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SUMMARY

CD95 expression is preserved in triple-negative breast cancers (TNBCs), and
CD95 loss in these cells triggers the induction of a pro-inflammatory program,
promoting the recruitment of cytotoxic NK cells impairing tumor growth. Herein,
we identify a novel interaction partner of CD95, Kip1 ubiquitination-promoting
complex protein 2 (KPC2), using an unbiased proteomic approach. Independently
of CD95L, CD95/KPC2 interaction contributes to the partial degradation of p105
(NF-kB1) and the subsequent generation of p50 homodimers, which transcrip-
tionally represses NF-kB-driven gene expression. Mechanistically, KPC2 interacts
with the C-terminal region of CD95 and serves as an adaptor to recruit RelA (p65)
andKPC1, which acts as E3 ubiquitin-protein ligase promoting the degradation of
p105 into p50. Loss of CD95 in TNBC cells releases KPC2, limiting the formation
of the NF-kB inhibitory homodimer complex (p50/p50), promoting NF-kB activa-
tion and the production of pro-inflammatory cytokines, whichmight contribute to
remodeling the immune landscape in TNBC cells.

INTRODUCTION

Among women, breast cancer (BC) is the most common cause of cancer and the second leading cause of

cancer death (DeSantis et al., 2016). The molecular classification of BC distinguishes luminal A and B ex-

pressing estrogen (ER) and/or progesterone receptors (PR), basal/triple negative breast cancer (TNBC),

and human epidermal growth factor receptor 2 (HER2)-like tumors. This molecular taxonomy is clinically

relevant, with basal/TNBC patients presenting the poorest clinical outcome with no targeted therapies

available when compared with other molecular subtypes. Interestingly, although CD95L (FasL/CD178)-ex-

pressing immune cells edit tumor cells by sparing cells expressing low CD95 (Fas/APO-1) level at their

plasma membrane (Strasser et al., 2009), the complete loss of CD95 is deleterious to tumor growth

(Chen et al., 2010). Interestingly, despite being resistant to CD95 mediated apoptosis, TNBCs maintain

a very high amount of surface CD95 when compared with other breast cancers (Blok et al., 2017), and we

recently found that CD95 loss in TNBC cells reprograms the immune landscape, by triggering a pro-inflam-

matory response unleashing the anti-tumor activity of natural killer (NK) cells (Qadir et al., 2021). The CD95-

dependent molecular mechanism responsible for the recruitment and activation of NK cells in TNBC

remains to be elucidated.

CD95 belongs to the tumor necrosis factor (TNF) receptor family and has mainly been viewed as a death

receptor (Peter et al., 2015). However, recent data highlighted that this receptor can also induce nonapop-

totic signaling pathways involved in physiological processes (Desbarats et al., 2003; Desbarats and Newell,

2000) or in the progression of auto-immune (O’ Reilly et al., 2009; Poissonnier et al., 2016; Tauzin et al., 2011)

and cancer disorders (Barnhart et al., 2004; Kleber et al., 2008). The ligand of CD95, CD95L, is a member of

TNF superfamily that has been initially found expressed by activated T lymphocytes and NK cells to kill in-

fected and transformed cells through cell-to-cell contact (Suda et al., 1993). CD95L extracellular domain

can also be cleaved by metalloproteases (Fouque et al., 2014) to release a soluble CD95L (s-CD95L). Unlike

membrane-bound CD95L (m-CD95L), s-CD95L fails to trigger cell death but instead contributes to aggra-

vating inflammation in chronic inflammatory disorders such as systemic lupus erythematosus (SLE) (O’ Reilly

et al., 2009; Tauzin et al., 2011) and cancers (Barnhart et al., 2004; Hoogwater et al., 2010; Kleber et al., 2008;

Malleter et al., 2013). The intracellular death domain (DD) of CD95 serves as a docking platform to trigger
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cell death. Upon binding of m-CD95L, CD95 recruits the adaptor protein Fas-associated death domain

(FADD), which in turn aggregates the initiator caspase-8 and -10. The CD95/FADD/caspase complex is a

designated death-inducing signaling complex (DISC) and contributes to the induction of the apoptotic

program (Kischkel et al., 1995). Although s-CD95L fails to induce DISC, this ligand triggers the formation

of a nonapoptotic complex termedmotility-inducing signaling complex (MISC), which promotes migration

of cancer cells (Kleber et al., 2008; Malleter et al., 2013; Tauzin et al., 2011). This nonapoptotic signal relies

on the juxtamembrane region of CD95 that we designated calcium-inducing domain (CID). Finally,

although the last 15 aa of CD95 have been reported to interact with the protein tyrosine phosphatase

FAP-1 (Sato et al., 1995) or Dlg1 (Gagnoux-Palacios et al., 2018) to impair cell death, the biological role

of this region remains poorly defined.

Using a BioID proteomic analysis, we have now identified Kip1 ubiquitylation-promoting complex 2 (KPC2)

as a novel binding partner for CD95. KPC2 in turn recruits the ubiquitin ligase KPC1 and the Rel family mem-

ber p65. Bound to CD95, the KPC2/KPC1 complex causes the ubiquitination of p105 and its partial degra-

dation into p50. Loss of CD95 in TNBC favors the formation of the NF-kB transcriptomic activator p50/p65

heterodimer at the expense of its inhibitor counterpart p50/p50. In these otherwise CD95 signaling defi-

cient cells, this promotes the induction of a pro-inflammatory NF-kB signaling pathway, resulting in the

release of a set of cytokines known to recruit and activate multiple immune effector cells including NK cells.
RESULTS

CD95 elimination in TNBC cells activates an inflammatory program

Our data showing that loss of CD95 in TNBC cells promotes the remodeling of the immune landscape and

triggers the anti-tumor activity of NK cells in a TNBC mouse model raised the question of whether CD95

loss by itself in TNBC cells could actively reprogram the transcriptomic signature of these cells. To address

this question, we deleted CD95 in human (MDA-MB-231) (Figure S1A) and mouse (4T1) (Qadir et al., 2021)

TNBC cells. Interestingly, the loss of CD95 in human (Table S1) and mouse (Table S2) TNBC cells induced

the deregulation of 386 and 244 genes, respectively, with a fold-change cutoff of 1.5 (adjusted p < 0.05)

between parental and CD95 k.o. TNBC cells. An analysis of the genes deregulated between wild-type

and CD95 k.o. TNBC cells and shared between mouse (4T1 cell line) and human (MDA-MB-231 cell line

(fold-change of 1.5 and adjusted p < 0.1) identified 148 genes (Table S3). To evaluate whether a biological

process hallmark could be associated with the loss of CD95 in these analyses, we performed a Gene Set

Enrichment Analysis (GSEA) usingMolecular Signatures Database (MSigDB) (Liberzon et al., 2015). Interest-

ingly, only the ‘‘TNFa signaling via NF-kB’’ hallmark was shared between the two TNBC cell lines in the

three different analyses (see Tables S1, S2, and S3; Figures 1A–1C).

