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Abstract
Background Tumor cells develop multiple mechanisms to facilitate their immune evasion. Identifying tumor-intrinsic 
factors that support immune evasion may provide new strategies for cancer immunotherapy. We aimed to explore 
the function and the mechanism of the tumor-intrinsic factor NPM1, a multifunctional nucleolar phosphoprotein, in 
cancer immune evasion and progression.

Methods The roles of NPM1 in tumor progression and tumor microenvironment (TME) reprogramming were 
examined by subcutaneous inoculation of Npm1-deficient tumor cells into syngeneic mice, and then explored by 
CyTOF, flow cytometry, immunohistochemistry staining, and RNA-seq. The in-vitro T-cell killing of OVA-presenting 
tumor cells by OT-1 transgenic T cells was observed. The interaction of NPM1 and IRF1 was verified by Co-IP. The 
regulation of NPM1 in IRF1 DNA binding to Nlrc5, Ciita promoter was determined by dual-luciferase reporter assay and 
ChIP-qPCR.

Results High levels of NPM1 expression predict low survival rates in various human tumors. Loss of NPM1 inhibited 
tumor progression and enhanced the survival of tumor-bearing mice. Npm1-deficient tumors showed increased 
CD8+ T cell infiltration and activation alongside the reduced presence of immunosuppressive cells. Npm1 deficiency 
increased MHC-I and MHC-II molecules and specific T-cell killing. Mechanistically, NPM1 associates with the 
transcription factor IRF1 and then sequesters IRF1 from binding to the Nlrc5 and Ciita promoters to suppress IRF1-
mediated expression of MHC-I and MHC-II molecules in tumor cells.

Conclusions Tumor-intrinsic NPM1 promotes tumor immune evasion via suppressing IRF1-mediated antigen 
presentation to impair tumor immunogenicity and reprogram the immunosuppressive TME. Our study identifies 
NPM1 as a potential target for improving cancer immunotherapy.
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Background
Malignant cells have evolved various strategies that pro-
mote tumor progression by evading immune recognition 
and inhibiting the anti-tumor responses, a well-accepted 
hallmark of cancer [1]. Many tumor-intrinsic changes 
contribute to immune evasion and lead to resistance to 
immunotherapies such as immune checkpoint blockade 
(ICB). These changes include reduced tumor immuno-
genicity, loss of antigen-presenting molecules, defects 
in interferon signaling, and implementation of immune-
evasive oncogenic signaling pathways [2, 3]. Meanwhile, 
external factors, such as a reprogrammed immunosup-
pressive tumor microenvironment (TME), also play 
important roles in escaping the surveillance of the host 
immune system and promoting tumor progression. Fir-
ing up the immunosuppressive TME might improve the 
tumor immunogenicity, T cell infiltration or responses 
and cancer immunotherapy efficacy [4–6]. Therefore, 
deciphering the hidden mechanisms that support tumor 
immune evasion and reprogram immunosuppressive 
TME has the potential to greatly advance our under-
standing of tumor-host interaction and improve the effi-
cacy of immunotherapy.

The nucleolus is a common nuclear substructure that 
primarily functions in ribosome biogenesis. Ribosome 
biogenesis is usually hyperactivated in tumor cells, a sig-
nificant characteristic of tumors that was identified over 
a century ago [7]. Nucleolar abnormalities are related to 
multiple pathologies including cancer [8]. Now, hundreds 
of nucleolar proteins have been identified through mass-
spectrometry analyses of the nucleolar proteome and 
the functions of these nucleolar proteins are consistent 
with biological processes that occur within the nucleo-
lus [9, 10]. The nucleolus is membraneless and dynamic, 
as reflected in the active shuttling of nucleolar proteins 
between this structure and the surrounding nucleoplasm. 
Thus, nucleolar proteins have the potential to influence 
various nuclear functions directly [11]. Up to now, the 
abnormal expression and mutations of various nucleo-
lar proteins in tumors have been observed. However, 
whether and how nucleolar proteins function in tumor 
immune escape remains poorly understood.

Nucleophosmin (NPM1, also known as B23) is one of 
the most abundant nucleolar proteins and the mutations 
in the NPM1 gene are associated with a variety of hema-
tological malignancies, including acute myeloid leukemia 
(AML) [12]. Some reports have indicated that NPM1 
plays an oncogenic role in multiple solid tumors by pro-
moting cell proliferation and inhibiting cell apoptosis [13, 
14]. In general, high levels of NPM1 expression have been 
detected in many solid tumors including colorectal, gas-
tric, hepatocellular and prostate malignancies [12]. How-
ever, the contrasting reports suggest that NPM1 inhibits 
tumor growth by interacting with the tumor suppressor 

ARF for genomic stability and cell-cycle arrest [15]. To 
date, only one report has revealed the involvement of 
NPM1 in tumor immunity and found that NPM1 upregu-
lated PD-L1 transcription in triple-negative breast cancer 
(TNBC) cells to inhibit T cell activity [16]. Therefore, the 
potential contribution of NPM1 to tumor progression 
and immune evasion is worthy of further investigation.

In this study, we find that NPM1 promotes tumor 
immune evasion by inhibiting tumor antigen presen-
tation and inducing an immunosuppressive TME. 
Our study reveals the role of tumor-intrinsic NPM1 
in immune evasion by targeting NLRC5-MHC-I and 
CIITA-MHC-II pathways, adding insight into tumor-host 
interactions and tumor immunogenicity. Our study also 
identifies NPM1 as a potential target for improving can-
cer immunotherapy.

Results
Npm1 deficiency suppresses tumor growth in vivo
To examine whether there is a link between NPM1 
expression and tumor progression, we first analyzed pub-
licly available data in the TCGA database [17]. Compared 
to non-tumor samples, NPM1 mRNA was increased in 
many human tumor types, including COAD (colon ade-
nocarcinoma), LIHC (liver hepatocellular carcinoma), 
HNSC (head and neck squamous cell carcinoma), LUAD 
(lung adenocarcinoma) and KIRP (kidney renal papillary 
cell carcinoma) (Fig.  1A). In addition, overall survival 
analysis demonstrated that high levels of NPM1 predict 
low survival rates in various human tumors (Fig.  1B). 
These results indicate that NPM1 promotes human 
tumor progression.

