% SDS, 0.1M NaHCO3). The eluates (200 µl) were
reverse crosslinked at 65 °C overnight by adding 8 µl of 5M NaCl, fol-
lowed by RNase A treatment for one hour at 37 °C. The samples were
mixed with 4 µl of 0.5M EDTA, 8 µl of 1M Tris-HCl pH 8.0, and 1 µl of
ProteinaseK for twohours at45 °C. TheChIPedDNAwaspurifiedusing
ChIPDNA clean& Concentrator (Zymo Research; D5205). The libraries
for ChIP-seq were prepared by Novogene and sequenced on an Illu-
mina Novaseq 6000 (PE150).

The FASTQ files from ChIP-seq experiments were mapped to the
human hg38 genome using Bowtie2 with default parameters. HOMER
software was used for further analysis. First, pooled ATAC-seq peaks
were sorted into promoter proximal or promoter distal peaks using a
cutoff of within 3000bp of the transcription start site. Then H3K27ac
ChIP-seq data was quantified at each peak using annotatePeaks.pl
within a 1000bp window of the ATAC-seq peak, as described pre-
viously (PMCID: PMC7305990). Differentially acetylated regions were
identified using DeSeq2 through HOMER getDiffExpression.pl default
parameters (fold change > 2 and adjusted p-value <0.05). Next, peak
windows were shifted back to the original size of the ATAC-seq data
and findMotifsGenome.pl was used to assess enrichment of known

DNA motifs within the differential regions increased by IFN treatment
and/or USP18−/−.

Sequence data visualization
Bulk RNA-seq, ATAC-seq, and H3K27ac ChIP-seq data were visualized
using the UCSC Genome Browser (PMCID: PMC186604) or through
custom R scripts.

ChIP-qPCR assay
Cells were crosslinked by adding 1% paraformaldehyde to the cul-
ture media and incubating at room temperature for 10min. The
crosslinked cells were quenched by adding ice-cold glycine to a final
concentration of 125mM and incubating for 5min. Cells were then
washed with PBS, resuspended in Supplement Cell Lysis buffer
(5mM PIPES pH 8.0, 85 mMKCl, 0.5% NP-40) supplemented with 1 ×
proteinase inhibitor cocktail (Roche), and incubated on ice for
10min. Nuclear pellets were lysed with SDS lysis buffer (1% SDS,
10mM EDTA, 50mM Tris-HCl, pH 8.1) containing the 1 × proteinase
inhibitor cocktail for 15 min prior to sonication. Cells were soni-
cated in 10 s pulses of 30% amplitude, 6 times (10 times for the
mouse splenocytes) with 35 s interval. SDS was removed from the
chromatin solution by centrifugation for 10min at 4 °C. The sheared
chromatin was measured, diluted with ChIP Dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1,
167mMNaCl), and incubated with Protein A agarose beads for 1 h at
4 °C. An aliquot was removed as input from the pre-cleared chro-
matin and 50 µg of each sample was incubated with control-IgG, NF-
κB p65 (D14E12; Cell Signaling), IRF9 (D2T8M; Cell Signaling), or
H3K27ac (#39133; Active Motif, for mouse splenocytes) antibody
overnight at 4 °C. Then, Protein A agarose beads were added for 1 h
at 4 °C. The immune complexes were washed once with low salt
wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-
HCl, pH 8.1, 150mM NaCl), once with high salt wash buffer (0.1%
SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1, 500mM
NaCl), once with LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% deox-
ycholate, 1 mM EDTA, 10mM Tris-HCl, pH 8.1), and twice with 1x TE
buffer (10mM Tris-HCl, 1 mM EDTA [pH 8.0]). The complexes were
eluted with elution buffer (1% SDS, 0.1 M NaHCO3). The eluates
(200 µl) were reverse crosslinked at 65 °C overnight by adding 8 µl
of 5M NaCl, followed by RNase A treatment for one hour at 37 °C.
The samples were mixed with 4 µl of 0.5 M EDTA, 8 µl of 1 M Tris-HCl
pH 8.0, and 1 µl of Proteinase K for 2 h at 45 °C. The ChIP DNA was
purified using the QIAquick PCR purification kit (Qiagen; #28104).
Primers used for ChIP-qPCR analysis are listed in Supplementary
Table 6.