To validate the inflammatory signature associated with CD95 loss in TNBC cells, we conducted a compre-

hensive analysis of cytokines whose expression changed in CD95 k.o. MDA-MB-231 cells as compared with

their parental counterpart (Figure 1D). Among the 105 secreted factors, a proteome profiler Human XL

cytokine array revealed that 28 cytokines were overexpressed with a cut-off greater than or equal to 2

and 12 cytokines downregulated more than or equal to 2-fold (Figure 1D and Table S4). Quantitative (q)

PCR (Figure S1B) and ELISAs confirmed the increased expression and secretion of cytokines known to pro-

mote the recruitment or the cytotoxic activity of NK cells including CSF1 (Thompson et al., 2018), CSF2 (Gil-

lessen et al., 2003), IL1a (Lin et al., 2016), and IL1b (Cooper et al., 2001) or activate the inflammasome such as

CXCL1 (Boro and Balaji, 2017) by CD95 k.o. MDA-MB-231 cells when compared with their wild-type coun-

terparts (Figure 1E). Of note, no trace of soluble CD95L was detected in this assay (Table S4).

Although we failed to detect m-CD95L at the plasma membrane of human MDA-MB-231 and mouse 4T1

TNBC cells (Figure S1C), we could not rule out that an undetectable amount of m-CD95L still engaged

CD95 in an autocrine fashion to induce basal signaling, which was abrogated by the loss of CD95 in cancer

cells. To evaluate this possibility, we knocked-out CD95L in 4T1 TNBC cells. The selected clones harbored

an inserted base (adenine) within the second CD95L codon, leading to a frameshift (Figure S1D). Unlike

CD95-k.o. 4T1 cells (Figure S1E), CD95L-k.o. 4T1 cells did not exhibit a significant difference in CSF1,

CSF2, CXCL1, IL1a, and IL1b transcription when compared with parental (Figure S1F), indicating that elim-

ination of the ligand did not recapitulate the inflammatory signature observed with CD95 loss. To confirm

this finding, we incubated for 24 h mouse 4T1 cells and human MDA-MB-231 cells with neutralizing anti-

CD95L mAbs and then, analyzed the 5-genes pro-inflammatory signature. We used NOK-1 and MFL4

antibodies to selectively neutralize human and mouse CD95L, respectively. The transcription of the 5
2 iScience 24, 103538, December 17, 2021



Figure 1. Loss of CD95 induces an inflammatory transcriptomic signature in TNBC cells

(A) GSEA analysis performed on 386 genes (with FCR 1.5 or FC%�1.5 and p value% 0.05) deregulated between parental TNBCMDA-MB-231 cell line and

two CD95 k.o. counterparts.

(B) GSEA analysis performed on 244 genes (with FC R 1.5 or FC % �1.5 and p.value % 0.05) between two parental TNBC 4T1 clones and two CD95 k.o.

counterparts.

(C) GSEA analysis performed on 148 genes modulated in a similar fashion in mouse (4T1 cells) and human (MDA-MB-231 cells) TNBC cells and their

respective CD95 KO cells.

(D) The expression level of 105 different cytokines was evaluated using Proteome Profiler Human XL Cytokine Array Kit in supernatants of parental TNBC cells

and their CD95 k.o. counterpart. Image is representative of three independently performed experiments.

(E) Certain inflammatory cytokines upregulated in the Proteome Profiler Human XL Cytokine Array Kit in D and Table S4 were dosed by ELISA in supernatants

of CD95 k.o. TNBC cells as compared with those of parental counterpart. MeanG SD, p values were calculated using Nonparametric Mann-Whitney test (n =

3 or 4 for IL-1a and b cytokines).
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pro-inflammatory genes remained unaffected in TNBC cells incubated with antibodies abrogating the

CD95/CD95L interaction (Figure S1G). These findings suggested that the loss of CD95 in TNBC cells trig-

gers a pro-inflammatory signaling pathway through a ligand-independent mechanism.
A NF-kB-dependent signaling pathway is activated in CD95 k.o. TNBC cells

The differential transcriptomic signatures and the associated GSEA suggested that the NF-kB signaling

pathway could be induced when CD95 expression was eliminated in TNBC cells. In agreement with this obser-

vation, deletion of CD95 in MDA-MB-231 cells led to a potent activation of the NF-kB signaling pathway as

monitored by the phosphorylation of IKKa/b at Ser176/177 and Ser180/181, IkBa at Ser32, and p65 at Ser536

(Sakurai et al., 1999) (all hallmarks of NF-kB activation) (Figure 2A). The five members of the NF-kB family

including RelA (p65), RelB, c-Rel, NF-kB1 (p105), and NF-kB2 (p100) share a conserved Rel homology domain

(RHD) responsible for DNAbinding. However, only p65, RelB, and c-Rel contain a transactivation domain in their

C-terminal regions. Because p50 is devoid of transactivation domains, nuclear accumulation of p50/p50 homo-

dimers is considered as transcriptionally repressing the NF-kB response (Grundstrom et al., 2004; Kang et al.,

1992; Kravtsova-Ivantsiv et al., 2015; Udalova et al., 2000; Zhong et al., 2002). Although the quantity of p50

was slightly increased in nuclei of CD95 k.o. cells when compared with parental MDA-MB-231 cells (Figures

2B and 2C), this was less pronounced when compared with the nuclear accumulation of p65 (Figures 2B and
iScience 24, 103538, December 17, 2021 3



Figure 2. KPC2 and p65, two novel interactants of CD95

(A) The activation status of the NF-kB signaling pathway was analyzed in wild-type (WT) and CD95 knock-out (KO5 and KO9) MDA-MB-231 cells by

immunoblotting with the indicated antibodies. Tubulin immunoblot serves as a loading control. Images are representative of three independent

experiments.

(B) The presence of p65, p105, and p50 in the whole lysate (cytosol) or the nucleus fraction of wild-type and CD95 k.o. cells was evaluated by immunoblotting.

Lamin A and tubulin serve as loading controls for nucleus and cytosolic fractions, respectively. Images are representative of three independent experiments.

(C) Nuclear extracts fromWT and CD95 k.o. cells were subjected to the indicated ELISA to quantify activation of NF-kB. Mouse c-Rel DNA binding cannot be

assessed with this kit. Mean G SEM (n = 3), p values were calculated using nonparametric Mann-Whitney test.

(D) RelA activity was measured in indicated tumor cells using luciferase reporter assay (n = 6–8). ** and **** stand for p < 0.001 and p < 0.00001, respectively,

using unpaired and nonparametric Mann-Whitney t test.

(E) Schematic representation of the BioID experiment.

(F) Schematic representation of BirA-fused CD95 constructs.

(G and H) BioID assay was conducted in CD95 k.o. HEK/293T cells (G) and MDA-MB-231 cells (H) reconstituted with indicated constructs and after

streptavidin pull-down indicated immunoblotting was performed. Images are representative of three independent experiments.
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2C). In agreement with the accumulation of an active p50/p65 heterodimer in nuclei of CD95 k.o. TNBC cells, an

NF-kB reporter assay confirmed thatCD95 loss in human (MDA-MB-231) andmouse (4T1) TNBCcells resulted in

the induction of this signaling pathway (Figure 2D).

