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SUMMARY
Tumor escape mechanisms for immunotherapy include deficiencies in antigen presentation, diminishing
adaptive CD8+ T cell antitumor activity. Although innate natural killer (NK) cells are triggered by loss of
MHC class I, their response is often inadequate. To increase tumor susceptibility to both innate and adaptive
immune elimination, we performed parallel genome-wide CRISPR-Cas9 knockout screens under NK and
CD8+ T cell pressure. We identify all components, RNF31, RBCK1, and SHARPIN, of the linear ubiquitination
chain assembly complex (LUBAC). Genetic and pharmacologic ablation of RNF31, an E3 ubiquitin ligase,
strongly sensitizes cancer cells to NK and CD8+ T cell killing. This occurs in a tumor necrosis factor (TNF)-
dependent manner, causing loss of A20 and non-canonical IKK complexes from TNF receptor complex I.
A small-molecule RNF31 inhibitor sensitizes colon carcinoma organoids to TNF and greatly enhances
bystander killing of MHC antigen-deficient tumor cells. These results merit exploration of RNF31 inhibition
as a clinical pharmacological opportunity for immunotherapy-refractory cancers.
INTRODUCTION

Immunotherapy has dramatically revolutionized the care of

cancer patients, most profoundly those suffering from mela-

noma. Immune checkpoint blockade (ICB) and adoptive

T cell transfer therapies serve to (re-)invigorate tumor-specific

CD8+ T cell function.1,2 However, for melanoma, but more

frequently for other cancer indications, either primary or

acquired resistance limits overall and durable patient

benefit.3 Among the mechanisms driving upfront resistance

are those related to the inability of tumor cells to present

(neo-)antigens to CD8+ T cells. Deficiencies in this antigen

presentation machinery prevent cytotoxic T cells from recog-

nizing their targets and hence contribute to both tumorigen-

esis and immunotherapy resistance.4 For example, mutations

in proteasome subunits, transporters, beta-2-microglobulin

(B2M) (required for MHC class I folding and stable cell surface

localization), and MHC class I itself all contribute to T cell sur-
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veillance escape5–9 and are observed in up to 78% of lung

cancers.10,11

These limitations of CD8+ T cell antitumor activity may be

tackled in part by the innate immune system. Natural killer (NK)

cells are innate immune cells that can directly eliminate tumor

cells independent of TCR-MHC class I/antigen interactions.

However, much like T cells, upon encountering tumors NK cells

can get activated and release cytotoxic particles containing

granzymes as well as cytokines, including interferon gamma

(IFN-g), tumor necrosis factor (TNF), and Fas ligand.12,13 In this

way, NK cells cannot only trigger caspase-dependent death in

tumors,14,15 but also enhance adaptive immunity.16 However,

this is not a watertight line of defense, given the common emer-

gence of cancers inmany (immunotherapy-treated) patients. The

degree of NK cell activation is determined by a complex array of

signals.16,17 On the tumor side, loss of MHC class I expression

relieves intrinsic NK cell inhibition. However, the net activity of

NK cells is influenced by several additional factors, including
e 3, 100655, June 21, 2022 ª 2022 Netherlands Cancer Institute. 1
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Figure 1. Genome-wide CRISPR-Cas9 library screens identify all LUBAC components that protect tumor cells against CD8+ T and NK cell

killing

(A) Schematic overview of parallel CRISPR-Cas9 knockout screens in D10 human melanoma cells upon challenge with either CD8+ T cells or NK cells.

(B) Robust ranking aggregation (RRA) plot showing top enriched genes (red) or depleted genes (blue) from both CD8+ T and NK cell screen arms. –Log10 trans-

formed MAGeCK RRA scores were used. Dashed line indicates –Log10 transformed RRA score at 3 or –3. Dot sizes are scaled by Log2 fold change. Annotated

genes represent LUBAC (black), IFN-g signaling (brown), TNF prosurvival signaling (green), and TNF pro-death signaling (purple) genes.

(C) Gene set enrichment analysis (GSEA) of significantly enriched genes (red) or depleted genes (blue) in CD8+ T or NK cell screen using MAGeCKFlute. Parts of

enriched complexes are plotted. The p values were calculated based on the hypergeometric distribution. The size of each circle indicates normalized enrichment

scores (NES) that are enriched in the corresponding function.

(legend continued on next page)
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inhibiting and activating surface molecules.18 Moreover, the

degree of tumor infiltration with NK cells,19,20 and cytotoxic

T cells for that matter, represents an important factor deter-

mining immune antitumor activity.16,21–23

To uncover not only new therapeutic targets for immuno-

oncology but also address the problem of immune escape

involving CD8+ T and NK cells, here we set out to perform parallel

genome-wide CRISPR-Cas9 knockout screens, aiming to find

tumor-intrinsic sensitizers to both MHC class I- and antigen-

dependent CD8+ T cell killing andMHC- and antigen-independent

NK cell killing. Furthermore, upon validating several hits common

to both screen settings, we studied how innate and adaptive im-

munity contribute to antitumor activity. Finally, as a translational

outlook, we investigated whether genetic ablation of our top hit

could be recapitulated with a small-molecule approach.

RESULTS

Genome-wide CRISPR-Cas9 library screens identify all
LUBAC components that protect tumor cells against
CD8+ T and NK cell killing
To genetically identify genesmodulating both CD8+ T (MHC- and

antigen-dependent) and NK (MHC- and antigen-independent)

killing of tumor cells, we performed parallel genome-wide

CRISPR-Cas9 knockout screens in human melanoma cells after

either CD8+ T cell or NK cell challenge. To study interactions be-

tween tumor cells and CD8+ T cells, we previously established a

matched human tumor:T cell co-culture system.24 Specifically,

D10 melanoma cells, which endogenously express HLA-

A*02:01/MART-1, were challenged with healthy donor CD8

T cells retrovirally transduced with a MART-1-specific T cell re-

ceptor (MART-1 CD8+ T cells).25,26 To study tumor susceptibility

to NK elimination, we used KHYG-1, a human NK cell line with

high cytotoxicity against tumor cells.27–29 With these systems,

we performed two parallel unbiased genome-wide CRISPR-

Cas9 knockout screens (Figure 1A). Tumor cells were infected

in duplicate with the GeCKO library30 at 1,0003 coverage and

then challenged with either MART-1 CD8+ T cells or NK cells.

The selection pressure for the screens was optimized such

that both immune resistance and sensitization genes would be

uncovered. The surviving cells were harvested, and single-guide

RNAs (sgRNAs) were subsequently recovered by PCR amplifica-

tion of genomic DNA and analyzed by deep sequencing to iden-

tify sgRNAs that were either enriched (causing immune resis-

tance) or depleted (causing immune sensitization; Table S1).

In the CD8+ T cell-treated screen arm, we identified genes

involved in the IFN-g pathway, antigen presentation, autophagy,

and the TNF pathway, which was expected because of their es-

tablished roles in T cell-mediated killing24,31–36 (Figures S1A and

S1B). In contrast, in the NK cell-treated screen arm, IFNGR2,
(D) Distribution of individual sgRNAs targeting the LUBAC complex components

(E and F) Competition assays of human melanoma D10 cells (E) or BLM cells (F

KHYG-1 cells, respectively, analyzed by flow cytometry. The original flow cytomet

a sgRNA targeting a hit (red) is represented relative to melanoma cells without imm

are calculated by unpaired two-sided Student’s t test. ***p < 0.001.

(G) Cancer cell lines from various tissue of origin (BLM, SW480, and MCF-7 ect

control sgRNA challenged with increasing numbers of MART-1 CD8+ T or NK ce
JAK2, STAT1, and IRF1, which constitute critical components

of the IFN-g pathway and stimulate MHC class I expression,

were not enriched (Figures S1A and S1B). Taken together, the

result confirmed the screen specificity for CD8+ T cell- and NK

cell-mediated killing.

Given the focus on common immune escape mechanisms in

this study, we were interested to uncover genes whose ablation

increased susceptibility to elimination by both CD8+ T and NK

cells. Indeed, we identified several genes that were either

commonly depleted or enriched. In the latter category, we identi-

fied a number of genes from the TNF pro-death pathway,

including TNFRSF1A, RIPK1, FADD, and CASP8 (Figure 1B, up-

per right quadrant, Figure S1B). This result is consistent with the

idea that deficiencies in TNF-associated pro-death signaling

render tumor cells resistant to bothCD8+ T cell- andNKcell-medi-

ated antitumor activity.24,31,34,37 Most interestingly, RNF31,

RBCK1, and SHARPIN, all three components of the linear ubiqui-

tin chain assembly complex (LUBAC), dropped out significantly in

both CD8+ T and NK cell screens (Figure 1B, lower left quadrant).

Gene set enrichment analysis (GSEA) with both positively and

negatively selected genes illustrated that LUBAC is one of the

top enriched complexes (Figure 1C), which was confirmed by dis-

tribution analysis of individual sgRNAs (Figure 1D).

To validate all three LUBAC components, CFSE-labeled

melanoma cells transduced with sgRNAs targeting either

RNF31, RBCK1, or SHARPIN were admixed 1:1 with CTV-

labeled sgCtl-transduced cells and used in CD8+ T cell and NK

cell cytotoxicity competition assays. Flow cytometric analysis

confirmed that genetic ablation of each of the LUBAC compo-

nents strongly sensitizes tumor cells to both CD8+ T cell and

NK cell killing (Figures 1E and S1C). For the remainder of this

study we focused on RNF31, because it is a linear ubiquitin

ligase and the executive enzyme of LUBAC, and therefore

amenable in principle to pharmacologic interference.