To characterize the effect of NPM1 on tumor progres-
sion and anti-tumor immune responses, we knockout the 
Npm1 gene in three mouse tumor cell lines (colon car-
cinoma MC38, melanoma B16F10 and lung carcinoma 
LLC) using the CRISPR-Cas9 system (Fig. S1A). The 
knockout efficacy was confirmed by immunoblotting 
(Fig. S1B). Wild-type or Npm1-deficient tumor cells were 
then subcutaneously injected into syngeneic wild-type 
mice, and tumor growth was monitored. We found that 
loss of NPM1 in MC38 (Fig. 1C and D), B16F10 (Fig. 1E 
and F) and LLC (Fig. 1G and H) tumor cells significantly 
reduced tumor growth and prolonged the survival of 
tumor-bearing mice compared to controls (Fig.  1I and 
J). Thus, Npm1 deficiency significantly suppresses tumor 
growth in multiple mouse tumor models, providing addi-
tional evidence that NPM1 promotes tumor progression 
in vivo.

Npm1 deficiency reprograms the immunogenic tumor 
microenvironment
To explore the potential function of NPM1 in anti-
tumor immune responses, we deciphered the immune 
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atlas of inoculated wild-type and Npm1-deficient MC38 
tumors using 36-parameter mass cytometry by time of 
flight (CyTOF) (Fig. 2A). 22 distinct immune cell subsets 
were identified and the proportion of each immune cell 
type was calculated using the dimensionality reduction 

algorithm t-SNE and the clustering algorithm Pheno-
Graph (Fig. 2B). We found a significant increase in CD8+ 
T cells (cluster 4) and CD4+ T cells (cluster 7) in Npm1-
deficient tumors; meanwhile, the macrophage (cluster 

Fig. 1 (See legend on next page.)
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1 and 19) and myeloid-derived suppressor cell (MDSC) 
(cluster 17) populations were reduced (Fig. 2C).

Since the recruitment and activation of cytotoxic 
T cells in the TME is essential for eliciting an effec-
tive anti-tumor response [4], we next investigated the 
expression profiles of each T cell cluster using CyTOF 
analysis (Fig.  2D). Specifically, CD8+ T cells in clus-
ter 2, a group that was increased in the Npm1-deficient 
TME, expressed the highest levels of the cytotoxic effec-
tor molecules perforin, granzyme B and IFN-γ, as well 
as the co-stimulatory molecules CD28 and CD86. This 
profile indicates the enhanced infiltration of effector 
CD8+ T cells in the Npm1-deficient TME. CD8+ T cells 
in cluster 4 showed high expression of Ly6C, CD28 and 
CD86 and were also significantly increased in the Npm1-
deficient TME. Notably, Ly6C+ CD8+ T cells have been 
reported to exhibit a more activated state and correlate 
with enhanced cytotoxic activity [18]. CD4+ T cells in 
cluster 6 were defined as the regulatory T cells (Tregs) 
since they co-express FoxP3 and CD25. There was no sig-
nificant difference in this cluster between the wild-type 
and Npm1-deficient TME. CD4+ T cells in cluster 7 were 
significantly increased in the Npm1-deficient TME. How-
ever, we could not define the specific subtype represented 
by cluster 7 due to antibody panel limitations.

In addition to T cells, we defined cluster 1 and clus-
ter 19 as the inhibitory macrophages since they express 
high levels of F4/80 and Arginase 1. Meanwhile, cluster 
10 and cluster 17 were characterized by high expres-
sion of Ly6C and thus defined as MDSCs. All of these 
myeloid cells, which play roles in immunosuppression in 
the TME, were significantly decreased in Npm1-deficient 
tumors (Fig. 2C). Furthermore, Npm1 deficiency resulted 
in reduced expression of genes associated with immune 
suppression in myeloid cells, such as CD11b, F4/80, Argi-
nase 1 and Ly6C (Fig. 2E).

In summary, CyTOF analysis of MC38 tumors indi-
cates that Npm1 deficiency inflames the TME to be 

immunogenic by promoting the infiltration, activation 
of CD8+ T cells, CD4+ T cells and inhibiting immuno-
suppressive phenotypes, thereby boosting anti-tumor 
immune responses.

Npm1 deficiency promotes CD8+ T cell infiltration into 
tumors
Flow cytometry analysis confirmed that CD45+ immune 
cell infiltration and the proportion of CD4+ T cells and 
CD8+ T cells were increased in Npm1-deficient MC38 
tumors (Fig.  3A) and LLC tumors (Fig.  3B) compared 
to controls. Meanwhile, the proportion of natural killer 
cells (NKs) and DCs showed no significant differences 
in MC38 tumors (Fig. S2A, S2B) and LLC tumors (Fig. 
S3A, S3B); only the proportion of MDSCs was decreased 
in Npm1-deficient LLC tumors (Fig. S3A) in flow cytom-
etry analysis. Immunohistochemistry (IHC) staining 
confirmed a consistent and significant increase in CD8+ 
T cell infiltration into Npm1-deficient MC38 tumors 
(Fig. 3C).

To determine the contribution of enhanced infiltra-
tion of CD8+ T cells to tumor inhibition in Npm1-defi-
cient tumors, we utilized an antibody-based CD8+ T cell 
depleting approach and found that CD8+ T cell depletion 
strikingly abolished the growth delay of Npm1-deficient 
tumors (Fig. 3D).

Furthermore, to account for deviations caused by 
tumor size, we subcutaneously injected wild-type and 
Npm1-deficient tumor cells on the same day but resected 
them five days apart to equalize the tumor size at the 
experimental endpoint (Fig.  3E). Subsequent CyTOF 
analysis recapitulated the differences in immune cell infil-
tration into the TME, including a significant enrichment 
of CD8+ T cells, CD4+ T cells and DCs but decreased 
numbers of several tumor-associated macrophage (TAM) 
subsets in Npm1-deficient tumors compared to controls 
(Fig. 3F and G).

(See figure on previous page.)
Fig. 1 NPM1 is linked to increased human and mouse tumor progression. (A) Box plots showing the mRNA levels of NPM1 in different human tumors 
and the corresponding normal tissues using the TCGA database. (B) Kaplan-Meier survival curve for diverse human tumors based on NPM1 mRNA level 
using the TCGA database. (C and D) Wild-type and Npm1-deficient MC38 mouse colon cancer cells were subcutaneously injected into syngeneic mice 
C57BL/6. Tumor growth curve (C) and weight at the endpoint (D). n = 6, 5 mice, respectively in C. n = 9, 8 mice, respectively in D. (E and F) Wild-type and 
Npm1-deficient B16F10 mouse melanoma cells were subcutaneously injected into C57BL/6 mice. Tumor growth curve (E) and weight at the endpoint 
(F). n = 9, 10 mice, respectively in E. n = 10 mice per group in F. (G and H) Wild-type and Npm1-deficient LLC mouse lung carcinoma cells were subcutane-
ously injected into C57BL/6 mice. Tumor growth curve (G) and weight at the endpoint (H). n = 7 mice per group in G. n = 8 mice per group in H. (I) Overall 
survival of MC38 tumor-bearing mice. n = 7 mice per group. (J) Overall survival of B16F10 tumor-bearing mice. n = 15, 11 mice, respectively. Data are repre-
sentative of three independent experiments (C-H); data are combined results from two separate experiments (I and J). Error bars in A, D, F and H indicate 
mean ± SD; error bars in C, E and G indicate mean ± SEM. P values in A, D, F and H were calculated by a two-tailed, unpaired Student’s t test; P values in 
C, E and G were calculated by two-way ANOVA; P values in B, I and J were analyzed by log-rank test. *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant; 
N/A, not applicable; HR, hazard ratio. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and 
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; 
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell 
carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; 
PRAD, prostate adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous 
melanoma; THCA, thyroid carcinoma; THYM, thymoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma. See also Figure S1
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These results further demonstrate that Npm1 defi-
ciency reprograms the immunogenic TME by promoting 
the infiltration of CD8+ T cells, which then control the 
growth of Npm1-deficient tumors.