These findings raised the question of how CD95 expression negatively regulated this form of NF-kB

signaling and how its loss in TNBC cells triggered this pro-inflammatory program. To characterize in an
4 iScience 24, 103538, December 17, 2021
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unbiased fashion the CD95 interactome in unstimulated cells and identify factors that might contribute to

the NF-kB regulation, we conducted a proteomic analysis using the proximity-dependent biotin identifica-

tion (BioID) method (Roux et al., 2012). Briefly, the activated Escherichia coli BirA biotin ligase (mutant

R118G) was fused to CD95 (Figure 2E). This enzyme has the ability to biotinylate surrounding proteins

located within a radius of 10 nm. Three constructs consisting of wild-type CD95, a CD95 devoid of its intra-

cellular region (CD95(1–175)-BirA), and the transmembrane domain of CD95 (TM-BirA) were fused to BirA

(Figure 2F) and transiently expressed in CD95 k.o. HEK/293T cells. By fusing CD95 to the BirA domain, even

proteins interacting weakly and transiently with the receptor can be biotinylated in an irreversible fashion

and thereby detected by mass spectrometry analysis (MS). Cells were lysed, and biotin-conjugated pro-

teins were next precipitated using streptavidin beads and identified by MS/MS. Among the 198 proteins

selectively tagged by BirA and associated with the wild-type CD95 construct were caspase-8 and CD95

validating the method to characterize the CD95 interactome (Table S5). Of note, some biotinylated factors

corresponded to inhibitors of the NF-kB pathway including COMMD7 (Esposito et al., 2016), KPC2 (Kravt-

sova-Ivantsiv et al., 2015), or TRAF-D1 (Sanada et al., 2008) (Table S5). In addition, the transcription factor

RelA/p65 was detected (Table S5). Pull-down experiments confirmed that KPC2 (also known as UBAC1) and

p65 were associated with wild-type CD95, and these interactions were lost with CD95(1–175) devoid of its

intracellular region (Figure 2G).

NF-kB1 (p105) is synthesized as a large precursor, which is processed to generate the NF-kB subunit p50.

KIP1 ubiquitination-promoting complex (KPC) is a ubiquitin ligase responsible for the partial degradation

of p105 into p50 (Kravtsova-Ivantsiv et al., 2015). This complex consists of KPC2, which stabilizes KPC1 (Hara

et al., 2005), a RING-finger protein serving as the ligase (Kravtsova-Ivantsiv et al., 2015). We next evaluated

whether similarly to HEK/293T cells, CD95 was associated with p65 and KPC2 in the TNBC cell line MDA-

MB-231. CD95 k.o. cells were reconstituted with a wild-type CD95 or a truncated receptor devoid of its

intracellular region fused to BirA (Figure 2H). A pull-down assay confirmed that KPC2 and p65 were close

to CD95 in unstimulated TNBC cells (Figure 2H). In addition, KPC1 was also detected in the biotinylated

complex. On the other hand, TRAF-D1 and COMMD7 were not detected in HEK/293T and MDA-MB-

231 cells, indicating that either these factors were present in the unstimulated CD95 complex but to a lesser

extent when compared with KPC2 and p65 or that these factors corresponded to false-positive hits. Over-

all, these findings suggested that the CD95 expression in TNBC cells regulates NF-kB signaling through a

KPC-dependent mechanism.
KPC2 binds the C-terminal region of CD95

We next wondered how CD95 interacted with KPC2 and p65. Although immunoprecipitation of wild-type

CD95 confirmed its association with both KPC2 and p65 (Figures 3A and 3B), the CD95 construct consisting

in the amino acid residues 1 to 303 and thereby deleted of its C-terminal region failed to interact with KPC2

(Figure 3A) or p65 (Figure 3B), suggesting that p65 and KPC2 were recruited via the very C-terminal end of

CD95 (amino acid residues 303 to 319.) Interestingly, only the amino terminal region of p65 (amino acid res-

idues 1 to 307) encompassing its nuclear localization sequence (NLS) interacted with CD95 (Figure 3B), sug-

gesting that CD95 could prevent nuclear-localization of p65 by masking its NLS similarly to inhibitor of

kappa B (IkB) (Beg et al., 1992). To confirm that p65 and KPC2 required the C-terminal region of CD95

to be recruited, we synthesized in bacteria and purified the different CD95 domains including CID, DD,

and C-term fused to glutathione S-transferase (GST) and incubated them with lysates of CD95 k.o. HEK/

293T cells transfected with KPC2 or p65. As shown in Figure 3C, only pull-down of the C-terminal region

of CD95 revealed the formation of a complex containing p65 and KPC2.

Immunoprecipitation of KPC2 in CD95 k.o. HEK cells transfected with wild-type CD95 confirmed the ex-

istence of a complex containing both CD95 and p65, and similarly, p65 precipitation showed the pres-

ence of CD95 and KPC2 in the immune complex (Figure 3D). Next, we evaluated whether the KPC2

and p65 interacted directly with CD95. Using GST pull-down assay in a cell-free system, we observed

that although GST-CD95 directly bound KPC2, the intracellular region of the receptor failed to pull

down p65. Interestingly, the CD95 C-terminal domain (amino acid residues 303–319) recruited p65

only when KPC2 was added to the CD95/p65 mix (Figure 3E), indicating that KPC2 acts as an adaptor

between CD95 and p65.

To confirm that the KPC2/CD95 interaction was direct, we next developed a protein-fragment comple-

mentation assay (PCA) (Stefan et al., 2007), in which the Renilla luciferase enzyme was split into two
iScience 24, 103538, December 17, 2021 5



Figure 3. KPC2 binds the C-terminal domain of CD95 and it is an adaptor for p65 and KPC1

(A) CD95 k.o. HEK/293T cells were transfected with Flag-KPC2 or Flag-p65 and indicated HA-tagged CD95-GFP constructs. After 24 h, cells were lysed, HA

immunoprecipitations were performed, and the immune complex was resolved by SDS-PAGE. Indicated immunoblotting was realized. Images are

representative of three independent experiments.

(B) CD95 k.o. HEK/293T cells were co-transfected with Flag-tagged N-term (1–307) or C-terminal (307–551) p65 and with indicated HA-CD95-GFP constructs.

Twenty-four hours after transfection, cells were lyzed and HA immunoprecipitations were performed. Immune complex was resolved by SDS-PAGE and

indicated immunoblotting was conducted. Images are representative of three independent experiments.

(C) Indicated GST-V5-CD95 domains (100 ng) were produced in E.coli. and mixed with lysate (1 mg) of HEK/293T cell transfected either Flag-KPC2 or Flag-

p65. CD95 domains were immunoprecipitated using anti-V5 mAb and the presence of KPC2 or p65 was evaluated by immunoblots. Images are

representative of three independent experiments.