We confirmed the effect of RNF31 depletion in another mela-

noma cell line (BLM), engineered to ectopically express HLA-

A*02:01/MART-1 for CD8+ T cell recognition. RNF31 ablation

sensitized tumor cells to both CD8+ T and NK cell killing

(Figures 1F and S1D). Then, we expanded the cell line panel to

breast (MCF7) and colorectal (SW480) tumor cells. These other

tumor cell lines were also highly sensitized to both CD8+ T and

NK cell killing upon genetic inactivation of RNF31 (Figures 1G

and S1E). Thus, depletion of either of three LUBAC components,

including RNF31, strongly sensitizes cells from different tumor

indications to both NK and CD8+ T cell killing.

RNF31 loss enhances tumor rejection in immune-
proficient mice
We next determined whether RNF31 loss provokes tumor im-

mune clearance in vivo in murine B16F10-OVA melanoma and
in both screens.

) expressing indicated sgRNAs and treated with MART-1 CD8+ T cells or NK

ry plots are shown in Figures S1C and S1D. The change in ratio of sgCtrl versus

une cell challenge (log2 transformed) (n = 3). Error bars indicate SD. Statistics

opically expressing HLA-A* A2:01 and MART-1 antigen) expressing RNF31 or

lls. Tumor cells were fixed and stained with crystal violet 4–5 days later.
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Figure 2. RNF31 loss enhances tumor rejection in immune-proficient mice

(A and B)MousemelanomaB16F10 cells expressing ovalbumin antigen (OVA) and sgRNF31 or control sgRNA challengedwith increasing numbers of OT-1 T cells

(A). Cells were fixed and stainedwith crystal violet 4 days later. Quantification of (A), relative killing is normalized to each untreated group (B). Every T/E ratio shows

the average and SD of 3 biological replicates, each with two to three technical replicates. Statistical significance was determined using a two-way ANOVA with

Sidak’s multiple comparisons test. ***p < 0.001.

(C and D) In vivo growth of B16F10-OVA cell pools carrying either sgCtl or sgRNF31. Tumor cells were s.c. injected into the flank of either immune-deficient NSG

mice (C) or immune-proficient C57BL/6 mice (D). Tumor volume wasmeasured. Error bars indicate SEM; n = 8mice per group (onemouse was removed from the

B16F10-OVA sgRNF31 group in C57BL/6 mice because it showed RNF31 expression in the tumor similar to controls).

(E) Kaplan-Meier survival curves of mice from (C) and (D). Mice were sacrificed after tumors reached 1,000 mm3. ***p < 0.001 by log rank test.

(F) In vivo growth of MC38 cell pools carrying either sgCtl or sgRNF31. Tumor cells were s.c. injected into the flank of immune-proficient C57BL/6mice. Error bars

indicate SEM; n = 8 mice per group. (C), (D), and (F) were evaluated by a multiple unpaired two-sided Student’s t test. ***p < 0.001, **p < 0.01.
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MC38 colon cancer graft immune-proficient models. First, we

confirmed that RNF31 depletion sensitizes also B16F10-OVA

cells to OVA-specific OT-1 T cell killing in vitro (Figures 2A and

2B). For the B16F10-OVA model, we injected either control

sgRNA-transduced or RNF31 knockout B16F10-OVA cell pools

into either immune-competent C57BL/6 or immune-deficient

NSG mice. RNF31-deficient B16F10-OVA tumors expanded

more slowly than control ones in NSG mice (Figures 2C and

S2A). A similar trend was observed for human D10 RNF31-defi-

cient melanoma cells, suggesting a requirement of RNF31 for full
4 Cell Reports Medicine 3, 100655, June 21, 2022
tumor growth (Figure S2B). However, the effects of RNF31 abla-

tion were more pronounced in immuno-competent C57BL/6

mice, where the RNF31-deficient B16F10-OVA tumors were

much more rapidly cleared (5/7) than control tumors (0/8)

(Figures 2D and S2C). These results indicate an important contri-

bution of immune pressure for the clearance of RNF31-deficient

tumors. As a result, RNF31-deficient tumor-bearing C57BL/6

mice but not NSG mice showed prolonged survival (Figure 2E).

RNF31 knockout MC38 tumors also grew much more slowly

and (C57BL/6) mice survived significantly longer (Figures 2F,
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S2D, and S2E). RNF31 knockout MC38 tumors showed more

infiltration of NK cells but not CD8+ T cells (Figure S2F). These

results demonstrate that RNF31 loss triggers strong immune

rejection of tumors in vivo.

Pharmacologic inhibition of RNF31 enhances tumor
sensitivity to both CD8+ T cell- and NK cell-mediated
killing
To translate these observations to a preclinical setting, we set out

to use a small-molecular inhibitor, HOIPIN-8, to target RNF31.

HOIPIN-8 is a recently developed inhibitor, which shows

potent suppression of linear ubiquitination activity of LUBAC

in vitro.38–40 We used the relatively immune-resistant human

BLMmelanoma cells24 to investigate whether HOIPIN-8 can reca-

pitulate the genetic inactivation of RNF31.Whereas treatmentwith

HOIPIN-8alonedid not alter tumor cell viability, uponco-treatment

witheitherCD8+TorNKcells aclear cooperationwasobserved for

tumor cell killing (Figures 3A and 3B). This strong immune-

dependent sensitization effect by HOIPIN-8 treatment was not

limited tomelanoma but also seen in breast and colorectal cancer

cells (Figures 3C–3F). We observed that HOIPIN-8 should exert

continuous pressure on the tumor cells, because after a 24 h pre-

treatment followed bywashout and T cell or NK cell challenge, the

sensitization was considerably reduced (Figures S3A and S3B).

Together, these data demonstrate that pharmacological inhibition

of RNF31 canmimic genetic ablation and greatly augments tumor

cell sensitivity to both CD8+ T and NK cell killing.

Given that RNF31 is expressed also in immune cells,41,42 we

investigated any impact of HOIPIN-8 on this compartment.

Although HOIPIN-8 treatment triggered considerable cell death

in total PBMCs, this was mostly attributed to non-T cells and

did not significantly affect the survival of CD8+, CD4+ T cells,

and Tregs (Figures 3G and S3C). HOIPIN-8 also suppressed

the proliferation of all these immune cells somewhat

(Figures 3H, 3I, and S3D–S3G). However, it did not inhibit the

secretion of either IFN-g or TNF from CD8+ T cells or NK cells

in a co-culture assay (Figures 3J and 3K). Consistent with previ-

ous studies,42,43 targeting RNF31 caused a significant reduction

in Tregs (Figure S3H), but the CD8+ T/Treg ratio was not nega-

tively affected (Figure S3I). Together, these results show that,

although HOIPIN-8 has some impact on the immune cell

compartment, it did not result in reduced antitumor activity in

this co-culture system. The blood concentration of HOIPIN-8

upon intravenous administration is very low, precluding pharma-

cologic preclinical validation (Figure S3J).
Figure 3. Pharmacologic inhibition of RNF31 enhances tumor sensitivi

(A, C, and E) Different cell lines (BLM) (A), (MCF7) (C), and (SW480) (E) were cha

treated with HOIPIN-8 as indicated. Cells were fixed and stained with crystal vio

(B, D, and F) Quantification of (A), (C), and (E); relative killing is normalized to untrea

each with two to three technical replicates. Statistical significance was determined

(G) Percentage of dead cells (total PBMC and subpopulations) after pre-stainin

HOIPIN-8 (10 mM, 20 mM) or DMSO. n = 4 donors, each donor has three replicates

experiments.

(H) Quantification of cell proliferation of live PBMCs from (G).

(I) Quantification of cell proliferation of CD8+ T, CD4+ T, and Treg cells from (G).

(J and K) The concentration of IFN-g and TNF in the T cell:tumor cell (BLM) (J) or NK

or with DMSO. n = 2 donors, each donor has three replicates. Statistical significan

(G–K). *p < 0.05, **p < 0.01, ***p < 0.001.
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HOIPIN-8 treatment enhances bystander killing of tumor
cells deficient in antigen presentation
Accumulating clinical evidence indicates that immune-evaded

cancers have often lost antigen expression or harbor defi-

ciencies in their antigen presentation machinery.44–48 Our

findings of RNF31 inhibition-mediated tumor sensitization to im-

mune cell-mediated killing raise the interesting possibility that

immune-evaded tumor cells may be eliminated by administering

HOIPIN-8 to enhance the antitumor activity of immune cells in

the tumor microenvironment, a process called bystander

killing.44,49,50 To test this hypothesis, we mixed antigen-positive

B16F10-OVA tumor cells with antigen-negative ones at different

ratios, and subsequently challenged them with OT-1 T cells that

recognize and kill OVA antigen-expressing cells (Figure 4A). At a

1:1 ratio, in the control vehicle-treated group, as we expected,

OT-1 T cells were only able to kill around 50% of cells

(Figures 4B and 4C). In contrast, in the HOIPIN-8-treated group,

up to 90%of cells were eliminated byOT-1 T cells. Even at a ratio

of 1:9 where only 10% of tumor cells could be recognized by

OT-1 T cells, treatment with HOIPIN-8 led to elimination ofmajor-

ity of tumor cells (Figures 4B and 4C).