Npm1 deficiency enhances tumor cell MHC expression and 
immunogenicity
Next, we wondered how Npm1 deficiency reprograms 
the immunogenic TME. We determined the effect of 
tumor NPM1 on in-vitro CTL-dependent killing of 

Fig. 2 Npm1 deficiency in tumor cells leads to an inflammatory and immunogenic profile in the TME. (A) Schematic diagram of CyTOF experiments. 
MC38 tumor cells were subcutaneously injected into C57BL/6 mice. Tumor tissues were collected on day 25 and digested into a single-cell suspension. 
CD45+ cells were isolated using magnetic beads and labeled for CyTOF analysis. n = 8 mice per group. (B) t-SNE plot of 180,000 CD45+ singlets collected 
and analyzed as in (A). (C) The frequencies of each PhenoGraph cluster to CD45+ immune cells as in (A). (D) Heatmap showing the normalized expression 
profiles of the T cell PhenoGraph clusters as in (A). (E) Normalized expression of indicated myeloid markers on the t-SNE plot as in (A). Data are representa-
tive of two independent experiments. Error bars in C indicate mean ± SD. P values in C were calculated by a two-tailed, unpaired Student’s t test. *P < 0.05; 
**P < 0.01
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Fig. 3 (See legend on next page.)
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OVA-presenting tumor cells by OT-I transgenic T cells 
which specifically recognize SIINFEKL OVA peptides. 
We found that Npm1-deficient tumor cells were signifi-
cantly more sensitive than wild-type tumors to specific 
T-cell killing (Fig. 4A and B).

We went further to conduct a transcriptomic analysis 
to comprehensively compare gene expression in wild-
type and Npm1-deficient tumor cells freshly isolated 
from MC38 tumor tissues. Gene ontology (GO) analysis 
of the up-regulated genes in the Npm1-deficient tumor 
cells showed that three of the top ten biological processes 
were associated with antigen processing and presentation 
(Fig. 4C). Gene-set enrichment analysis (GSEA) showed 
that two gene sets, the antigen processing and presenta-
tion of exogenous antigen (GO: 0019884) and the antigen 
processing and presentation of peptide or polysaccharide 
antigen via MHC class II pathway (GO: 0002504), were 
significantly enriched in Npm1-deficient tumor cells 
(Fig. 4D).

The RNA-seq results were confirmed by Q-PCR anal-
ysis of MHC-I (H2-D1, H2-K1 and Tap1) and MHC-II 
(Cd74, H2-Eb1 and H2-Dmb1) transcripts. These mRNAs 
were significantly elevated in Npm1-deficient tumor cells 
freshly isolated from inoculated tumors (Fig.  4E). Flow 
cytometry analysis validated that both MHC-I and MHC-
II expression were significantly increased in Npm1-
deficient tumors relative to control tumors (Fig.  4F). 
To further verify the relationship between NPM1 and 
MHC expression, we pretreated MC38 tumor cells with 
mIFN-γ in vitro and found that Npm1 deficiency resulted 
in a marked increase in MHC-I and MHC-II expression 
at the mRNA and protein levels (Fig. 4G and H). Consis-
tent results were obtained by analyses of B16F10 tumor 
cells (Fig. S4A, S4B) and LLC tumor cells (Fig. S4C, 
S4D), both were treated with mIFN-γ in vitro. Consis-
tently, siRNA-mediated silencing of NPM1 significantly 
enhanced hIFN-γ-induced MHC-I and MHC-II expres-
sion in human lung cancer cells A549 (Fig. 4I and J) and 
human colon cancer cells HCT116 (Fig. S4E-S4G). Fur-
thermore, analysis of TCGA data [19] revealed that MHC 
class I molecules (HLA-A, HLA-B, HLA-C and TAPBP) 
(Fig. S5A) and MHC class II molecules (HLA-DPB1, 

HLA-DQA1, HLA-DQA2 and HLA-DRB1) (Fig. S5B) 
were negatively associated with NPM1 mRNA levels in 
human COAD and SKCM (skin cutaneous melanoma).

Taken together, these results demonstrate that Npm1 
deficiency leads to increased MHC-I and MHC-II expres-
sion, which may underline the increased antigen process-
ing and presentation of tumor cells, and also promote 
tumor immunogenicity and support cytotoxic T cell-
mediated elimination of tumor cells.

Npm1 deficiency increases the transcription of Nlrc5 and 
Ciita in tumor cells
NLRC5 and CIITA have been recognized as master 
transcription factors regulating the MHC-I and MHC-
II genes, respectively [20, 21]. Consistent with this, we 
found a negative correlation between NPM1 mRNA lev-
els and NLRC5 and CIITA in multiple human tumors 
including SKCM, TGCT (testicular germ cell tumors), 
GBM (glioblastoma multiforme) and LGG (brain lower 
grade glioma) in TCGA data (Fig.  5A). Consistently, we 
observed the in vivo expression of Nlrc5 and Ciita were 
significantly enhanced in Npm1-deficient tumors (Fig. 5B 
and C). Meanwhile, the mRNA levels of Nlrc5 and Ciita 
were also significantly increased in mIFN-γ-treated 
Npm1-deficient MC38 cells (Fig.  5D) and in hIFN-γ-
treated NPM1-silenced A549 cells (Fig.  5E) in vitro. 
These results indicate that Npm1 deficiency upregulates 
MHC expression, possibly by affecting the abovemen-
tioned upstream transcription factors.

Since Npm1 deficiency resulted in increased mRNA 
levels of Nlrc5 and Ciita, we tested whether NPM1 acts 
at the transcriptional or post-transcriptional level. We 
treated tumor cells with IFN-γ and found that Npm1 
deficiency significantly increased the preRNA levels of 
Nlrc5 and Ciita(Fig. 5F). However, by measuring the half-
life of the Nlrc5 and Ciita mRNAs in tumor cells treated 
with actinomycin D, we found that the stability of these 
transcripts was unaffected by the presence or absence of 
NPM1 (Fig.  5G). Therefore, NPM1 regulates Nlrc5 and 
Ciita expression at the transcriptional level.