(D) CD95 k.o. HEK/293T cells were co-transfected with Flag-KPC2 (left panels) or Flag-p65 (right panels) and HA-CD95 WT in the presence of p65-Renilla

luciferase (domain F1, left panels) or V5-KPC2 (right panels). After 24 h, Flag immunoprecipitations were performed and the immune complex was resolved

by SDS-PAGE. Indicated immunoblotting was performed. Images are representative of three independent experiments.

(E) GST-KPC2, GST-p65 (1–307), and GST-V5 CD95 (303–319) were produced in E. coli and purified. Indicated proteins (100 ng) were mixed for 1 h, and V5

immunoprecipitation was performed. The immune complex was resolved by SDS-PAGE and indicated western blots were performed. Images are

representative of three independent experiments.

(F) Protein-fragment complementation assay (PCA). HEK/293T cells were co-transfected with CD95 fused to the C-term region of Renilla luciferase (F2), and

the N-term part of Renilla luciferase (F1) conjugated with the indicated proteins and luciferase activity was measured. RIP1/RIP3 interaction served as a

positive control. Data represent mean G SD (n = 3).
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fragments (F1 and F2) and fused to different proteins. When the proteins interact, their interaction favors

luciferase refolding and the subsequent recovery of its enzymatic activity (Figure 3F, left). This method

confirmed the direct interaction between full-length KPC2 and the intracellular region of CD95 (Figure 3F,

right). In addition, co-transfection of the entire intracellular region (a.a. 175–319) or the C-terminal region
6 iScience 24, 103538, December 17, 2021
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(a.a. 303–319) of CD95 fused to F1 luciferase with full-length KPC2-F2 was able to refold the Renilla lucif-

erase and allow light emission, whereas DD (a.a. 211–303) or CID (a.a. 175–210) CD95-F1 constructs failed

to do it (Figure S2A). Finally, we developed a PCA competitive assay (Figure S2B) and established that

the CD95/KPC2 interaction was only disrupted by the overexpression of the whole intracellular region or

the C-terminal region (303–319 residues) of CD95 (Figures S2B and S2C). Overall, these findings indi-

cated that KPC2 is a previously unrecognized binding partner of CD95, interacting with its C-terminal

region.
CD95 complex ubiquitinates p105 through KPC1/KPC2

In the Kip1 ubiquitination-promoting complex (KPC), KPC1 polyubiquitinates the precursor p105, leading

to its partial degradation giving rise to the p50 subunit (Kravtsova-Ivantsiv et al., 2015). KPC1 was de-

tected in the CD95 complex precipitated in MDA-MB-231 cells (Figure 2H). Similarly to CD95 k.o.

HEK/293T cells, co-immunoprecipitation experiments confirmed that KPC1 was associated with KPC2

(Figure 4A). The immunoprecipitation of KPC1 also revealed a faint quantity of CD95, probably due to

the low endogenous level of KPC2 present in HEK/293T cells (Figure 4A). Indeed, this amount dramat-

ically increased when KPC2 was co-transfected (Figure 4A), suggesting that similar to p65, KPC1 was indi-

rectly recruited to CD95 via its interaction with KPC2. Strikingly, deletion of CD95 in HEK cells resulted in

an accumulation of p105 when compared with parental cells (Figure 4B) without affecting the expression

level of p65 (Figure 4B). In agreement with its KPC1 stabilizer role (Kravtsova-Ivantsiv and Ciechanover,

2015), KPC2 deletion in CD95 k.o. cells reduced the expression level of KPC1 (Figure 4B). To evaluate the

interplay between KPC2 and CD95 in the p105 ubiquitination and the downstream NF-kB activation, we

took advantage of that transient, and multiple transfections were more efficient in HEK cells as compared

with MDA-MB-231 cells. Interestingly, double knock-out of CD95 and KPC2 did not translate into a more

pronounced accumulation of p105 when compared with CD95 k.o. cells (Figure 4B), suggesting that the

KPC-mediated regulation of p105 expression mainly relies on CD95 expression. Because p105 expres-

sion relied on its ubiquitination, we evaluated whether CD95 expression promoted p105 ubiquitination.

To address this question, we immunoprecipitated p105 in CD95 k.o. or CD95/KPC2 k.o. cells co-trans-

fected with Flag-p105 and HA-tagged ubiquitin (Figure 4C). The immunoprecipitation of p105 did not

reveal an upper band in the anti-p105 immunoblot, suggesting that a minor part of p105 underwent

ubiquitination (Figure 4C). Nonetheless, HA staining confirmed that ubiquitin was added to p105 in

wild-type cells, and this conjugation was dramatically reduced in CD95 k.o. cells (Figure 4C). Interest-

ingly, the combined deletion of KPC2 and CD95 did not enhance this reduction (Figure 4C), supporting

that KPC2 was mandatory for the CD95-driven ubiquitination of p105.

To establish that CD95 promoted p105 ubiquitination, we analyzed p105 ubiquitin conjugation in a recon-

stituted cell-free system from immunoprecipitation of full-length CD95 or CD95(1–175) constructs trans-

fected in CD95 k.o. HEK/293T cells (Figure 4D). p105 was efficiently ubiquitinated when incubated with

the full-length CD95 immune complex (Figure 4D), whereas immunoprecipitation of a CD95 devoid of

its intracellular region (CD95(1–175)) failed to add ubiquitin moieties to p105 (Figure 4D) confirming that

in unstimulated cells, a CD95 complex efficiently ubiquitinates p105. To confirm that KPC2 was critical

for the CD95-dependent p105 ubiquitination, similar experiments were carried out using CD95/KPC2

double k.o. HEK/293T cells co-transfected with full-length CD95 or CD95(1–175) construct and KPC2 (Fig-

ure 4E). Although the same quantity of CD95 was immunoprecipitated, the magnitude of p105 ubiquitina-

tion significantly dropped in the CD95-containing immune complex devoid of KPC2 (Figure 4E), validating

that CD95/KPC2 interaction caused p105 ubiquitination.

Because p50 does not contain a transactivation domain (TAD) and its homodimeric form mostly acts as a tran-

scriptional repressor (Christian et al., 2016), wewonderedwhether the CD95-driven ubiquitination of p105 could

favor the accumulation of p50 homodimers in the nucleus at the expense of the transcriptional activator p50/

p65. To tackle this question, we generated KPC2 k.o. and double k.o. MDA-MB-231 cells from the CD95 k.o.

MDA-MB-231 clone 5 and analyzed the ratio of p50 and p65 in nuclei of these cells (Figure 4F). Immunoprecip-

itation of p50 revealed an NF-kB complex enriched in p50 in nuclei of parental TNBC cells as compared with

those isolated from CD95 k.o., KPC2 k.o., and double k.o. counterparts (Figure 4F). Densitometry analysis re-

vealed that the p50/p65 ratio in parental cells dropped from 1.5 to 0.72 in KPC2 k.o. cells and 0.58 and 0.59

in CD95 k.o. and CD95/KPC2 double k.o. TNBC cells, respectively. This increase in the p50/p65 complex occur-

ring in the nuclei of CD95 k.o., KPC2 k.o., and CD95/KPC2 double k.o. MDA-MB-231 cells at the expense of the

inhibitor p50 homodimer suggested that theNF-kB activity could be augmented in these cells. To evaluate this,
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Figure 4. CD95 loss promotes the partial degradation of p105 and the nucleus accumulation of p50 homodimers

(A) CD95 k.o. HEK/293T cells were co-transfected with Flag-KPC1, HA-CD95-GFP, and V5-KPC2 as indicated. After 24 h, KPC1 was immunoprecipitated, and

the immune complex was resolved by SDS-PAGE, and indicated western blots were realized. Images are representative of three independent experiments.