To mimic antigen presentation machinery deficiency resulting

in tumor immune evasion also in a different way, we established

B2M-knockout B16F10-OVA cells. B2M is an essential compo-

nent of the MHC class I complex; in its absence there is no

MHC class I antigen presentation (Figure S4). Mixing experi-

ments with parental B16F10-OVA cells and B16F10-OVA B2M

KO cells had a similar outcome as above: HOIPIN-8 treatment

greatly enhanced bystander killing of antigen presentation ma-

chinery-deficient tumor cells by OT-1 T cells (Figures 4D–4F).

Collectively, with multiple tumor immune evasionmodels, our re-

sults demonstrate that tumors cells that are deficient in MHC

class I antigen presentation can be eliminated by pharmacologic

inhibition of RNF31.

Tumor sensitization to CD8+ T and NK cells by RNF31
depletion is relayed through TNF signaling
Secreted cytokines, including TNF and IFN-g, are established ef-

fectors of CD8+ T and NK cell antitumor activity.51 On the other

hand, LUBAC plays a critical role in TNF signaling to regulate

cell survival and death.52,53 Together, this would predict that

RNF31 depletion exerts its effects in a TNF-dependent fashion.

We therefore ablated its receptor, TNFRSF1A/TNFR1, both in

parental and RNF31 knockout tumor cells. In control TNFR1

wild-type cells, RNF31 depletion led to enhanced tumor killing
ty to both CD8+ T cell- and NK cell-mediated killing

llenged with increasing numbers of MART-1 CD8+ T cells or NK cells, and co-

let four to five days later.

ted groups. Every T/E ratio shows the average and SD of 3 biological replicates,

using a two-way ANOVA with Sidak’s multiple comparisons test. ***p < 0.001.

g with CellTrace Violet dye (CTV), anti-CD3 stimulation, and treatment with

(n = 3 for Tregs as one donor had none). Data are pooled from two independent

:tumor cell (K) co-culturemedium after treatment with HOIPIN-8 (10 mM, 20 mM)

ce was determined using a one-way ANOVA Tukey multiple comparisons test
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Figure 4. HOIPIN-8 treatment enhances bystander killing of tumor cells deficient in antigen presentation

(A and B) Schematic outline (A) and result (B) of the mixing of wild-type B16F10-OVA cells and antigen-negative B16F10 cells at different ratios (B16F10-

OVA:B16F10) followed by OT-1 T cell challenge and HOIPIN-8 treatment.

(C) Quantification of (B) for the 1:2 T cell:tumor cell ratio. n = 3 donors, error bars indicate SD.

(D and E) Schematic outline (D) and result (E) of the mixing of wild-type B16F10-OVA cells and antigen presentation-deficient B2M knockout B16F10-OVA cells at

different ratios (B16F10-OVA:B16F10-OVA/B2M KO) followed by OT-1 T cell challenge and HOIPIN-8 treatment.

(F) Quantification of (E) for the 1:2 T cell:tumor cell ratio. n = 3 donors, error bars indicate SD. ***p < 0.001 by a one-way ANOVAwith Dunnett multiple comparisons

test.
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by CD8+ T, NK, and TNF treatment (Figures S5A and S5B). In

contrast, in TNFR1-depleted cells, RNF31 disruption no longer

sensitized tumor cells to immune killing. Incucyte analysis of cas-

pase-3/7 GFP accumulation in live cells confirmed that TNFR1

ablationstrongly reducedCD8+Tcell-,NKcell-, andTNF-induced

apoptosis in RNF31-deficient tumor cells back to the levels seen

in wild-type melanoma cells (Figures 5A and S5C–S5F).

Extending these observations, a TNF neutralizing antibody

also blocked tumor sensitivity to CD8+ T and NK cells caused

by RNF31 deficiency, similarly to what was observed for

TNFR1 depletion (Figures S5Gand S5H). Furthermore, biochem-

ical analysis of tumor cells either co-cultured with CD8+ T cells or

treated with TNF also demonstrated that, in TNFR1-wild-type

cells, RNF31 depletion enhanced caspase-3 cleavage, a hall-

mark of apoptosis, but this was abolished in TNFR1-deficient

cells (Figures S5I and S5J). Thus, our findings demonstrate

that TNF is the predominant cytokine accounting for the

RNF31-dependent increase in susceptibility to CD8+ T and NK

cell elimination.

Genetic and pharmacologic RNF31 inhibition cause loss
of A20 and non-canonical IKK complexes from TNF
receptor complex I
To further dissect the molecular consequences of both genetic

and pharmacologic RNF31 inhibition, we performed proteomic
and transcriptional profiling. We showed above that either ge-

netic depletion or pharmacological inhibition of RNF31 sensi-

tizes human BLM melanoma cells to CD8+ T cell, NK cell,

and TNF cytotoxicity (Figures 1 and 3). It is established that,

immediately downstream of the TNFR, LUBAC mediates linear

ubiquitination, enabling canonical nuclear factor kB (NF-kB)

gene activation and preventing RIPK1-mediated apoptosis or

cell death.52,54,55 To investigate this in detail, we compared

the composition of purified TNFR1 complex in sensitive tumor

cells (sgRNF31, HOIPIN-8, and sgRNF31+HOIPIN-8) versus

parental resistant tumor cells (sgCtl, vehicle) by tandem mass

spectrometry, after confirming all knockouts by western blot-

ting (Figure S5K).

Whereas RBCK1 and SHARPIN, the other two LUBAC compo-

nents, were in complex with TNFR1 in control and HOIPIN-8-

treated conditions, proteomic analysis revealed that they had

dissociated in RNF31 genetically depleted cells (Figures 5B

and 5C). This analysis also confirmed that HOIPIN-8 treatment

does not change the protein level of RNF31, in agreement with

data below (Figure 6F) and previous observations by others.39

Compared with parental cells, the A20 (alias TNFAIP3) complex

(A20/TNIP1/TNIP2/TAXIBP1), as well as the non-canonical IKK

complex (TBK1/IKBKE/TANK/OPTN), were lacking from the

TNFR1 complex in all immune-sensitive tumor cell groups

(Figures 5B and 5C). This result is in line with, and extends, the
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Figure 5. Tumor sensitization to CD8+ T and NK cells by RNF31 depletion is relayed through TNF signaling

(A) Incucyte analysis by caspase-3/7 GFP accumulation for apoptosis of D10 cells expressing indicated sgRNAs and challenged with different numbers of

MART-1 CD8+ T cells (left), NK cells (middle), or TNF (right). Quantification of positive caspase-3/7 staining cells per well (n = 3), error bars indicate SD. Other

tumor:T cell ratios are shown in Figures S5C–S5F.

(legend continued on next page)
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previously proposed roles of LUBAC as key regulators of TNFR1

complex.56

The recruitment of both TBK1 and IKKε to the TNFR1 complex

is dependent on LUBAC activity.56 In the absence of LUBAC,

RIPK1 kinase is activated to initiate downstream cell death

signaling.57 Indeed, we found increased autophosphorylation

of RIPK1 at Ser166, a marker of RIPK1 activity in RNF31-defi-

cient tumor cells (Figures 5D and S5L). Notably, TBK1 and

IKBKE were also hits that dropped out in the CRISPR-Cas9

screen when challenged by either CD8+ T cells or NK cells

(Figure 1B). Together, these results demonstrate that RNF31 in-

hibition changes the composition of the TNFR1 complex, specif-

ically the A20 and non-canonical IKK subcomplexes, thereby

stimulating TNF-induced death in tumor cells.

Next, we evaluated whether there are transcriptional differ-

ences between RNF31-proficient immune-resistant and

RNF31-deficient immune-sensitive tumor cells. We stimulated

sensitive (sgRNF31- or HOIPIN-8-treated) and resistant (sgCtl,

vehicle) BLM tumor cells with TNF for 0 or 6 h and performed

RNA sequencing analysis. Principal-component analysis

showed clear separation of the sensitive and resistant tumor

cells after TNF treatment (Figure S5M). RNF31 inhibition by either

sgRNF31 or HOIPIN-8 treatment significantly affected the TNF-

induced transcriptional profile (Figure S5N). We identified 143

common significantly differentially expressed genes for RNF31

inhibition by genetic and pharmacologic means (Figure 5E).

This gene set distinguished sensitive tumor cells from resistant

ones (Figure 5F), with downregulated genes being involved in ca-

nonical NF-kB signaling and upregulated genes related to pro-

death signaling. GSEA analysis confirmed that sensitive tumor

cells exhibited decreased NF-kB signaling activation after TNF

treatment (Figures 5G, 5H, and S5O). Thus, tumor cells sensi-

tized by RNF31 inhibition show reduced canonical NF-kB and

increased pro-death signatures upon TNF challenge.

HOIPIN-8 increases the sensitivity of multiple tumor
types and colon carcinoma organoids to TNF-mediated
death
To investigate whether the striking cooperation between RNF31

genetic inactivation and TNF in immune sensitization is observed

across different settings, we extended this analysis to multiple

human and murine tumor types, as well as colon carcinoma or-

ganoids. First, genetic ablation of RNF31 in human melanoma
(B) BLM sgCtl or sgRNF31 cells were treated with HOIPIN-8 or vehicle, then stim

purified by biotin co-immunoprecipitation and analyzed by liquid chromatograph

ponents for three replicates were plotted in a heatmap.