In addition, we explored the effect of the NPM1 inhibi-
tor NSC348884, which disrupted the oligomerization 

(See figure on previous page.)
Fig. 3 Npm1 deficiency in tumor cells enhances the infiltration of CD8+ T cells in the TME. (A) Flow cytometry analysis of the percentage of CD45+ im-
mune cells, CD4+ T cells and CD8+ T cells in MC38 tumors. Representative FACS plots (left) with quantification (right) were shown. n = 9, 5 mice, respective-
ly. (B) Flow cytometry analysis of the percentage of CD45+ immune cells, CD4+ T cells and CD8+ T cells in LLC tumors. Representative FACS plots (left) with 
quantification (right) were shown. n = 7, 9 mice, respectively. (C) Immunohistochemistry (left) with quantification (right) of CD8+ T cells in MC38 tumors. 
n = 5 mice per group. Scale bar, 10 μm. (D) Schematic diagram of lymphocyte depletion experiment (left) and tumor growth curve of tumor-bearing mice 
(right). MC38 tumor cells were subcutaneously injected into C57BL/6 mice on day 0 when CD8+ T cells were depleted using 100 μg of intraperitoneally 
injected anti-CD8 antibody on days − 4, -1 and 2. n = 8 mice per group. (E) Schematic diagram showing the mouse tumor model in which wild-type or 
Npm1-deficient MC38 tumor cells were subcutaneously injected into C57BL/6 mice and resected five days apart to equalize tumor size. n = 8 mice per 
group. (F) t-SNE plot of 180,000 CD45+ singlets collected and analyzed as in (E). (G) The frequencies of each PhenoGraph cluster to CD45+ immune cells 
as in (E). Data are representative of three independent experiments (A and B). Error bars indicate mean ± SD. P values in A, B, C and G were calculated 
using a two-tailed, unpaired Student’s t test; P values in D were calculated by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. a.u., arbitrary unit; i.p., 
intraperitoneal; s. c., subcutaneous. See also Figure S2 and Figure S3
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Fig. 4 (See legend on next page.)
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of NPM1 but did not change NPM1 protein levels, on 
MHC expression of tumor cells [22]. Our data revealed 
that NSC348884 did not affect the MHC expression in 
MC38, B16F10, A549 and HCT116 tumor cells (Fig. S6). 
We therefore hypothesized that NPM1 oligomerization is 
not related to its regulation of MHC expression in tumor 
cells.

NPM1 associates with IRF1 and inhibits IRF1-mediated 
Nlrc5 and Ciita transcription
It is well established that IRF1 and STAT1 are key fac-
tors required for the transcriptional induction of MHC 
antigen-presenting genes upon IFN-γ stimulation [2, 3]. 
Previous researches show that NPM1 interacts with IRF1 
and STAT1 [23] and NPM1 inhibits the DNA-binding 
and transcriptional activity of IRF1 [24]. Indeed, immu-
noprecipitation assays confirmed that NPM1 could asso-
ciate with IRF1 and STAT1 as reported (Fig.  6A). We 
examined the subcellular location of NPM1 protein and 
found that NPM1 was mainly localized in the nucleolus 
(Fig. 6B). Subcellular fractionation analysis revealed that 
NPM1 was widely distributed in the nucleus, including 
nucleoplasm and chromatin (Fig.  6C). Notably, NPM1 
was abundant in chromatin fraction, implying NPM1 
might regulate gene transcription. Therefore, we con-
structed luciferase reporter plasmids bearing the core 
promoter region of either the Nlrc5 or the Ciita gene. 
Using the dual-luciferase reporter assay, we discovered 
that the activity of both the Nlrc5 and Ciita promoter 
was increased in Npm1-deficient cells compared to con-
trols (Fig. 6D). By performing chromatin immunoprecipi-
tation (ChIP) assays, we noticed that Npm1 deficiency 
greatly enhanced the binding of IRF1 to the promoter of 
Nlrc5 and Ciita in IFN-γ stimulated tumor cells (Fig. 6E). 
However, we observed no significant effect of NPM1 on 
STAT1 binding (Fig.  6F). Our data indicate that NPM1 
interacts with IRF1 to block its binding to the Nlrc5 and 
Ciita promoters and thus inhibit their transcription, 
leading to MHC downregulation and, ultimately, immune 
evasion (Fig. 6G).

Discussion
Tumor cells have evolved various mechanisms that sup-
port immune evasion and immunotherapy resistance. 
Indeed, loss of MHC antigen presentation is one of the 
most common tumor immune evasion mechanisms [2, 
3]. Genetic mutation on MHC gene locus [25], transcrip-
tional or epigenetic downregulation of MHC expression 
[26, 27] and post-translational degradation of MHC mol-
ecules [28, 29] have been broadly implicated in tumor 
immune evasion and resistance to ICB therapy. Mean-
while, the reprogrammed, immunosuppressive TME has 
been recognized as a crucial determinant of ICB thera-
peutic efficacy [4, 5]. Altered immune cell composition 
[30–32], innate immune sensing pathways [33, 34], cel-
lular metabolism [35–37] and epigenetic factors [6, 38, 
39] are involved in modulating the TME. However, the 
tumor intrinsic mechanisms that target MHC antigen 
presentation to reprogram the immunosuppressive TME 
remain incomplete, and a comprehensive understanding 
of the regulation of MHC molecules will provide prom-
ising targets to facilitate ICB therapy. Here we find that 
genetic depletion of Npm1 restores MHC-mediated anti-
gen presentation in tumor cells and effectively induces 
CD8+ T cell infiltration into the TME, suggesting that 
NPM1 promotes tumor progression and supports tumor 
immune evasion. Mechanistically, NPM1 inhibits MHC 
expression by blocking IRF1 binding to the Nlrc5 and 
Ciita promoters. Nlrc5 and Ciita are IFN-inducible genes 
encoding transactivators that selectively bind MHC-I and 
MHC-II gene promoters, respectively. IRF1 is a key regu-
lator of IFN-mediated gene expression and is required for 
Nlrc5 and Ciita gene transcription. Our study reveals a 
previously uncharacterized function of NPM1, an arche-
typal nucleolar protein, in tumor antigen presentation 
and immune evasion, contributing to a better under-
standing of tumor-host interactions.