(B) CD95 and KPC2 were knocked out in HEK/293T cells using CRISPR/Cas9, and the expression level of the KPC1/KPC2 substrate p105 was analyzed by

immunoblot. Images are representative of three independent experiments.

(C) CD95 and CD95/KPC2 k.o. HEK/293T cells were co-transfected with cDNAs encoding for p105 and HA-Ubiquitin. After 24 h, the proteasome inhibitor

MG132 was added for 3 h, cells were lysed, and p105 was immunoprecipitated. Total lysate (left panels) and p105 immunoprecipitation (right panels) are

depicted. Following SDS-PAGE, indicated immunoblots were performed. Images are representative of three independent experiments.

(D) CD95 k.o. HEK/293T cells were transfected with full length or intracellular-truncated (1–175) CD95 fused to GFP, and CD95 complexes were

immunoprecipitated and subjected to an in vitro ubiquitin conjugation assay in a reconstituted cell-free system in the presence of recombinant human p105

as described in STAR Methods. Then proteins were resolved by SDS-PAGE, and indicated immunoblots were performed. Data are representative of three

independent experiments.

(E) CD95/KPC2 double k.o. HEK/293T cells were transfected with full length or intracellular-truncated (1–175) CD95-GFP and KPC2. Then, cells were lysed,

and CD95 was immunoprecipitated. The immune complexes were subjected to an in vitro ubiquitin conjugation assay as depicted in D, and next, proteins

were resolved by SDS-PAGE, and indicated immunoblots were performed. Data are representative of three independent experiments.

(F) Nuclei of parental (par.), CD95 k.o. and KPC2/CD95 k.o. MDA-MB-231 cells were isolated, and p50 was immunoprecipitated. The immune complex was

resolved by SDS-PAGE, and co-association with p65 was evaluated by immunoblotting. Data are representative of three independent experiments.

(G) RelA (p65) activity was measured in parental, CD95 k.o. and KPC2/CD95 k.o. MDA-MB-231 cells using luciferase reporter assay (n = 4–6). ** stands for p <

0.001 using unpaired and nonparametric Mann-Whitney t test.
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an NF-kB reporter assay was performed in these cells, confirming that elimination of KPC2 or CD95 in TNBC

cells resulted in a robust NF-kB response (Figure 4G). This increased NF-kB signaling was similar to that

observed in CD95/KPC2-double KO cells (Figure 4G), again supporting the idea that these two factors shared

the same signaling pathway to inhibit theNF-kB transcriptional activity. Finally, we evaluated whether the secre-

tion of the five pro-inflammatory cytokines was affected in KPC2 k.o. and CD95/KPC2 double k.o. TNBC cells

(Figure S2D). ELISAs confirmed that similarly to CD95 k.o. cells, elimination of KPC2 increased the secretion

of these cytokines (Figure S2D). Moreover, the increased secretion of these molecules was not amplified in
8 iScience 24, 103538, December 17, 2021
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CD95/KPC2 double k.o. TNBC cells when compared with unique k.o. cells, supporting that CD95 and KPC2

share a common signaling pathway to inhibit the expression of these pro-inflammatory cytokines.

Overall, these findings demonstrate that KPC2 binding to CD95 not only contributes to the ubiquitination

and partial degradation of p105 but also sequesters its transcriptionally active partner p65 to the plasma

membrane. Deletion of CD95 therefore promotes the activation of the NF-kB pathway that causes induc-

tion of inflammatory chemo- and cytokines.
DISCUSSION

Stimulation of CD95 on signaling competent but apoptosis-resistant cancer cells results in the activation of

multiple nonapoptotic signalingpathways that includeNF-kB that drives tumor promotion (Legembre et al.,

2004). We now show that the role of CD95 and its link to the NF-kB signaling pathway on TNBC cancer cells,

which are virtually signaling incompetent, appears to be different. Our study suggests that in unstimulated

cancer cells, CD95 forms a complex comprised of KPC2/KPC1 and p65 that favor the generation of the p50/

p50 homodimer at the expense of its pro-inflammatory p50/p65 heterodimer. Although the p50 homodimer

may act as a transcriptional repressor because it lacks a transactivation domain (May andGhosh, 1997), it can

also interact with different transcriptional modulators, such as Bcl-3 (Fujita et al., 1993), p300 (Deng andWu,

2003), or HMGA1/2 (Perrella et al., 1999). Consequently, an imbalance of the p50 expression will shift the

composition of NF-kB dimers, resulting in a different cellular response to environmental stresses.

Our study identifies a novel mechanism that might account for the anti-tumor activity of NK cells observed

in TNBCs, after deletion of CD95 (Qadir et al., 2021). It involves sequestering a fraction of p65 at the plasma

membrane and simultaneously promotes partial degradation of p105 to form p50, favoring the formation

of p50 homodimers at the expense of the pro-inflammatory p50/p65 complex (Kravtsova-Ivantsiv et al.,

2015). Combined with our recent study in TNBCs (Qadir et al., 2021), this work highlights a complex picture:

although CD95 loss in tumor cells in TNBC patients can curtail the anti-tumor activity of CD95L-expressing

T- and NK cells, it also induces an inflammatory signature, resulting in a more pronounced NK-mediated

anti-tumor response (Qadir et al., 2021). Besides NK cells, the expression of pro-inflammatory chemokines

including CSF1, CXCL1, and CXCL2 may also favor the trafficking of macrophages as observed in our an-

imal models (Qadir et al., 2021).

A comprehensive genomic analysis of breast cancer (Cancer Genome Atlas, 2012) cells previously identi-

fied the transcription factors, FOXM1 and c-myc, which are hyperactivated in TNBCs as factors to

contribute to the downregulation of the CD95 expression (Penke et al., 2018; Zhang et al., 2017). Further-

more, breast cancers in general upregulate the PI3K signaling pathway through the expression of consti-

tutive active or amplification of PIK3CA and deletion of PTEN or INPP4B or Akt mutations (Nik-Zainal

et al., 2016). This oncogenic signaling pathway activates the transcription repressor YY1 shown to be

involved in the downregulation of CD95 mRNA expression (Garban and Bonavida, 2001). Interestingly,

although these transcription regulations might explain the reduction of CD95 observed in many tumors,

the estrogen receptor-negative TNBC cells maintain a higher level of CD95 as compared with other breast

tumors (Blok et al., 2017). Although the classical tumor evasion hypothesis associated with the CD95 loss in

tumor cells remains valid, this immune selection might be counterbalanced by the induction of an NF-kB-

driven pro-inflammatory response, which could activate the anti-tumor activity of NK cells that we observed

in TNBCs (Qadir et al., 2021). We also observed that soluble CD95L is increased in TNBC women and trig-

gers a PI3K signaling pathway, promoting the migration of the cancer cells (Malleter et al., 2013). Overall, it

could be interesting to evaluate how the receptor alone or in the presence of its apoptotic (i.e., membrane-

bound CD95L) and nonapoptotic (i.e., metalloprotease-cleaved CD95L) ligand will contribute to the carci-

nogenic process and to decipher the molecular mechanisms responsible for switching from one signaling

complex to another one.