(C) Volcano plots showing relative abundance of TNFR1 complex components in

tant tumor cells (sgCtl, vehicle). TNFR1 complex proteins are color coded by subco

n = 3 biological replicates per condition.

(D) Phosphorylation of RIPK1 at Ser166 within the TNFR1 complex measured fo

dance is normalized to total RIPK1 abundance. n = 3 biological replicates per co

t test.

(E–H) mRNA sequencing analysis of sensitive (sgRNF31, HOIPIN-8) and resistan

incubated with either vehicle (DMSO) or HOIPIN-8 for 16 h, followed by stimulatio

The Venn diagram (E) represents the number of all significantly differentially expres

versus sgCtl and HOIPIN-8 versus sgCtl. The significant DEGs are cut off at fold c

ized expression of significant DEGs from (D) across samples common to genetic

lated NF-kB signaling pathway in both RNF31 knockout and HOIPIN-8 inhibited
BLM cells, colorectal tumor SW480 cells and breast tumor

MCF7 cells strongly sensitized to very low levels of TNF. In

parental tumor cells, TNF, even at a high concentration, showed

little cytotoxic effect (Figures S6A and S6B), similar to our previ-

ous observations.24 This was recapitulated in multiple murine tu-

mor cell lines: B16F10-OVA melanoma, LL/2-OVA lung cancer,

and CT26 and MC38 colon carcinoma (Figures S6C and S6D).

These findings prompted us to next examine whether pharma-

cological RNF31 inhibition has similar effects. We treated human

BLM melanoma cells and SW480 colorectal cells with different

doses of TNF and HOIPIN-8. Whereas even 20 mM HOIPIN-8

alone did not affect tumor cell viability, addition of very low

amounts of TNF were sufficient to trigger massive cell death

(Figures 6A and 6B). We also tested this in several murine tumor

cell lines. Again, HOIPIN-8 treatment greatly augmented TNF-

mediated cytotoxicity in all four murine tumor cells (Figures 6C

and 6D). Specifically, MC38 and LL/2-OVA were almost

completely killed under very low concentrations of TNF in

combination with HOIPIN-8. Furthermore, we used three

different human colon carcinoma organoids (ITO-066, ITO-79,

and ITO-111) from patients to test HOIPIN-8 effects at a more

clinical level. All three HOIPIN-8-treated organoids showed pro-

foundly increased sensitivity to TNF at very low concentrations

(Figures 6E and S6E).

Mechanistically, we observed that in HOIPIN-8-treated orga-

noids, TNF induced more rapid and strong cleavage of

caspase-3 than vehicle-treated organoids (Figures 6F and

S6F), leading to more apoptosis. These results indicate that

RNF31 inhibition increases the susceptibility of tumor organoids

to TNF.

High TNF/lowRNF31 expression is associatedwith good
prognosis
Themechanistic data above demonstrate that RNF31 is a critical

determinant of TNF-mediated tumor killing. We previously

showed that TNF expression is increased in the tumor microen-

vironment after ICB therapy, correlating with improved tumor

control.24 We did not find a correlation between RNF31 expres-

sion and ICB response or TNF sensitivity of PDX cell lines (not

shown). We therefore investigated whether tumors with high

TNF and low RNF31 expression would be associated with a

better prognosis. First, we found that RNF31, as well as both

of its LUBAC partners, RBCK1 and SHARPIN (both of which
ulated with biotin-TNF (100 ng/mL) for 10 min. TNFR1 complex I proteins were

y-tandem mass spectrometry. The mean PSM count of TNFR1 complex com-

sensitive tumor cells (sgRNF31, HOIPIN-8, sgRNF31+HOIPIN-8) versus resis-

mplex. Horizontal line indicates p < 0.01, vertical lines indicate fold change > 2,

llowing biotin-TNF immunoprecipitation-MS in (B). The phosphorylation abun-

ndition. Error bars indicate SD. ***p < 0.001 by unpaired two-sided Student’s

t (sgCtl, vehicle) BLM tumor cells after exposure to TNF. BLM cells were pre-

n with TNF (100 ng/mL) for 0 and 6 h. n = 2 biological replicates per condition.

sed genes (DEGs) regulated following 6 h of TNF stimulation between sgRNF31

hange > 1.5, FDR < 0.05 in Figure S5N. The heatmap (F) illustrates the normal-

and pharmacologic RNF31 inhibition. GSEA plots (G and H) show a downregu-

cells after TNF treatment.
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sensitized tumor cells to T cells upon their inactivation, similar to

RNF31), are commonly expressed to higher levels in tumors than

in the adjacent normal tissues (Figures 7A and S7A). This was

already seen in stage I tumors and was stable upon tumor pro-

gression (Figure S7B). We previously showed that, under base-

line conditions, TNF is unlikely to act as a potent antitumor factor,

but that upon ablation of specific TNF prosurvival signaling fac-

tors, such as TRAF2, tumors are strongly sensitized to TNF.24

Consistent with this notion, we observed that patients with

breast cancer expressing high levels of TNF and low expression

of RNF31 had significantly improved survival compared with pa-

tients with TNF-high/RNF31-high tumors; this was not seen for

the TNF-low tumors (Figure 7B). A similar trend was seen for a

melanoma (SKCM) cohort (Figure S7C).

DISCUSSION

Acquired resistance to immunotherapies, including ICB, is a

common problem in cancer treatment, creating a dire clinical

need for solutions. Common among immunotherapy resistance

mechanisms is the loss of antigen presentation. This can be

due to deficiencies in MHC class I expression, or other tumor

cell components of the antigen presentation machinery, such

as B2M, or the antigen itself, enabling tumors to hide under the

CD8+ T cell radar. At least part of this mechanism of immune

evasion can be counteracted by NK cells, since MHC class I

loss alleviates one mechanism of NK cell inhibition.58 However,

NK cell activation is complex and apparently does not account

for a sufficiently robust defense mechanism in many (immuno-

therapy-treated) patients. Therefore, we performed parallel

genome-wide CRISPR-Cas9 screens to identify genes whose

inactivation sensitizes tumor cells not only to adaptive CD8+

T cells (recognizing antigen-presenting cells) but also to innate

NK cells (recognizing antigen presentation-deficient tumor cells).

This approach identified all components of LUBAC, including

the E3 ubiquitin ligase RNF31. LUBAC is recruited to cell mem-

brane-bound TNF receptor complex I, upon polyubiquitination

of several associated proteins by BIRC2/3.59–61 There, it conju-

gates linear polyubiquitin to IKBKG and other components,

thereby contributing to the stability of the complex.59,62 Extend-

ing these notions, we demonstrate that either genetic depletion

or inhibition of RNF31 with a small-molecule compound greatly

sensitizes tumor cells of different indications to both adaptive

and innate immune cells. Our proteomic analysis shows that

RNF31 inhibition causes a highly specific disruption of the cell

ligand-bound TNF receptor complex I, leading to the loss of
Figure 6. HOIPIN-8 increases the sensitivity of multiple tumor types an

(A and B) Human BLM and SW480 tumor cells in the presence of HOIPIN-8 or ve

survival is normalized to the untreated group (B). Every dose of TNF shows the av

Cells were fixed and stained with crystal violet 4–5 days later.

(C and D) Murine B16F10-OVA, MC38, LL/2-OVA, and CT26 tumor cells in the p

indicated (C). Quantification of (C), the relative survival is normalized to untreated

licates, each with three technical replicates.

(E) Viability of two colorectal organoids from independent patients (ITO-066 and I

concentrations of TNF. Relative viability measured by CellTiter-Glo 3D is normalize

2 technical replicates for each of the organoids from three patients; see also Fig

(F) Western blot analysis of colorectal organoids from tumor ITO-066 in the prese

Statistical significance was determined using a two-way ANOVA with Sidak’s m
A20 and non-canonical IKK complexes. Together with our

gene expression analysis, these results indicate that apoptosis

is enhanced through reduced canonical NF-kB signaling.

These findings are in keeping with our recent report that selec-

tive inactivation of components of the prosurvival arm down-

stream of TNFR signaling, for example, by loss of TRAF2, is an

effective means to sensitize tumor cells to TNF.24 Moreover,

we showed that tumors from patients who fail to respond to

ICB have much lower levels of TNF in the tumor microenviron-

ment. We thus proposed that it may be clinically beneficial to

sensitize tumors to such low levels of TNF. Although our data

clearly show a major role for TNF in this context, we cannot

exclude that IFN-g may cooperate. This, and our other findings

are in full agreement with, and extend our previous findings

and those of others,34,37,63,64 demonstrating that RNF31 inhibi-

tion strongly sensitizes to very low amounts of TNF.

In our CD8+ T cell and NK cell screens, we observed that as

many as 192 genes were jointly depleted and 51 enriched. The

TNF and autophagy pathways stood out in both arms, which

was expected, because of their established roles in immune cell-

mediated cytotoxicity.14,24,31,34,36,65,66 We also found genes spe-

cific for either NK cell killing (235 genes) or CD8+ T cell killing

(483genes). IFNGR2, JAK2, STAT1, IRF1, andB2Mwereenriched

in the CD8+ T cell arm, but not in the NK cell arm. This is in agree-

mentwith the notion that the IFN-g and antigen presentation path-

ways are specifically important for CD8+ T cell killing. LTBR, a

member of the TNF receptor superfamily,67 was also specifically

enriched in the NK cell arm, again illustrating that it is possible to

inhibit common mediators of adaptive and innate immune killing.