CD8+ cytotoxic T cells are the strongest effector in 
anti-tumor immune responses. Multiple cancer immu-
notherapies are developed based on the molecular and 
cellular biology of the CD8+ T cells [40]. For example, 
immune checkpoint blockade therapies are designed to 
target co-inhibitory receptors that suppress CD8+ T cell 

(See figure on previous page.)
Fig. 4 Npm1 deficiency enhances specific T-cell killing and MHC expression in tumor cells. (A) LDH cytotoxicity assay of MC38 tumor cells incubated with 
activated OVA-specific T cells at decreasing E: T ratios (1:2, 1:1, 2:1 and 4:1) for 24 h. n = 3. (B) Flow cytometry analysis of the fraction of PI+ MC38 tumor cells 
incubated with activated OVA-specific T cells at decreasing E: T ratios (1:2, 1:1 and 2:1) for 24 h. n = 3. (C and D) Transcriptomic analysis of CD45− tumor cells 
isolated from wild-type and Npm1-deficient MC38 tumors. The top 10 enriched biological processes in GO analysis (C) and GSEA plots of antigen process-
ing and presentation gene signatures (D) are shown. (E and F) Q-PCR analysis of the mRNA levels of MHC genes (E) and flow cytometry analysis of H2-Kb/
Db and I-Ab levels (F) of wild-type and Npm1-deficient MC38 tumor cells isolated from subcutaneous tumors. n = 4, 5 mice, respectively in E. n = 9, 8 mice, 
respectively in F. (G and H) Q-PCR analysis of the mRNA levels of MHC genes (G) and flow cytometry analysis of H2-Kb/Db and I-Ab levels (H) of wild-type 
and Npm1-deficient MC38 tumor cells treated with mIFN-γ (10 ng/mL) for 48 h in vitro. n = 3. (I and J) Q-PCR analysis of the mRNA levels of MHC genes 
(I) and flow cytometry analysis of HLA-A/B/C and HLA-DR/DP/DQ levels (J) in A549 cells transfected with siNC or siNPM1 for 48 h and then treated with 
hIFN-γ (20 ng/mL) for 24 h. n = 3. Data shown are representative of three independent experiments (A, B and E-J). Error bars indicate mean ± SD. P values 
were calculated using a two-tailed, unpaired Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. E: T ratio, effector: target ratio; NES, normalized enrichment 
score; MFI, mean fluorescence intensity; ut, untreated; NC, negative control. See also Figure S4 and S5
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responses; and adoptive cell transfer therapies (ACT) are 
designed to genetically modify chimeric antigen recep-
tors (CAR) to enhance CD8+ T cell function [41, 42]. The 
expression of MHC molecules increases the immune rec-
ognition of tumors. In general, MHC-I molecules pres-
ent endogenous antigens to prime CD8+ T cells; whereas 
CD4+ T cells recognize exogenous antigens presented by 
MHC-II molecules which are mainly expressed in anti-
gen-presenting cells. Tumor-specific MHC-II (tsMHC-II) 
expression is associated with favorable clinical out-
comes and better response rates to ICB therapy in cancer 
patients [43, 44]. MHC-II-restricted antigens are impor-
tant to activate CD4+ T cell responses, which further sup-
port the anti-tumor responses of CD8+ T cells [29, 45]. In 
this study, we reveal that NPM1 inhibits the transcription 
of both NLRC5-MHC-I and CIITA-MHC-II pathways via 
suppressing their common upstream transcription factor 
IRF1, highlighting a novel regulation axis of NPM1-IRF1-
NLRC5/CIITA-MHC that modulates tumor antigen pre-
sentation and reprograms the TME. Our CyTOF and 
FACS analysis consistently reveal that loss of NPM1 
significantly enhanced the infiltration of both CD8+ T 
cells and CD4+ T cells into the TME and enhanced the 
anti-tumor responses of T cells in the TME. We demon-
strate the critical role of the enhanced CD8+ T cells in 
inhibiting Npm1-deficient tumors through depletion of 
CD8+ T cells in vivo and CTL-dependent killing assay in 
vitro. Recently, the crucial roles of CD4+ T cells in can-
cer immunotherapy have also been revealed [46, 47]. Dis-
tinct subsets of CD4+ T cells have been identified in the 
TME and antigen-specific CD4+ T cells are shown to be 
critical for anti-tumor effects, which display a TH1 phe-
notype [45]. However, our in-vivo data showed that the 
depletion of CD8+ T cells almost completely abolished 
the anti-tumor effects of Npm1 deficiency, indicating the 
crucial roles of CD8+ T cells in mediating the eradication 
of Npm1-deficient tumors. Thus, we hypothesized that 
although CD4+ T cell infiltration is increased in Npm1-
deficient TME, the CD4+ T cells are more likely to play a 
helper role by assisting CD8+ T cell activation.

Over the past decades, our understanding of the func-
tion of nucleolus in ribosome biogenesis has advanced 
considerably [7]. Moreover, emerging studies showed 
that numerous stress stimuli, such as chemotherapeutic 
agents, hypoxia, oxidation state and an acidic environ-
ment, might induce nucleocytoplasmic translocation of 
certain nucleolar proteins and activate p53-dependent 
nucleolar stress pathway [48]. Activation of the nucleo-
lar stress pathway can lead to cell-cycle arrest, apoptosis, 
DNA damage and cell senescence, suggesting that target-
ing the nucleolar stress pathway may contribute to the 
treatment of malignant diseases [49]. Recent evidences 
have also uncovered new roles of the nucleolus in biologi-
cal processes, including protein quality control [50], RNA 

editing [51, 52], DNA repair [53] and liquid-liquid phase 
separation (LLPS) [54]. Changes in nucleolar morphology 
and activity have been associated with numerous human 
diseases, providing promising therapeutic potentials 
for targeting nucleoli [8]. NPM1 is the most abundant 
protein in the nucleolus and is important for maintain-
ing nucleolar organization and function [14, 55]. NPM1 
has active nucleolus-nucleoplasm shuttling activity and 
participates in various biological processes as a molecu-
lar chaperone, such as histone chaperone and DNA- or 
RNA-binding protein. Previous studies report that 
NPM1 is a proto-oncogene via stimulating cell prolifera-
tion and preventing apoptosis [13, 14]; oppositely, NPM1 
has been reported as a tumor suppressor gene because 
it contributes to genome stability control and growth-
suppressing pathways [15]. However, these researches 
usually focus on NPM1’s roles in tumor biology, but not 
on tumor-host interaction and tumor immunity [56, 
57]. Here we have addressed the role of NPM1 in tumor 
immune evasion and immunosuppressive TME repro-
gramming and also validated its pro-tumor roles using 
multiple in-vivo mouse tumor models. We found that a 
small amount of NPM1 is distributed in the nucleoplasm 
and chromatin components, where NPM1 sequesters 
transcription factor IRF1 from binding to the Nlrc5 and 
Ciita promoters to suppress the expression of MHC mol-
ecules, thus impairing tumor immunogenicity. A study 
also reveals that NPM1 upregulates the transcription of 
PD-L1 and suppresses tumor immunogenicity in triple-
negative breast cancer [16]. A better understanding of 
the underlying mechanism of NPM1 in regulating tumor 
immunogenicity might help to enhance immunotherapy 
responses by targeting nucleolar proteins.