Importantly, our work raises the question of whether the CD95-mediated inhibition of NF-kB is a mecha-

nism only seen in oncogenesis or whether it also plays a role in more physiological processes. For instance,

B lymphocytes entering the germinal center (GC) are phenotypically characterized by the overexpression of

CD95, an observation that has been associated to the elimination of the low antigen affinity B lymphocytes

(Hennino et al., 2001). Based on our study, we hypothesize that CD95 overexpression in GC B cells could

exert a different function by controlling B cell maturation. NF-kB promotes the expression of activation-

induced cytidine deaminase (AID) (Endo et al., 2007), an enzyme responsible for the GC B cell maturation
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by initiating class switch DNA recombination (CSR) and somatic hypermutation (SHM). Interestingly, NF-

kB-dependent AID overexpression results in an auto-immune disorder (Gan et al., 2020), recapitulating fea-

tures observed in mice with a conditional loss of CD95 in B cells (Hao et al., 2008). The transcription

repressor BCL6 is involved in the development of germinal centers (GCs) and in lymphomagenesis (8).

BCL6 inhibits the expression of DNA damage checkpoint genes, to promote B-cell proliferation during

SHM and CSR of immunoglobulin genes (Phan and Dalla-Favera, 2004). Although in GC B cells CD40 stim-

ulation has been reported to stimulate NF-kB, which in turn represses BCL6 (Saito et al., 2007), we hypoth-

esize that CD95 overexpression in GC B cells might inhibit the NF-kB response in these cells and thereby

contribute to the affinity maturation of antibodies. Among 189mutations annotated in the 335-length CD95

amino acid sequence, we found a unique mutation in the C-terminal region of CD95 (Tauzin et al., 2012),

and this mutation was detected in Reed-Sternberg (H/RS) cells, derived from GC B cells (Muschen et al.,

2000). Interestingly, the H/RS patient harbored a monoallelic somatic mutation at E307 in the C-terminal

region of CD95, suggesting that similar to mutations in the CD95 DD, C-terminal mutations might exert

a dominant effect. Whether this occurs through the regulation of the NF-kB signaling remains to be

elucidated.

Limitations of the study

Combined with the study showing that CD95 expression in TNBC cells exerts an inhibitory effect on the

anti-tumor activity of NK cells, this work raises the question of whether the CD95-dependent p105 ubiqui-

tination and the downstream inhibition of NF-kB are responsible for the general increase in trafficking of

macrophages, T cells (CD4+ and CD8+), and NK cells observed in CD95 k.o. TNBCs when compared

with parental tumors or whether this mechanism accounts for a more subtle and selective effect on certain

immune cells. To decipher the set of chemo- and cytokines whose regulation by CD95 expression or CD95

loss contributes to this immune effect will be of interest too. These questions will be investigated in the

future using appropriate mouse cell lines and animal models.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cells lines

d METHOD DETAILS

B Reagents and antibodies

B Plasmids

B Chemokine quantification

B Q-PCR

B Ubiquitination

B NF-kB ELISA

B Subcellular fractionation

B Protein production and pulldown assay

B Immunoprecipitation

B BioId and proteomic analysis

B NF-kB reporter assay

B In vitro ubiquitin conjugation assays

B Protein-fragment complementation assay (PCA)

B Microarray analysis

B GSEA

d QUANTIFICATION AND STATISTICAL ANALYSIS

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.103538.
10 iScience 24, 103538, December 17, 2021

https://doi.org/10.1016/j.isci.2021.103538


ll
OPEN ACCESS

iScience
Article
ACKNOWLEDGMENTS

We thank Plateforme de Génomique, Institut Cochin Inserm U1016-CNRS UMR8104-Université de Paris for

its technical assistance with the transcriptomic analysis. We thank Dr Le Gallo Matthieu (Inserm U1242,

CLCC Eugène Marquis, Rennes) for his technical assistance in the purification of RNAs for transcriptomic

analyses. This work was supported by INCa PLBIO (PLBIO 2018-132), Ligue Contre le Cancer, Fondation

ARC, Fondation de France (Price Jean Valade), ANR PRCE (ANR-17-CE15-0027), and NIH grant

R35CA197450 to M.E.P.

AUTHOR CONTRIBUTIONS

J-P.G. and P.L. planned the experiments, conducted experiments, or analyzed data.

C.G. and E.C-J. conducted experiments or analyzed data.

M.P. and P.L. supervised the research, analyzed data, and wrote the manuscript.

DECLARATION OF INTERESTS

PL is involved in patents protecting the use of CD95 or CD95L in chronic inflammatory disorders and

cancers (WO2014118317; WO2015189236; WO2015158810; WO2015104284; WO2017149012;

WO2018130679).

Received: June 21, 2021

Revised: October 18, 2021

Accepted: November 25, 2021

Published: December 17, 2021
REFERENCES

Barnhart, B.C., Legembre, P., Pietras, E., Bubici,
C., Franzoso, G., and Peter, M.E. (2004). CD95
ligand induces motility and invasiveness of
apoptosis-resistant tumor cells. Embo J. 23,
3175–3185. https://doi.org/10.1038/sj.emboj.
7600325.

Beg, A.A., Ruben, S.M., Scheinman, R.I., Haskill,
S., Rosen, C.A., and Baldwin, A.S., Jr. (1992). I
kappa B interacts with the nuclear localization
sequences of the subunits of NF-kappa B: a
mechanism for cytoplasmic retention. Genes
Dev. 6, 1899–1913. https://doi.org/10.1101/gad.
6.10.1899.

Blok, E.J., van den Bulk, J., Dekker-Ensink, N.G.,
Derr, R., Kanters, C., Bastiaannet, E., Kroep, J.R.,
van de Velde, C.J., and Kuppen, P.J. (2017).
Combined evaluation of the FAS cell surface
death receptor and CD8+ tumor infiltrating
lymphocytes as a prognostic biomarker in breast
cancer. Oncotarget 8, 15610–15620. https://doi.
org/10.18632/oncotarget.14779.

Boro, M., and Balaji, K.N. (2017). CXCL1 and
CXCL2 regulate NLRP3 inflammasome activation
via G-protein-coupled receptor CXCR2.
J. Immunol. 199, 1660–1671. https://doi.org/10.
4049/jimmunol.1700129.

Cancer Genome Atlas, N. (2012). Comprehensive
molecular portraits of human breast tumours.
Nature 490, 61–70. https://doi.org/10.1038/
nature11412.