Our results also highlight the power of bystander killing. This

activity is highly relevant for the immune elimination of tumors,

or tumor fractions, that have lost or downregulated components

of their antigen presentationmachinery, thereby allowing them to

escape from CD8+ T cell attack, whether during the process of

tumorigenesis or on immunotherapy.5,50 Bystander killing is

gaining increasing interest, and it has been recently shown to

occur over large distances in vivo.49 Here, we show that

HOIPIN-8 treatment greatly enhances bystander killing of anti-

gen loss and antigen presentation machinery-deficient tumor

cells: as few as 10% antigen-positive cells were sufficient to

cause immune elimination of 90% antigen-negative cells when

co-treated with TNF and HOIPIN-8 (but not either alone). These

results raise the possibility that this strategy may be exploited

therapeutically, specifically for heterogeneous tumors com-

prising antigen presentation-proficient and -deficient fractions,

which is a common phenomenon.9,45–47,50,68–70
d colon carcinoma organoids to TNF-mediated death

hicle challenged with increasing amounts of TNF as indicated (A). The relative

erage and SD of 2–3 biological replicates, each with three technical replicates.

resence of HOIPIN-8 or vehicle challenged with increasing amount of TNF as

group (D). Every dose of TNF shows the average and SD of 3 biological rep-

TO-111) in the presence of HOIPIN-8 or vehicle after treatment with increasing

d to the vehicle control group. Every dose of TNF shows the average and SD of

ure S6E.

nce of HOIPIN-8 or vehicle after exposure to TNF (100 ng/mL) for 0, 2, and 6 h.

ultiple comparisons test for (B, D, and E). ***p < 0.001.
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Figure 7. High TNF/low RNF31 expression is associated with good prognosis

(A) Expression of RNF31, SHARPIN, and RBCK1 in primary tumors (red), metastases (purple), and related normal tissue (blue) among TCGA cancer types. Data

are represented as log2(TPM) andwere queried from TIMER2.0. The statistical significancewas computed by theWilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.

(B) Kaplan-Meier overall survival analysis for breast cancer cohort from TCGA (BRCA) divided in top and bottom quartile TNF-expressing tumors distributed over

the top quartile and the remainder (75%) of RNF31-expressing tumors. p value was computed by log rank test.
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Several small-molecule approaches have been used to target

RNF31, whether directly or indirectly.63,71–73 HOIPIN-1 was

recently identified as a LUBAC chemical inhibitor through high-
12 Cell Reports Medicine 3, 100655, June 21, 2022
throughput screening.40 HOIPIN-8 is a derivative, showing

enhanced inhibitory activities toward LUBAC without cytotox-

icity,38 which we confirmed here. HOIPIN-8 specifically targets
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RNF31 through attaching to the catalytic Cys885 residue.39

Therefore, we used HOIPIN-8 to inhibit RNF31, which enabled

us to demonstrate that pharmacologic inhibition of RNF31

strongly sensitizes tumor cells, of different tissue origins, to

both CD8+ T cell- and NK cell-mediated killing. Although

HOIPIN-8 showed some effects on the immune cell compart-

ment, it did not result in reduced CD8+ T cell activity in the con-

ditions we investigated.

In an attempt to translate these findings to a preclinical in vivo

setting, we found that the blood concentration of HOIPIN-8 upon

intravenous administration is very low, precluding pharmaco-

logic preclinical validation. Therefore, we used genetic ablation

instead, demonstrating that RNF31 loss provokes tumor immune

clearance in two murine cancer graft immune-proficient models,

B16F10-OVA melanoma and MC38 colon cancer. Furthermore,

we validated the striking cooperative activities of HOIPIN-8

and TNF in multiple patient-derived colorectal organoids. In

this context it is noteworthy that RNF31 also contributes, to

different degrees, to tumor expansion in vivo, on top of its role

in desensitizing tumors to immune attack, whereas no difference

was seen in vitro. A possible explanation for the latter observa-

tion is that the trace amounts of TNF that are present in the serum

of NSG mice74 are sufficient for RNF31-deficient tumor cells to

die, which would be consistent with our previous results.24

From a clinical point of view, simultaneous inhibition of these

two roles of RNF31 may be a beneficial trait.

Our resultsmerit a preclinical investigation into the applicability

of enhancing TNF-mediated killing in general and RNF31

inhibition in particular in immuno-oncology. In this respect, it is

noteworthy that a secondmitochondrial-derived activator of cas-

pases (SMAC) mimetic, birinapant, targeting inhibitor of apo-

ptosis protein family proteins, has been explored in combination

with anti-PD-1 in a clinical trial (NCT02587962), but this was

terminated based on a futility analysis. Indeed, we propose that

RNF31may serve as a new and attractive pharmacological target

that may be used especially in TNF-low tumors as well as tumors

that are heterogeneous for their ability to present tumor antigens,

to empower both CD8+ T cell and NK cell antitumor activity.

Limitations of the study
Althoughour study has a clear translational outlook, it is important

to note that thecurrently availableRNF31 inhibitorHOIPIN-8hasa

poor in vivo profile in mice, precluding an assessment of in vivo

antitumor activity. Furthermore, we observed an effect of

HOIPIN-8 on the immune cell compartment. Although this mostly

related to non-T cells and did not impact on CD8+ T cell cytokine

secretion and antitumor activity, it will be important to investigate

the possibility of toxicity of any RNF31 inhibition in vivo.
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KEY RESOURCES TABLE
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Antibodies

RNF31 (recognizing human and mouse species) R&D Systems MAB8039; RRID: NA

RNF31 (recognizing human species) Boster biological technology A04457-3; RRID: NA

SHARPIN Cell Signaling Technology 12541; RRID: AB_2797949

Caspase 3 Cell Signaling Technology 9665; RRID: AB_2069872

Cleaved Caspase 3 Cell Signaling Technology 9664; RRID: AB_2070042

RIPK1 Cell Signaling Technology 3493; RRID: AB_2305314

TNFR1 Santa Cruz Biotechnology sc-8436; RRID: AB_628377

GAPDH Absea Biotechnology 1617002D09; RRID: NA

Actin Sigma-Aldrich A2547; RRID: AB_476701

CD3 eBioscience 16-0037-85; RRID: AB_468855

CD8 eBioscience 16-0289-85; RRID: AB_468927

a-mouse TCR b chain BD Biosciences 553172; RRID: AB_394684

Neutralizing TNF antibody Cell Signaling Technology 7321; RRID: AB_10925386

Isotype for Neutralizing antibodies Cell Signaling Technology 3900; RRID: AB_1550038

CD8 - BB515; clone: RPA-T8 BD Biosciences 564526; RRID: AB_1727513

CD4 - PerCP-eF710; clone: SK3 eBioscience 6-0047-42; RRID: AB_1834401

CD25 - PE-Dazzle 594; clone: M-A251 BioLegend 356126; RRID: AB_2563562

CD127 - Brilliant Violet 650; clone: A019D5 BioLegend 351326; RRID: AB_2562095

FOXP3 – APC; clone: 236A1E7 eBioscience 77-5774-40; RRID: AB_469980

Bacterial and virus strains

E. coli strain: XL10-Gold Ultracompetent Cells Internal stock NA

1D3 virus Internal stock NA

Chemicals, peptides, and recombinant proteins

LIVE/DEADTM Fixable Near-IR Dead Cell Stain Kit Themo Fisher

CellTrace CFSE Themo Fisher C34554

CellTrace Violet (CTV) Themo Fisher C34557

Caspase-3/7 dye Essen Bioscience 4440

Human recombinant TNF Peprotech 300–01A

Murine recombinant TNF ImmunoTools 12343010

Matrigel Corning 356230

Retronectin Takara T100B

IL-2 Slotervaart Hospital Proleukin

IL-7 ImmunoTools 11340075

IL-15 ImmunoTools 11340155

Crystal Violet Sigma V5265

Biotin-TNF R&D Systems BT210

PierceTM Protein G Magnetic Beads Themo Fisher 88848

Critical commercial assays

Human TNF Flex Set Cytometric Bead Array (CBA) BD Biosciences 558273

Human IFN-g Flex Set Cytometric Bead Array (CBA) BD Biosciences 558269

DynabeadsTM CD8 Positive Isolation Kit Themo Fisher 11333D

STR profiling kit Promega B9510

Bradford Protein Assay Bio-Rad 5000006

SuperSignal West Dura Extended Duration Substrate Themo Fisher 34075

(Continued on next page)
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NEBNext High Fidelity 2x PCR Master Mix New England Biolads M0541L

CellTiter-Blue Promega G8080

NEB� Golden Gate Assembly Kit (BsmBI-v2) New England Biolads E1602

CellTiter-Glo 3D Viability Assay Promega G9681

Deposited data

RNA sequencing Data This paper GEO: GSE186396

CRISPR/CAS9-screen MAGeCK results This paper Table S1

TCGA (SKCM, COAD, BRCA, LUSC, LUAD, LIHC)

RNA sequencing Data

TCGA https://portal.gdc.cancer.gov/

Pan-cancer analysis of whole genome

(ICGC/TCGA, Nature 2020)

ICGC/TCGA http://dcc.icgc.org/pcawg/

Proteomics This paper ProteomeXchange: PXD029489

Raw imaging data (Crystal violent staining

images, Incucyte images, WB)