Gene set enrichment analysis
Gene set enrichment analysis63 was performed using the online GSEA
tool (https://www.gsea-msigdb.org/gsea/index.jsp).

ChIP-Atlas enrichment analysis
Promoters/enhancers of typical and atypical ISGs were analyzed by
Chip-Atlas enrichment analysis (https://chip-atlas.org/enrichment_
analysis).

Ingenuity pathway analysis
Upstream regulators of typical, atypical, and non-canonical ISGs were
analyzed by Qiagen Ingenuity pathway analysis (IPA) (https://
digitalinsights.qiagen.com/products-overview/discovery-insights-
portfolio/analysis-and-visualization/qiagen-ipa/).

Reactome analysis
Pathway analysis for several gene sets in this study were performed
using the reactome pathway online tool (https://reactome.org/).
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Gene ontology (GO) analysis
GO analysis for several gene sets in this study were performed using
the GO online tool (http://geneontology.org/).

Interferome analysis
Interferome analysis64 was performed using the online Interferome
tool v2.01 (http://www.interferome.org/interferome/home.jspx).

Statistical analysis and reproducibility
Data were collected and analyzed in either GraphPad 8 or Microsoft
excel. Statistical analysis; Comparison of results from two groups was
done by two-tailed Student’s t test. For multiple comparisons, results
were analyzed by one-way or two-way ANOVA. For multiple compar-
isons, adjustments were made. Survival data were presented as
Kaplan–Meier curves and a log-rank test or Gehan-Breslow-Wilcoxon
test was performed. All exact p-value are indicated in figures and
source data files except for Supplementary Fig. 1b. p-values for all
multiple comparisons, IPA, RNA-seq, HOMER, Reactome, GO and ChIP
enrichment tool analysis were corrected for multiple testing using
Benjamini–Hochberg false discovery rate approach. A p-value of <0.05
was considered significant. Data for Supplementary Figs. 9a, 10b are
represented as means ± standard errors (SEM). All other results are
represented as means ± standard deviations (SD) unless otherwise
stated. All western blot, qPCR and FACS experiments were performed
in at least two biologically independent samples and reproducibly
confirmed at least twice. All mice experiments, when feasible, were
repeated at least twice and reproducibly confirmed. We also provided
the data for another CRISPR KO clone in source data file for critical
experiments presented in Figs. 6d, 7b, c, n, o, 8b, c and Supplementary
Fig. 9b. RNA-seq for THP-1 and MDA-MB-231 were run in biologically
triplicates. ATAC-seq was run in biologically duplicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are providedwith this paper. All data reported in this work
are availablewithin theArticle, Supplementary information andSource
Data file. Original data for RNA-seq, ATAC-seq, ChIP-seq, and scRNA-
seq have been deposited in the Gene Expression Omnibus (GEO)
database under accessions GSE165424-GSE165429 and GSE196580-
GSE196582. GSE165424; GSE165425; GSE165426; GSE165427;
GSE165428; GSE165429; GSE196580; GSE196581; GSE196582. Source
data are provided with this paper.

Code availability
We used Seurat Version 3 for analyzing scRNA-seq data. Code used
for generating all figures related to scRNA-seq are available in
GitHub repository. For heterozygous Usp18 depletion; [https://
github.com/kei16-cell/AE9a-scRNAseq-Usp18-heterozygous-
deletion] . For homozygous Usp18 depletion; [https://github.com/
kei16-cell/AE9a-scRNAseq-Usp18-homozygous-deletion].
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