Carvalho, B.S., and Irizarry, R.A. (2010). A
framework for oligonucleotide microarray
preprocessing. Bioinformatics 26, 2363–2367.
https://doi.org/10.1093/bioinformatics/btq431.
Chen, L., Park, S.M., Tumanov, A.V., Hau, A.,
Sawada, K., Feig, C., Turner, J.R., Fu, Y.X.,
Romero, I.L., Lengyel, E., and Peter, M.E. (2010).
CD95 promotes tumour growth. Nature 465,
492–496. https://doi.org/10.1038/nature09075.

Christian, F., Smith, E.L., and Carmody, R.J.
(2016). The regulation of NF-kappaB subunits by
phosphorylation. Cells 5, 12. https://doi.org/10.
3390/cells5010012.

Cooper, M.A., Fehniger, T.A., Ponnappan, A.,
Mehta, V., Wewers, M.D., and Caligiuri, M.A.
(2001). Interleukin-1beta costimulates interferon-
gamma production by human natural killer cells.
Eur. J. Immunol. 31, 792–801. https://doi.org/10.
1002/1521-4141(200103)31:3<792::aid-
immu792>3.0.co;2-u.

Deng, W.G., and Wu, K.K. (2003). Regulation of
inducible nitric oxide synthase expression by
p300 and p50 acetylation. J. Immunol. 171, 6581–
6588.

DeSantis, C.E., Fedewa, S.A., Goding Sauer, A.,
Kramer, J.L., Smith, R.A., and Jemal, A. (2016).
Breast cancer statistics, 2015: convergence of
incidence rates between black and white women.
CA Cancer J. Clin. 66, 31–42. https://doi.org/10.
3322/caac.21320.

Desbarats, J., and Newell, M.K. (2000). Fas
engagement accelerates liver regeneration after
partial hepatectomy. Nat. Med. 6, 920–923.
https://doi.org/10.1038/78688.

Desbarats, J., Birge, R.B., Mimouni-Rongy, M.,
Weinstein, D.E., Palerme, J.S., and Newell, M.K.
(2003). Fas engagement induces neurite growth
through ERK activation and p35 upregulation.
Nat. Cell Biol. 5, 118–125. https://doi.org/10.
1038/ncb916 ncb916.

Endo, Y., Marusawa, H., Kinoshita, K., Morisawa,
T., Sakurai, T., Okazaki, I.M., Watashi, K.,
Shimotohno, K., Honjo, T., and Chiba, T. (2007).
Expression of activation-induced cytidine
deaminase in human hepatocytes via NF-kappaB
signaling. Oncogene 26, 5587–5595. https://doi.
org/10.1038/sj.onc.1210344.

Esposito, E., Napolitano, G., Pescatore, A.,
Calculli, G., Incoronato, M.R., Leonardi, A., and
Ursini, M.V. (2016). COMMD7 as a novel NEMO
interacting protein involved in the termination of
NF-kappaB signaling. J. Cell Physiol. 231,
152–161. https://doi.org/10.1002/jcp.25066.

Fouque, A., Debure, L., and Legembre, P. (2014).
The CD95/CD95L signaling pathway: a role in
carcinogenesis. Biochim. Biophys. Acta 1846,
130–141. https://doi.org/10.1016/j.bbcan.2014.
04.007.

Fujita, T., Nolan, G.P., Liou, H.C., Scott, M.L., and
Baltimore, D. (1993). The candidate proto-
oncogene bcl-3 encodes a transcriptional
coactivator that activates through NF-kappa B
p50 homodimers. Genes Dev. 7, 1354–1363.

Gagnoux-Palacios, L., Awina, H., Audebert, S.,
Rossin, A., Mondin, M., Borgese, F., Planas-Botey,
C., Mettouchi, A., Borg, J.P., and Hueber, A.O.
(2018). Cell polarity and adherens junction
formation inhibit epithelial Fas cell death
receptor signaling. J. Cell Biol. 217, 3839–3852.
https://doi.org/10.1083/jcb.201805071.

Gan, H., Shen, T., Chupp, D.P., Taylor, J.R.,
Sanchez, H.N., Li, X., Xu, Z., Zan, H., and Casali, P.
iScience 24, 103538, December 17, 2021 11

https://doi.org/10.1038/sj.emboj.7600325
https://doi.org/10.1038/sj.emboj.7600325
https://doi.org/10.1101/gad.6.10.1899
https://doi.org/10.1101/gad.6.10.1899
https://doi.org/10.18632/oncotarget.14779
https://doi.org/10.18632/oncotarget.14779
https://doi.org/10.4049/jimmunol.1700129
https://doi.org/10.4049/jimmunol.1700129
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/nature11412
https://doi.org/10.1093/bioinformatics/btq431
https://doi.org/10.1038/nature09075
https://doi.org/10.3390/cells5010012
https://doi.org/10.3390/cells5010012
https://doi.org/10.1002/1521-4141(200103)31:3&lt;792::aid-immu792&gt;3.0.co;2-u
https://doi.org/10.1002/1521-4141(200103)31:3&lt;792::aid-immu792&gt;3.0.co;2-u
https://doi.org/10.1002/1521-4141(200103)31:3&lt;792::aid-immu792&gt;3.0.co;2-u
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref10
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref10
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref10
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref10
https://doi.org/10.3322/caac.21320
https://doi.org/10.3322/caac.21320
https://doi.org/10.1038/78688
https://doi.org/10.1038/ncb916 ncb916
https://doi.org/10.1038/ncb916 ncb916
https://doi.org/10.1038/sj.onc.1210344
https://doi.org/10.1038/sj.onc.1210344
https://doi.org/10.1002/jcp.25066
https://doi.org/10.1016/j.bbcan.2014.04.007
https://doi.org/10.1016/j.bbcan.2014.04.007
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref17
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref17
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref17
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref17
http://refhub.elsevier.com/S2589-0042(21)01509-1/sref17
https://doi.org/10.1083/jcb.201805071


ll
OPEN ACCESS

iScience
Article
(2020). B cell Sirt1 deacetylates histone and non-
histone proteins for epigenetic modulation of
AID expression and the antibody response. Sci.
Adv. 6, eaay2793. https://doi.org/10.1126/sciadv.
aay2793.

Garban, H.J., and Bonavida, B. (2001). Nitric oxide
inhibits the transcription repressor Yin-Yang 1
binding activity at the silencer region of the Fas
promoter: a pivotal role for nitric oxide in the up-
regulation of Fas gene expression in human
tumor cells. J. Immunol. 167, 75–81.

Gillessen, S., Naumov, Y.N., Nieuwenhuis, E.E.,
Exley, M.A., Lee, F.S., Mach, N., Luster, A.D.,
Blumberg, R.S., Taniguchi, M., Balk, S.P., et al.
(2003). CD1d-restricted T cells regulate dendritic
cell function and antitumor immunity in a
granulocyte-macrophage colony-stimulating
factor-dependent fashion. Proc. Natl. Acad. Sci. U
S A 100, 8874–8879. https://doi.org/10.1073/
pnas.1033098100.