This paper; Mendeley Data https://doi.org/10.17632/f52y9zkpzm.1

Raw quantification data (Crystal violent staining, FACS) This paper; Mendeley Data https://doi.org/10.17632/f52y9zkpzm.1

Experimental models: Cell lines

HEK293T Internal stock RRID: CVCL_0063

D10 (Endogenous HLA-A2, Endogenous MART-1) Internal stock NA

BLM (Exogenous HLA-A2, Exogenous MART-1) Internal stock RRID: CVCL_7035

SW480 (Exogenous HLA-A2, Exogenous MART-1) Internal stock RRID: CVCL_0546

MCF7 (Exogenous HLA-A2, Exogenous MART-1) Internal stock RRID: CVCL_0031

B16F10 (Endogenous H2-Kb, Exogenous OVA) Internal stock RRID: CVCL_0159

LL/2 (Endogenous H2-Kb, Exogenous OVA) Internal stock RRID: CVCL_4358

MC38 Internal stock RRID: CVCL_B288

CT26 Internal stock RRID: CVCL_7256

Experimental models: Organisms/strains

NSG-b2Mnull mice The Jackson Laboratory 010636; RRID: IMSR_JAX:010636

C57BL/6J mice Janvier C57BL/6JRj

Oligonucleotides

the List of Oligonucleotide Sequences for

Sequencing and sgRNAs

This Paper Table S2

Recombinant DNA

lentiCRISPR-v2 Addgene RRID: Addgene_83480/

RRID: Addgene_52961

psPAX Addgene RRID: Addgene_12260

pMD2.G Addgene RRID: Addgene_12259

lentiCas9-Blast Addgene RRID: Addgene_52962

GeCKO whole-genome knockout library Addgene 1000000049

Software and algorithms

TIMER2.0 Li, T. et al., 202075 http://timer.cistrome.org/

Proteome Discoverer 2.2 Thermo Scientific OPTON-30795

GraphPad Prism 9 (v9.0.0) Graphpad Software Inc. https://www.graphpad.com/scientific-

software/prism/

R (v4.1.1) R https://cran.r-project.org/

RStudio (v1.4.1106) RStudio, PBC https://www.rstudio.com/

ImageJ ImageJ https://imagej.nih.gov/ij/

MAGeCK algorithm (v0.5.9.4) Li et al., 201476 https://sourceforge.net/p/mageck/wiki/

MAGeCKFlute (v1.10.0) Wang et al., 201977 https://bioconductor.org/packages/

release/bioc/html/MAGeCKFlute.html
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DESeq2 (version1.30.1) Love et al., 201478 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

clusterProfiler (v4.1.4) Wu et al., 2021;79 Yu et al., 201280 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

TCGAbiolinks (v2.22.3) Colaprico et al., 201681 https://bioconductor.org/packages/

release/bioc/html/TCGAbiolinks.html

cBioPortal http://www.cbioportal.org/

FlowJo (v10) FlowJo, LLC https://www.flowjo.com/

Other

NovaSeq 6000 System illumina https://www.illumina.com/systems/

sequencing-platforms/novaseq.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Daniel S.

Peeper (d.peeper@nki.nl).

Materials availability
The materials generated in this study did not generate new unique reagents.

Data and code availability
d CRISPR screens were analyzed using publicly available MAGeCK (v0.5.9.4, https://sourceforge.net/p/mageck/wiki/Home/).

The MAGeCK results of genome-wide screen in D10 Melanoma challenged with CD8+ T or NK cells are shown in Table S1.

The RNA-seq raw dataset generated here is available in the SRA repository and can be accessed using GEO accession

numbers GSE186396 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186396). The proteomics data was submit-

ted to ProteomeXchange under the identification number ProteomeXchange: PXD029489.

d All the R scripts used in this study are available upon request and without restriction to the Lead contact (d.peeper@nki.nl).

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary CD8+ T cells and NK cells
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh healthy donor buffy coats (Sanquin, Amsterdam, the

Netherlands) by density gradient centrifugation with Ficoll-Paque PLUS density gradient media (17144003, GE healthcare). Fresh

healthy donor buffy coats (B2825R00) were obtained from Sanquin (Amsterdam, the Netherlands). The clinical information of healthy

donors was recorded by Sanquin Blood Supply Headquarters, the Netherlands. CD8+ T cells were further purified from PBMC frac-

tions using CD8 Dynabeads (Thermo Fisher Scientific) following the product manual. Isolated CD8 cells were activated for 48 h on a

24-well plate that was pre-coated overnight with CD3 and CD28 antibodies (eBioscience, 5 mg per well) at 23 106 per well. 23 106

activated CD8 T cells were spinfected with 1:1 MART-1 TCR retrovirus on a Retronectin-coated (Takara, 25 mg per well) non-tissue

culture treated 24-well plate for 2 h at 2000 g. After 24 h infection, MART-1 T cells were harvested and cultured for 7 days, and

MART-1 TCR expression was confirmed by flow cytometry (BD PharMingen, a-mouse TCR b chain). CD8 T cells were initially main-

tained in RPMI (GIBCO) containing 10% human serum (One Lamda), 100 U/mL penicillin, 100 mg/mL streptomycin, 100 U/mL IL-2

(Proleukin, Novartis), 10 ng/mL IL-7 (ImmunoTools) and 10 ng/mL IL-15 (ImmunoTools). After retroviral transduction, T cells were

maintained in RPMI containing 10% fetal bovine serum and 100 U/mL IL-2. For primary NK cell isolation and expansion, PBMCs

were co-cultured with gamma-irradiated Jurkat cells in RPMI-1640 medium with IL-2 (100 U/mL) for 7 days and subsequently sub-

jected to a DynabeadsTM UntouchedTM Human NK Cells Kit (11349D, ThermoFisher). Isolated NK cells were cultured in RPMI-1640

medium with 9% FBS and IL-2 (100 U/mL). The study procedures were approved by the local Institutional Review Board committee.

Colorectal organoids
Three patient-derived organoid (PDO) lines (ITO-066, ITO-079 and ITO-111) established from colorectal tumorswere derived from the

personal biobank of Voest group, or their prior studies.82,83 The clinical information about patient tumors were recorded in study
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NL48824.031.14 in the Netherlands Cancer Institute. Patient organoids are available for sharing as defined in the signed

informed consent (study NL48824.031.14), and as approved by the Medical Ethical Committee of the Netherlands Cancer Institute –

Antoni van Leeuwenhoek hospital.83 The PDOs usedwere cultured and expanded according to the standard described protocol.84,85

PDOs were expanded and cultured from working biobanks, typically passage four or lower. Cultures were checked for

mycoplasma contamination every month using the MycoAlert Mycoplasma Detection Kit (Lonza). As part of quality control, PDOs

were authenticated using a TaqMan-based SNP array targeting 26 single-nucleotide polymorphisms (SNPs) (Hartwig Medical

Foundation).

Cell lines
Human melanoma cell lines (D10, BLM, and A101D), breast cancer cells (MCF-7), colorectal cells (SW480), embryonic kidney cells

HEK293T, and murine melanoma cell line B16F10, colorectal cell lines (MC38 and CT26), and murine Lewis lung carcinoma cell line

LL/2 were all from Peeper lab cell stocks. B16F10-OVA and LL/2-OVA cell lines were generated by transduction with OVA cDNA,

expressing the ovalbumin antigen. For co-culturing with MART-1 CD8+ T cells, human cancer cell lines that do not have endogenous

HLA-A*02:01 or MART-1 expression were lentivirally transduced with the corresponding cDNA. Human natural killer cell line KHYG-1

was purchased from Leibniz Institute DSMZ (Brunswick, Germany) and was cultured with RPMI-1640 with 9%FBS and IL2

(100 U/mL). All cells were cultured in DMEM supplemented with 9% fetal bovine serum (Sigma) plus 100 U/mL penicillin and

0.1 mg/mL streptomycin (Gibco) except otherwise specified. All cell lines were authenticated by STR profiling and routinely tested

for mycoplasma contamination.

Animal studies
Animal work procedures were approved by the animal experimental committee (Instantie voor Dierenwelzijn) of the institute accord-

ing to Dutch law and performed in accordance with ethical and procedural guidelines established by the NKI and Dutch legislation.

The in vivo experiments were performed with B16F10-OVA, MC38 cells and D10 infected with lentivirus encoding sgRNAs. 5 3 105

B16F10-OVA orMC38 cells and 13 106 D10 cells were injected subcutaneously into the right flanks of NSG-B2m (Jax, bred at NKI) or

C57/BL6 mice (Janvier). Male mice were used at an age of 8–12 weeks. All animals are housed in disposable cages in the laboratory

animal center (LAC) of the NKI, minimizing the risk of cross-infection, improving ergonomics and obviating the need for a robotics

infrastructure for cage-washing. The mice were kept under specific pathogen free (SPF) conditions. Tumor size was monitored three

times per week with calipers by measuring tumor length (L) and width (W), and calculating volume through the use of the formula

LW2/2. All experiments ended for individual mice either when the total tumor volume exceeded 500, 1000 or 1400 mm3, when the

tumor showed ulceration, in case of serious clinical illness, when the tumor growth blocked the movement of the mouse, or when

tumor growth assessment had been completed.