Almost all cancer immunotherapies, such as ICB 
inhibitors, ACT therapy, recombinant cytokines and 
innate TLR agonists inhibit cancer progression by mod-
ulating IFN-γ signaling. Therefore, the exploration of 
novel regulators of IFN-γ signaling will open up new 
avenues for immunotherapies. Our study found that 
tumoral NPM1 inhibits IFN-γ-induced MHC expression 
and tumor immunogenicity, which could be the cause 
of immunotherapy resistance. Our results are consis-
tent with the clinical observation that high expression 
of NPM1 predicts low survival rates in various human 
solid tumors [12]. Hence, reducing the expression of 
NPM1 in tumor cells by small molecule inhibitors, anti-
sense oligonucleotides or proteolysis targeting chimeras 
(PROTACs) technology may be a promising strategy to 
unleash the resistance and improve the efficacy of can-
cer immunotherapy. It has been reported that NPM1 
inhibitor NSC348884 disrupts the oligomerization of 
NPM1 protein without affecting NPM1’s protein level 
[22]. However, we found that NSC348884 did not affect 
the expression of MHC in several tumor cells in vitro. A 
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Fig. 5 Npm1 deficiency promotes the transcription of Nlrc5 and Ciita. (A) Correlation of NPM1 with CIITA (upper) or NLRC5 (bottom) in different cancer 
types. Data were obtained from TCGA and analyzed by the Spearman correlation test. (B) Q-PCR analysis of the mRNA levels of Nlrc5 and Ciita in wild-type 
and Npm1-deficient MC38 tumors cells isolated from subcutaneous tumors. n = 4, 5 mice, respectively. (C) Immunoblot analysis of NLRC5 expression in 
wild-type and Npm1-deficient LLC tumor tissues. Uncropped blots are shown in the source data. (D) Q-PCR analysis of the mRNA levels of Nlrc5 and Ciita 
in wild-type and Npm1-deficient MC38 tumor cells treated with mIFN-γ (10 ng/mL) for 48 h in vitro. n = 3. (E) Q-PCR analysis of the mRNA levels of NLRC5 
and CIITA in A549 cells transfected with siNC or siNPM1 for 48 h and then treated with hIFN-γ (20 ng/mL) for 24 h. n = 3. (F) Q-PCR analysis of the preRNA 
levels of Nlrc5 and Ciita in mIFN-γ-treated (10 ng/mL) wild-type and Npm1-deficient MC38 tumor cells in vitro. n = 3. (G) Decay curves of Nlrc5, Ciita and 
Actb mRNAs in mIFN-γ-stimulated wild-type and Npm1-deficient MC38 tumor cells treated with actinomycin D (10 μg/mL) for 0, 3, 6 and 9 h. n = 3. Data 
are representative of three independent experiments (B, D-G). Error bars indicate mean ± SD. P values in A were calculated using the Spearman correlation 
test; P values in B, D-G were calculated using a two-tailed, unpaired Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. ut, untreated; NC, negative control; 
Act. D, actinomycin D. See also Figure S6
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Fig. 6 (See legend on next page.)
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previous report showed that the in vivo administration of 
NSC348884 robustly suppressed tumor growth but did 
not influence CD8+ T cell infiltration [16]. We therefore 
hypothesize that NPM1 oligomerization is important for 
its pro-proliferation function, but not related to its regu-
lation of MHC expression in tumor cells. Moreover, as a 
nucleolar protein, NPM1 plays critical roles in ribosome 
biogenesis and nucleolar organization. Systematic deliv-
ery of NPM1-targeting drugs may cause abnormal cell 
death of stromal cells and immune cells. Therefore, pre-
cise tumor-targeted drug delivery is required and optimal 
dosing and long-term effects of NPM1 inhibitors need to 
be explored.

Conclusions
Taken together, our results highlight a previously unchar-
acterized role of nucleolar protein NPM1 in promoting 
tumor progression and immune evasion by suppress-
ing IRF1-mediated Nlrc5 and Ciita transcription, which 
finally inhibits tumor cell MHC-I and MHC-II expres-
sion to impair tumor immunogenicity. Npm1-deficient 
tumors exhibit increased CD8+ T cell and CD4+ T cell 
infiltration and decreased immunosuppressive cells, 
indicating the critical role of NPM1 in reprogramming 
immunosuppressive TME.

Our findings pinpoint promising targets for improv-
ing immunotherapy responses and provide insights into 
how the nucleolar protein acts as a tumor intrinsic fac-
tor to reprogram the TME and promote tumor immune 
evasion.

Materials and methods
Mice
C57BL/6 mice (6-week-old males) were obtained from 
Beijing HFK Bio. All mice were bred and maintained 
under specific pathogen-free conditions.

Cell lines
MC38 mouse colon carcinoma cells and HCT116 human 
colon cancer cells were obtained from Cell Resource 
Center, Peking Union Medical College (PCRC) and 
maintained in our lab. B16F10 mouse melanoma cells, 
LLC mouse lung carcinoma cells and A549 human lung 

cancer cells were obtained from American Type Cul-
ture Collection (ATCC) and maintained in our lab. In 
detail, MC38, B16F10 and HCT116 cells were cultured in 
RPMI-1640 medium (Corning), LLC cells were cultured 
in DMEM medium (Corning) and A549 cells were cul-
tured in DMEM/F12 50/50 medium (Corning), supple-
mented with 10% (v/v) fetal bovine serum (FBS; Gibco), 
100 units/mL of penicillin and 100 μg/mL streptomycin 
at 37 °C, 5% CO2.

Npm1-deficient tumor cells were generated using the 
CRISPR-Cas9 system, with two guide RNAs targeting 
intron 1 (5’- C T A C A T T G A G G C A A C A T T G C-3’) and 
intron 2 (5’- G T C A C T C C A A G G T G C T A G A T-3’) at the 
Npm1 locus. The efficiency of gene knockout was verified 
using PCR, sequencing, and immunoblotting.

Antibodies and reagents
Antibodies used in this study are listed in Table S1. Puri-
fied antibodies for the CyTOF panel were labeled with the 
Maxpar Antibody Labeling Kit (Fluidigm, Cat#201300) 
according to the manufacturer’s instructions and titrated 
before use.