METHOD DETAILS

Genome-wide CRISPR-cas9 knockout (GeCKO) screen
Human D10 melanoma cells (600 million cells) were lentivirally transduced with the GeCKO libraries (A and B) with a MOI of 0.3. Two

days after infection, cells were selected with puromycin (2 mg/mL) for 3 days and T0 samples were collected. One week later, cells

were split into three pools; one arm was subjected to a co-culture with MART-1 CD8+ T cells (T cell:tumor ratio at 1:8), another arm

with KHYG-1 cells (NK: tumor ratio at 1:2), while the third arm was left untreated. After 2 days of co-culture, cells were washed twice

with PBS and cultured for another 4 days. The surviving cells were harvested and genomic DNA was isolated using a Blood and Cell

Culture MAXI kit (13362, Qiagen). sgRNA sequences were recovered by PCR using NEBNext High-Fidelity 2x PCR Master Mix

(M0541L, New England BioLabs) with the following primers:

GeCKO forward:

50-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNGGCTTTATATATCTTGTG

GAAAGGACGAAACACC- 30

GeCKO reverse:

50-CAAGCAGAAGACGGCATACGAGATCCGACTCGGTGCCATTTTTCAA-30

The stretch of six N nucleotides indicates a unique barcode for the identification of each sample. The amplified PCR products were

purified, pooled equimolarly and subjected to deep sequencing (HiSeq 2500 System, Illumina). Obtained sequence reads were

aligned to the Gecko A and B libraries and counts per sgRNA were generated, where reads containing mismatches in common

and sgRNA sequences were excluded for analysis. Enrichment and depletion at the sgRNA and gene level were determined using

theMAGeCK algorithm (v0.5.9.4).76 Enrichment and depletion of genes in the CD8+ T cell or NK cell samples were determined relative

to untreated samples. The results were analyzed usingMAGeCKFlute package (v1.10.0)77 in R. TheMAGeCK RRA scores were used

to assess depleted genes and enriched genes for both CD8+ T cell screen andNK cell screen. -Log10 transformedRRA score at three

was used as cutoff.
Cell Reports Medicine 3, 100655, June 21, 2022 e4
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Immunoblotting
Immunoblotting was performed as previously described.86 The following antibodies were used: RNF31 (MAB8039) (recognizing human

and mouse species) from R&D Systems; RNF31(A04457-3) (recognizing human species) from Boster biological technology; SHARPIN

(12541), Caspase 3 (9665), Cleaved Caspase 3 (9664), RIPK1 (3493) fromCell Signaling Technology, TNFR1 (sc-8436) from Santa Cruz

Biotechnology; GAPDH (1617002D09) from Absea Biotechnology (Beijing, China); Actin (A2547) from Sigma-Aldrich.

Compound and recombinant proteins
RNF31 inhibitor HOIPIN-8 (2972) was synthesized by Axon Medchem (Groningen, the Netherlands). Recombinant human IL-2

(Proleukin) was obtained from Slotervaart hospital. Recombinant human TNF (300–01A) was obtained from Peprotech, recombinant

human IL-7 (11340075), human IL-15 (11340155), mouse TNF (12345010), mouse IL-2 (12340020), mouse IL-7 (12340073) and

mouse IL-15 (12340153) from Immunotools.

sgRNA construction and lentivirus production
Cloning of the sgRNA constructs and production of lentivirus for sgRNAs expression were performed as previously described.86

Double knockouts were generated by using both a puromycin-selectable and blasticidin-selectable variant of lentiCRISPR-v2 for

each sgRNA. To establish clonal knockout cell lines, tumor cells were transfected with lentiCRISPR-v2 and clones were generated

by limiting dilution or soft-agar colonies were picked. To generate B16F10-OVAB2M-deficient cell lines, tumor cells were transfected

with lentiCRISPR-v2, selected with puromycin and FACSorted three times based on lack of expression of H-2kb after treatment with

IFNg. The sequences of sgRNAs were in Table S2.

Competition assay
Cells containing sgRNAs of interest were labeled either with CellTrace CFSE (CFSE, C34554, ThermoFisher) or CellTrace Violet (CTV,

C34557, ThermoFisher), mixed at 1:1 ratio and plated in 6-well plates (13106 cells per well for D10, 23105 cells for BLM) in triplicate.

Labeled cells were challenged with either MART-1 CD8+ T cells (E:T of 1:8 for D10, 1:2 for BLM), primary NK cells (1:3 for both D10

and BLM), KHYG-1 (1:2 for D10, 4:1 for BLM) or untreated for 2 days. Cells were thenwashedwith PBS twice and cultured for another

3 days before analysis by FACS.

Cytokine measurements
The concentration of cytokines (TNF and IFNg) in the co-culture system were measured using the Human TNF and IFNg Flex CBA kit

(BDBiosciences), followingmanufacturer’s instructions. The isolatedmediumwas harvested after 48 h co-culture and incubatedwith

CBA beads and analyzed by FACS.

Flow cytometry
Cells were stained with antibodies targeting surface or intracellular molecules of interest according to manufacturer’s instructions

and analyzed on a Fortessa flow cytometer (BD Bioscience). Antibodies against mouse TCR b:Hamster-PE (1:200 dilution, Bio-

legend, H57-597), human CD8:PacificBlue (1:50 dilution, BD, RPA-T8), human CD8:BB515 (1:100 dilution, BD, RPA-T8), human

CD4:PerCP-eF710 (1:100 dilution, eBioscience, SK3), human CD25:PE-Dazzle 594 (1:100 dilution, Biolegend, M-A251), human

CD127:Brilliant Violet 650 (1:100 dilution, Biolegend, A019D5) and human FoxP3:APC (1:100 dilution, eBioscience, 236A1E7)

were used. The dyes Life/Dead (1:1000 dilution, Themo Fisher) and CTV (1:1000 dilution, Themo Fisher) were used to stain cells.

In vitro cytotoxicity assays
Tumor cells were seeded into 12-well or 24-well culture plates (Greiner). For 12-well plates, per well 2 3 105 SW480 cells, 1 3 105

MCF7 cells, 1 3 105 BLM, 1.5 3 105 D10, 1.5 3 105 B16F10-OVA were seeded. For 24-well plates, per well 1 3 105 SW480 cells,

0.6 3 105 MCF7 cells, 0.5 3 105 BLM cells, 0.8 3 105 D10 cells, 0.8 3 105 B16F10-OVA, LL/2-OVA, MC38 and CT26 cells were

seeded. CD8+ T cells or NK cells were admixed in serial dilutions (2-fold). Where indicated, 10 mM or 20 mM of HOIPIN-8 in

DMSO was added to co-cultures. For NK cell co-cultures, 100 U/mL IL-2 was supplemented. After 24 h, CD8+ T or NK cells were

washed off. After a further 3–5 days, cells were fixed and stained for 1 h using a solution containing 0.1% crystal violet (Sigma)

and 50% methanol (Honeywell). When indicated, a neutralizing TNF antibody or isotype control (Cell Signaling Technology) was

added at a concentration of 1 mg/mL. For quantification, crystal violet was solubilized in 10% acetic acid (Sigma). Absorbance of

this solution was measured on an Infinite 200 Pro spectrophotometer (Tecan) at 595nm. For Incucyte (Incucyte Zoom, Essen Biosci-

ence) experiments, 53103 tumor cells were seeded per well in 96-well culture plates (Greiner). CD8+ T or NK cells were admixed in

indicated ratios and aCaspase-3/7 GFP dye (EssenBioscience) was added. Growth of these co-cultures was followed for 72 h.When

indicated, instead of CD8 T or NK cells, 100 ng/mL recombinant TNF (Peprotech) at indicated concentrations was added. To perform

a dose-response with TNF, 100 ng/mL of TNF was added to melanoma cells as the highest dilution and serially diluted.

Organoid culture and TNF sensitivity assay
Three patient derived organoid (PDO) lines were established from colorectal tumors. The PDOs used were cultured and expanded

according to the previously described protocol.84 For western blot analysis the organoids were pretreated with HOIPIN8 for 20 h in a
e5 Cell Reports Medicine 3, 100655, June 21, 2022
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concentration of 5, 10, 20 mM, or DMSO as a negative control in regular colorectal cancer organoidmedium.84 After the pretreatment,

TNF was added in a concentration of 100 ng/mL, for two or 6 h. The extracellular matrix (basement membrane extract, manufacturer)

was removed by incubating with 2 mg/mL type-II dispase (D4693, Sigma-Aldrich) for 15 min at 37�C. After removal of the matrix, the

cells were washed and lysed for Western Blot analysis.

The TNF sensitivity assays were performed in the sameway as previously described.82 Regular CRC organoid culturemediumwas

supplied with hTNF in a concentration of 1 ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL, with or without addition of 10 mM HOIPIN8.

The readout was performed by assessment of cell viability with the CellTiter-Glo 3D Viability Assay (G9681, Promega), according to

manufacturer instructions using an Infinite 200 Pro plate reader (Tecan Life Sciences). The raw data was normalized over the un-

treated condition, after subtraction of the background signal, and then plotted in GraphPad Prism (version 8.0.0).

B16F10-OVA mixing experiments
B16F10-OVA cells weremixed at different ratios with either B16F10 parental cells or B16F10-OVA B2MKO cells (13104 cells per well

in 12-well plates). Different ratios of OT-1 T cells were added subsequently and supplemented with HOIPIN-8 or vehicle. Co-cultures

with OT-1 T cells were for 3 days and the plates were fixed with formaldehyde and stained with crystal violet solution.

TNF co-immunoprecipitation and mass spectrometry
13107 BLM cells (sgCtrl or sgRNF31) were cultured with the addition of HOIPIN-8 (20 mM) or vehicle for 24 h before treatment

with 100 ng/mL biotinylated TNF (BT210–010, R&D Systems) or unlabeled TNF (Peprotech) for 10 min. Cells were then collected

and lysed in IP lysis buffer (30 mM Tris-HCl pH 7.4, 120 mM NaCl, 2 mM EDTA, 2 mM KCl, 1% Triton X-100 and supplemented

with protease inhibitor cocktail (04693159001, Roche)). TNF receptor complexes were then precipitated by using streptavidin-

coated magnetic beads (88816, Thermo Fisher Scientific) for 1 h at 4�C and subsequently analyzed by mass spectrometry.

Purified protein complexes were eluted from magnetic beads using a 5% SDS solution and were digested using S-TRAP micro-

filters (ProtiFi) according to the manufacturer’s protocol. Briefly, eluted samples were reduced and alkylated using DTT (20 mM,

10 min, 95�C) and IAA (40 mM, 30 min). Next, samples were acidified and proteins were precipitated using a methanol TEAB

buffer before loading on the S-TRAP column. Trapped proteins were washed 4 times with the methanol TEAB buffer and then

digested for 1 h at 47�C using 1 mg Trypsin (Promega). Digested peptides were eluted and dried in a vacuum centrifuge before

LC-MS analysis.

LC-MS/MS analysis and data processing
Samples were analyzed by reversed phase nLC-MS/MS using an Agilent 1290 HPLC coupled to an Orbitrap Q Exactive HF-X mass

spectrometer (Thermo Scientific). Digested peptides were separated using a 50 cm reversed phase column packed in-house (Agilent

Poroshell EC-C18, 2.7 mm, 50 cm3 75 mm) and eluted at a flow rate of 200 nL/min using a linear gradient with buffer A (0.1% FA) and

buffer B (80% ACN, 0.1% FA) ranging from 10–36% B over 155 min, followed by a column wash and re-equilibration step. The total

data acquisition time was 175 min. MS data was acquired using a DDAmethod with the following MS1 scan parameters: 60,000 res-

olution, AGC target equal to 3E6, maximum injection time of 20 ms, scan range of 375–1600m/z, acquired in profile mode. The MS2

method was set at 30,000 resolution, with an AGC target of 1E5, a maximum injection time of 50 ms, and an isolation window of

1.4 m/z. Scans were acquired used a mass range of 200–2000 and an NCE of 27. The top 15 precursors ions were selected for

with a dynamic exclusion time set to 24 s, and a precursor charge selection filter for ion possessing +2 to +5 charges. Raw files

were processed using MaxQuant (version 1.6.7). MS/MS fragment spectra were searched against a human database (UniProt,

year 2019) and common contaminants database. Default analysis settings were applied in MaxQuant with the following search

modifications: methionine oxidation, protein N-term acetylation, and phosphorylation of serine, threonine, and tyrosine were set

as variable modifications. Cysteine carbamidomethylation was set as a fixed modification. Trypsin digestion was selected with a

maximum of two missed cleavages. A false discovery rate (FDR) of 1% was applied at the protein, peptide, and modification level.

A site localization probability of at least 0.75 was used as thresholds for the localization of phosphorylated residues (class I phospho-

sites). Protein abundances were calculated using label free quantification with default settings applied. Database search results were

further processed in Perseus (version 1.6.12) for statistical analysis.

RNA isolation and mRNA expression analysis
13105 BLM sgCtl or sgRNF31 cells were pretreated with vehicle (DMSO) or HOIPIN-8 (10 mM) for 16 h, followed by TNF stimulation

(100 ng/mL) for 0 or 6 h. Two replicates for each sample were performed. Cell culture medium was removed and washed twice with

ice-cold PBS. Cells were then lysed by adding 600 mL of buffer RLT (Qiagen, 79216) and their total RNA extracted using aRNeasymini

kit (Qiagen, 74106) according to the manufacturer’s instructions. PolyA + stranded RNA Libraries were generated using the TruSeq

Stranded mRNA sample preparation kit (Illumina) by NKI Genomics Core Facility. Briefly, total RNA was fragmented and randomly

primed. Strand-specific first strand cDNA was reverse transcribed using Super-Script II Reverse Transcriptase (Invitrogen) with the

addition of actinomycin D. The second cDNA strand was synthesized using polymerase I and RNaseH with dUTP in place of dTTP.

The generated cDNA fragments were then ’A-tailed’ at the 30 end, adapter dimerization, ligated and amplified by PCR. The libraries

were validated on a 2100 Bioanalyzer using a 7500 chip (Agilent) and pooled. Samples were sequenced on a NovaSeq 6000 instru-

ment (Illumina) using a 51-bp paired end run. FASTQ files were mapped to the human reference genome hg38 using STAR
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(version 2.7)87 with default settings. Genes reads counted using HTSeq2 (version 0.11.1)88. Count data were analyzed in RStudio

(version 1.4.1106) with DESeq2 (version1.30.1).78

RNA sequencing count data were normalized using rlog-transformation as implemented in DESeq2. Differentially expressed genes

(DE-Gs) were calculated using DESeq2, then p.adj <0.05 and fold change >1.5 were used as cutoffs. RNF31 inhibition signature

comprised common significant DE-Gs upregulated by sgRNF31 and HOIPIN-8 after TNF stimulation. Gene set enrichment analysis

(GSEA) was performed in R using clusterProfiler package (version 4.1.4)79,80 with pre-ranked log2 fold change of gene expression as

ametric, and using the C2-CP sub-collection fromMSigDB.89 GSEA plots were redrawn using the gseaplot2 function from enrichplot

package (https://github.com/YuLab-SMU/enrichplot).

Clinical data analysis
For the analysis in Figure 7A, TIMER2.075 (http://timer.cistrome.org/) was used to query the gene expression profile among

different TCGA cancer subtypes, and the downloaded files were replotted. Distributions of gene expression levels are displayed

using boxplots. The statistical significance computed by the Wilcoxon test is annotated by the number of stars (*: p value < 0.05;

**: p value <0.01; ***: p value <0.001). For indicated TCGA cancer subtypes, the raw count and clinical data were downloaded from

TCGA by using TCGAbiolinks81 (v2.22.3). The raw count was firstly normalized to TPM (transcripts per million) based on

GENCODE v22 reference. The expression of LUBAC complex was calculated using the average expression of RNF31,

SHARPIN and RBCK1. The log2(TMP + 1) expression was plotted for primary tumor and normal tissues. The statistical

significance computed by the Wilcoxon test is annotated by the number of stars (*: p value < 0.05; **: p value <0.01; ***: p

value <0.001). Expression of RNF31 at different disease stages were presented as log2(TPM + 1) and analyzed by a Kruskal-Wallis

test (*: p value < 0.05; **: p value <0.01; ***: p value <0.001). We removed the metastatic and normal tissue samples in the BRCA

cohort and removed normal tissue samples in SKCM cohort to conduct survival analysis. The Kaplan-Meier survival curve was

analyzed using survival (v3.2-11) and plot using survminer (v0.4.9). TNF expression and RNF31 expression are grouped by quartile

cutoff levels. p value was computed by Log-Rank test.

IHC and quantification
The collection and use of mouse tumor tissue was approved by the animal experimental committee of the institute and performed

according to Dutch law. CD8 (14–0808, eBioscience) and NKp46 (AF2225, R&D Systems) stainings were performed using the Ven-

tana autostainer using the standard protocol, using counterstain with haematoxylin, and manually analyzed and scored blindly by a

certified pathologist.

Positive cell detection of NKp46+ cells was performed by a pathologist (S.K.) who was blinded to the RNF31 expression status of

the two experimental groups. Within each tumor, positive cells were manually counted in three randomly picked circular areas of

0.8 mm2 within viable tumor tissue. Necrotic areas contained non-specific IHC signal associated with cellular debris and were

excluded from the analysis. The slides were scanned in a Panoramic 1000 system (3DHISTECH) and viewed in SlideScore

(https://www.slidescore.com/). Positive cell detection of CD8+ cells was performed in Qupath.90 The RGB signal was first split

into a two separate stainswith the stain vector [0.65, 0.70, 0.29] for hematoxylin and [0.27, 0.57, 0.78] for DAB. The positive cell detec-

tion plugin was set to detect cells where the DAB optical density in the whole cell was higher than 0.15. The script for automation of

this workflow is available upon request.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
To compare two means, a two-tailed Student’s t test was used. To compare multiple groups of data to one control condition, we

performed a one-way ANOVA, followed by a Dunnett’s test to correct for multiple comparisons. For two factors with multiple groups,

selected comparisons were made by two-way ANOVA followed Sidak’s multiple comparisons test. In vivo data were compared by a

multiple unpaired two-sided Student’s t-test when data were normally distributed.When data were not normally distributed, Shapiro-

Wilk test was used. Survival analyses were performed by Log RankMantel-Cox test, followed by Holm-Sidakmultiple testing correc-

tion. Exceptions to these approaches are listed in the corresponding figure legends. Analyses were performed by Prism 9 (Graphpad

Software Inc., version 9.0.0) or in R. Unless otherwise indicated, a p value of lower than 0.05 was regarded as being statistically

significant. ***, p < 0.001, **, p < 0.01, *, p < 0.05.
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