Collagenase I (Cat#17018029) and collage-
nase IV (Cat#17104019) were from Gibco. DNase I 
(Cat#DN25-1 g) was from Sigma-Aldrich. Zombie Aqua 
Fixable Viability Kit (Cat#423102) and FoxP3 Fix/Perm 
Buffer Set (Cat#421403) were from BioLegend. Recombi-
nant mouse IFN-γ protein (CAT#485-MI) was obtained 
from R&D Systems. Recombinant mouse IL-2 protein 
(Cat#575404) was obtained from BioLegend. Recombi-
nant human IFN-γ protein (CAT#300-02) was obtained 
from PeproTech. Actinomycin D (Cat#HY-17559) 
and NSC348884 (Cat#HY-13915) were obtained from 
MedChemExpress. Ovalbumin peptides (SIINFEKL) 
(Cat#T510212-0001) were from Sangon Biotech. Alexa 
Fluo 594 anti-rabbit secondary antibody (Cat#A-11012) 
was from Thermo Fisher Scientific. DAPI dye (Cat#4083) 
was from Cell Signaling Technology.

RNAi and plasmids
10 pmol siRNA mixture was transfected into 5e4 A549 or 
HCT116 cells which were plated in a 24-well plate using 
Lipofectamine RNAiMAX (Invitrogen, Cat#13778150) 

(See figure on previous page.)
Fig. 6 NPM1 inhibits MHC expression by interacting with IRF1 and blocking IRF1 binding to Nlrc5 and Ciita promoters. (A) Immunoprecipitation analysis 
of the interaction between NPM1 and IRF1 and STAT1 in MC38 tumor cells treated with mIFN-γ (10 ng/mL) for 24 h. Uncropped blots are shown in the 
source data. (B) Immunofluorescence analysis of the subcellular location of NPM1 in MC38 tumor cells. Scale bar, 10 μm. (C) Subcellular fractionation of 
MC38 tumor cells with or without mIFN-γ treatment (10 ng/mL) for 24 h. Each fraction was loaded in equal proportions. Uncropped blots are shown in 
the source data. (D) Dual-luciferase reporter assay of Nlrc5 (right) and Ciita (left) promoter activity driven by IRF1 and STAT1 transfection in wild-type and 
Npm1-deficient MC38 tumor cells. Data are relative to Renilla luciferase activity. n = 3. (E and F) ChIP analysis of the DNA binding of IRF1 (E) or STAT1 (F) to 
the Nlrc5, Ciita and Actb promoters in wild-type and Npm1-deficient MC38 tumor cells with mIFN-γ stimulation (10 ng/mL) for 24 h. Data are relative to 
control immunoprecipitation with immunoglobulin G (IgG) antibody. n = 3. (G) The proposed model for the previously undescribed role of NPM1-IRF1-
NLRC5/CIITA-MHC axis in suppressing tumor antigen presentation and reprogramming the immunosuppressive TME. Data are representative of three 
(A-D) or two (E and F) independent experiments. Error bars indicate mean ± SD. P values in D-F were calculated using a two-tailed, unpaired Student’s t 
test. **P < 0.01; ***P < 0.001. NC, negative control; WCL, whole cell lysates; TF, transcription factor; ut, untreated; n.s., not significant
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according to the manufacturer’s instructions. The 
sequence of siRNA for human NPM1 is listed in Table 
S2. cDNA fragments encoding mouse STAT1 and IRF1 
were amplified from mouse MC38 cells and cloned into 
the pcDNA4_myc_his_A vector. Five repeats of the core 
promoter region of mouse Nlrc5 (gacagaactgaaactcagagt) 
or Ciita (gaaagtgaaagg) were synthesized by Sangon Bio-
tech and cloned into a pGL4.17 luciferase reporter vec-
tor. All constructs were confirmed by sequencing. MC38 
cells were transfected with these constructs using Lipo-
fectamine 3000 (Invitrogen, Cat#L3000015) according to 
the manufacturer’s instructions.

Mouse tumor models
MC38 (1 × 106 cells per mouse), B16F10 (5 × 105 cells per 
mouse) and LLC cells (1 × 106 cells per mouse) were cul-
tured and harvested for subcutaneous injection in the 
right flank region of wild-type C57BL/6 male mice at six 
weeks of age. For the CD8+ T cell depletion experiment, 
wild-type or Npm1-deficient MC38 tumor cells were sub-
cutaneously injected into C57BL/6 mice on day 0 when 
100 μg anti-CD8 antibody was intraperitoneally injected 
on days -4, -1 and 2. Tumor size was measured every 
2–3 days and calculated using the formula volume = 1/2 
×(length)(width)2. The endpoint was defined when the 
size of the tumor reached 1.5 cm in its longest dimension 
or 2000 mm3 in volume.

Mass cytometry
Tumors were dissected from the surrounding tissue, 
mechanically cut and digested with collagenase I (1 mg/
mL), collagenase IV (1  mg/mL) and DNase I (1  mg/
mL) for 60  min at 37  °C. Cells were filtered using a 
40-micrometer filter to remove clumps and resuspend 
in PBS at a suitable cell concentration. CD45+ immune 
cells were isolated using mouse CD45 MicroBeads (Milt-
enyi Biotec, Cat#130-052-301). 0.5 μM 194Pt monoiso-
topic cisplatin (Fluidigm, Cat#201064) in PBS was used 
to distinguish between dead and living cells since cis-
platin covalently binds damaged cell membranes. To 
ensure homogeneous staining, cells from each sample 
were barcoded as claimed by the manufacturer’s pro-
tocols. Next, cells were incubated with FcR blocking 
reagent (BioLegend, Cat#101320), followed by surface 
staining with the indicated antibody cocktail. Cells were 
washed, fixed, permeabilized, and incubated with the 
indicated antibody cocktail for intracellular staining. 
Cells were washed, fixed with 1.6% formaldehyde solu-
tion (Sigma, Cat#F8775-4 × 25ML) and resuspended in 1 
mL of nucleic acid Ir-Intercalator diluted in PBS (Fluid-
igm, Cat#201192A). Cells were washed and then diluted 
in water containing 10% EQ Four Element Calibration 
Beads (Fluidigm, Cat#201078). Samples were then run on 
the Helios Mass Cytometer (Fluidigm).

Flow cytometry
Single-cell suspensions of tumor tissues were prepared 
as described above. Cells were stained with indicated 
antibodies and then washed once with PBS for sample 
acquisition by the LSRFortessa (BD Biosciences) flow 
cytometer.

Mouse tumor cells were treated with mIFN-γ (10 ng/
mL) for 48  h and stained with FITC-bound anti-mouse 
H2-Kb/Db antibodies and PE-bound anti-mouse I-Ab 
antibodies for 30  min at 4  °C. Human tumor cells were 
treated with hIFN-γ (20 ng/mL) for 48 h and stained with 
PE-bound anti-human HLA-A/B/C antibodies and FITC-
bound anti-human HLA-DR/DP/DQ antibodies. After 
washing with PBS, the surface expression of MHC-I and 
MHC-II were analyzed on the LSRFortessa (BD Biosci-
ences) flow cytometer.

CTL killing assay
MC38 wild-type and Npm1-deficient cells were incu-
bated with ovalbumin peptides (SIINFEKL) at 2 μg/mL 
for 2 h and then co-cultured with OVA-specific T cells at 
ratios of 1:2, 1:1, 2:1 and 4:1 for 24 h. The death of tumor 
cells was detected by flow analysis with PI staining (BD 
Pharmingen, Cat#51-66211E) or the LDH release method 
with CytoTox 96 Non-Radioactive Cytotoxicity Assay 
(Promega, Cat#G1780) as claimed by the manufacturer’s 
instructions.

RNA extraction and quantitative RT-PCR
Total RNA was extracted from cells with TRIzol reagent 
(Invitrogen, Cat#15596018) according to the manu-
facturer’s protocol. 1–2  μg acquired RNA was reverse 
transcribed using ReverTra Ace qPCR RT Master Mix 
(TOYOBO, Cat#FSQ-201). Then real-time quantitative 
PCR analysis was carried out with 2×RealStar Power 
SYBR qPCR Mix (Low ROX) (GenStar, Cat#A304-10) on 
QuantStudio 7 Flex (Thermo Fisher Scientific) and data 
were normalized by Actb expression in each sample using 
the ΔΔCt calculation method. Sequences of primers for 
Q-PCR were listed in Table S3.

Measurement of RNA stability
MC38 cells were stimulated with IFN-γ (10 ng/mL) for 
24  h and then treated with actinomycin D (10  μg/mL) 
for 0, 3, 6, and 9 h. Cells were harvested to extract RNA. 
Reverse transcription and real-time quantitative PCR 
assay were performed to analyze the remaining mRNA 
relative to actinomycin D-untreated cells.

Immunoprecipitation (IP)
Cells were lysed with IP lysis buffer (Pierce, Cat#87787) 
supplemented with protease inhibitor cocktail (Millipore, 
Cat#539134). Anti-NPM1 antibodies were added to the 
same amount of protein extract and incubated overnight 
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at 4  °C with rotation. Then 20 μL of protein A/G mag-
netic beads (Pierce, Cat#88802) were added and incu-
bated for 2 h at 4 °C. After three washes with NETN100 
IP wash buffer (20 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% 
NP-40, 100 mM NaCl) and one wash with NETN900 IP 
wash buffer (20 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% 
NP-40, 900 mM NaCl), immunoprecipitated proteins 
were boiled for 5 min at 95 °C for immunoblotting.

Immunofluorescence
Cells were seeded onto glass coverslips in a 24-well plate 
and incubated overnight. After washed with PBS three 
times, cells were fixed with 4% polyformaldehyde solu-
tion, permeabilized with 0.5% Triton X-100 and blocked 
with 3% BSA. NPM1 was stained with primary antibod-
ies and then fluorescent-dye-conjugated secondary anti-
bodies. Nuclei were stained with DAPI dye. Fluorescence 
images were acquired on STED (Leica TCS SP8) confocal 
microscope.

Subcellular fractionation
Subcellular fractionation was performed according to 
a previous report [58]. In brief, cells were collected by 
trypsin digestion and washed twice with cold PBS. Then 
cells were resuspended in 500 μL 0.1% NP-40 in PBS and 
incubated for 5 min on ice. After spinning down at 4℃ 
14,000  g for 5  min, the supernatant was taken as cyto-
plasmic fraction. The nuclei pellet was washed once with 
cold PBS. The nuclei were resuspended in 100 μL high-
salt buffer (20 mM HEPES pH 7.5, 10 mM KCl, 350 mM 
NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.1 mM Na3VO4, 
0.2% NP-40, 10% Glycerol, 1 mM DTT, 1/200 proteinase 
inhibitor cocktail) and incubated on ice for 30 min. After 
spinning down at 4℃ 14,000 g for 20 min, the superna-
tant was taken as nucleoplasm fraction. The remaining 
pellet was resuspended in 100 μL MNase buffer (50 mM 
Tris-HCl, 5 mM CaCl2, 1 mM DTT and 0.5 μL micrococ-
cal nuclease) and incubated at 37℃ for 20 min. The reac-
tion was stopped with 1 mM EDTA and centrifuged at 
4℃ 14,000 g for 15 min. This final supernatant was chro-
matin fraction. Each fraction was loaded on SDS-PAGE 
gel in equal proportions.

Dual-luciferase reporter assays
Wild-type and Npm1-deficient MC38 cells were trans-
fected with a mixture of Nlrc5-luc or Ciita-luc, IRF1 and 
STAT1 as transcriptional activators and Renilla luciferase 
as a control. Whole-cell lysates were harvested 24 h after 
transfection for luciferase activity measurements with 
the Dual-Luciferase Reporter Assay System (Promega, 
Cat#E1960) as stated by the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed using SimpleChIP Enzy-
matic Chromatin IP Kit (Cell Signaling Technology, 
Cat#9003) as stated by the manufacturer’s instructions. 
Briefly, cells were cross-linked with 1% formaldehyde for 
10 min at room temperature and the reaction stopped by 
adding glycine solution. Nuclei were isolated, followed by 
micrococcal nuclease digestion for 15 min at 37 °C, which 
was stopped with EDTA. Sonication (30-s pulse and 30-s 
pause, 3 cycles) was used for complete lysis of nuclei in 
ChIP buffer. For immunoprecipitation, digested chro-
matin was incubated with 7  μg of antibodies overnight 
at 4  °C with rotation. After that, magnetic beads were 
added to the immunoprecipitation reaction for 2 h at 4 °C 
with rotation. After being washed three times with low-
salt wash buffer and one time with high-salt wash buf-
fer, immunoprecipitated chromatin DNA was eluted and 
quantified using real-time quantitative PCR. Sequences 
of primers for ChIP Q-PCR were listed in Table S4.

Statistical analysis
Statistical tests and the number of replicates and inde-
pendent experiments are listed in the text and figure 
legends. Data are described using mean ± SD except 
where indicated. Statistical analysis was performed using 
GraphPad Prism 8 software. P values of less than 0.05 
were considered statistically significant. The statistical 
significance of tumor growth curves was analyzed using 
two-way ANOVA. Survival analyses were presented as 
Kaplan-Meier plots using the log-rank test. Correlation 
analyses were analyzed using Spearman correlation tests. 
All other statistical analyses were performed using a two-
tailed, unpaired Student’s t test.
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