Grundstrom, S., Anderson, P., Scheipers, P., and
Sundstedt, A. (2004). Bcl-3 and NFkappaB p50-
p50 homodimers act as transcriptional repressors
in tolerant CD4+ T cells. J. Biol. Chem. 279, 8460–
8468. https://doi.org/10.1074/jbc.M312398200.

Hao, Z., Duncan, G.S., Seagal, J., Su, Y.W., Hong,
C., Haight, J., Chen, N.J., Elia, A., Wakeham, A.,
Li, W.Y., et al. (2008). Fas receptor expression in
germinal-center B cells is essential for T and B
lymphocyte homeostasis. Immunity 29, 615–627.

Hara, T., Kamura, T., Kotoshiba, S., Takahashi, H.,
Fujiwara, K., Onoyama, I., Shirakawa, M.,
Mizushima, N., and Nakayama, K.I. (2005). Role of
the UBL-UBA protein KPC2 in degradation of p27
at G1 phase of the cell cycle. Mol. Cell Biol. 25,
9292–9303. https://doi.org/10.1128/MCB.25.21.
9292-9303.2005.

Hennino, A., Berard, M., Krammer, P.H., and
Defrance, T. (2001). FLICE-inhibitory protein is a
key regulator of germinal center B cell apoptosis.
J. Exp. Med. 193, 447–458.

Hoogwater, F.J., Nijkamp, M.W., Smakman, N.,
Steller, E.J., Emmink, B.L., Westendorp, B.F.,
Raats, D.A., Sprick, M.R., Schaefer, U., Van Houdt,
W.J., et al. (2010). Oncogenic K-Ras turns death
receptors into metastasis-promoting receptors in
human and mouse colorectal cancer cells.
Gastroenterology 138, 2357–2367. https://doi.
org/10.1053/j.gastro.2010.02.046.

Kang, S.M., Tran, A.C., Grilli, M., and Lenardo,
M.J. (1992). NF-kappa B subunit regulation in
nontransformed CD4+ T lymphocytes. Science
256, 1452–1456.

Kischkel, F.C., Hellbardt, S., Behrmann, I.,
Germer, M., Pawlita, M., Krammer, P.H., and
Peter, M.E. (1995). Cytotoxicity-dependent APO-
1 (Fas/CD95)-associated proteins form a death-
inducing signaling complex (DISC) with the
receptor. Embo J. 14, 5579–5588.

Kleber, S., Sancho-Martinez, I., Wiestler, B.,
Beisel, A., Gieffers, C., Hill, O., Thiemann, M.,
Mueller, W., Sykora, J., Kuhn, A., et al. (2008). Yes
and PI3K bind CD95 to signal invasion of
glioblastoma. Cancer Cell 13, 235–248. https://
doi.org/10.1016/j.ccr.2008.02.003.

Kravtsova-Ivantsiv, Y., and Ciechanover, A. (2015).
The ubiquitin-proteasome system and activation
of NF-kappaB: involvement of the ubiquitin ligase
12 iScience 24, 103538, December 17, 2021
KPC1 in p105 processing and tumor suppression.
Mol. Cell Oncol. 2, e1054552. https://doi.org/10.
1080/23723556.2015.1054552.

Kravtsova-Ivantsiv, Y., Shomer, I., Cohen-Kaplan,
V., Snijder, B., Superti-Furga, G., Gonen, H.,
Sommer, T., Ziv, T., Admon, A., Naroditsky, I.,
et al. (2015). KPC1-mediated ubiquitination and
proteasomal processing of NF-kappaB1 p105 to
p50 restricts tumor growth. Cell 161, 333–347.
https://doi.org/10.1016/j.cell.2015.03.001.

Leek, J.T., Johnson, W.E., Parker, H.S., Jaffe, A.E.,
and Storey, J.D. (2012). The sva package for
removing batch effects and other unwanted
variation in high-throughput experiments.
Bioinformatics 28, 882–883. https://doi.org/10.
1093/bioinformatics/bts034.

Legembre, P., Barnhart, B.C., Zheng, L., Vijayan,
S., Straus, S.E., Puck, J., Dale, J.K., Lenardo, M.,
and Peter, M.E. (2004). Induction of apoptosis and
activation of NF-kappaB by CD95 require
different signalling thresholds. EMBO Rep. 5,
1084–1089. https://doi.org/10.1038/sj.embor.
7400280.

Liberzon, A., Birger, C., Thorvaldsdottir, H.,
Ghandi, M., Mesirov, J.P., and Tamayo, P. (2015).
The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 1,
417–425. https://doi.org/10.1016/j.cels.2015.12.
004.

Lin, D., Lei, L., Liu, Y., Zhang, Y., Hu, B., Bao, G.,
Song, Y., Jin, Z., Liu, C., Mei, Y., et al. (2016).
Membrane IL1alpha inhibits the development of
hepatocellular carcinoma via promoting T- and
NK-cell activation. Cancer Res. 76, 3179–3188.
https://doi.org/10.1158/0008-5472.CAN-15-
2658.

Malleter, M., Tauzin, S., Bessede, A., Castellano,
R., Goubard, A., Godey, F., Leveque, J., Jezequel,
P., Campion, L., Campone, M., et al. (2013).
CD95L cell surface cleavage triggers a
prometastatic signaling pathway in triple-
negative breast cancer. Cancer Res. 73, 6711–
6721. https://doi.org/10.1158/0008-5472.CAN-
13-1794.

May, M.J., and Ghosh, S. (1997). Rel/NF-kappa B
and I kappa B proteins: an overview. Semin.
Cancer Biol. 8, 63–73. https://doi.org/10.1006/
scbi.1997.0057.

Muschen, M., Re, D., Brauninger, A., Wolf, J.,
Hansmann, M.L., Diehl, V., Kuppers, R., and
Rajewsky, K. (2000). Somatic mutations of the
CD95 gene in Hodgkin and Reed-Sternberg cells.
Cancer Res. 60, 5640–5643.

Nik-Zainal, S., Davies, H., Staaf, J., Ramakrishna,
M., Glodzik, D., Zou, X., Martincorena, I.,
Alexandrov, L.B., Martin, S., Wedge, D.C., et al.
(2016). Landscape of somatic mutations in 560
breast cancer whole-genome sequences. Nature
534, 47–54. https://doi.org/10.1038/nature17676.

O’ Reilly, L.A., Tai, L., Lee, L., Kruse, E.A., Grabow,
S., Fairlie, W.D., Haynes, N.M., Tarlinton, D.M.,
Zhang, J.G., Belz, G.T., et al. (2009). Membrane-
bound Fas ligand only is essential for Fas-induced
apoptosis. Nature 461, 659–663. https://doi.org/
10.1038/nature08402.

Penke, L.R., Speth, J.M., Dommeti, V.L., White,
E.S., Bergin, I.L., and Peters-Golden, M. (2018).
FOXM1 is a critical driver of lung fibroblast
activation and fibrogenesis. J. Clin. Invest. 128,
2389–2405. https://doi.org/10.1172/JCI87631.

Perrella, M.A., Pellacani, A., Wiesel, P., Chin, M.T.,
Foster, L.C., Ibanez, M., Hsieh, C.M., Reeves, R.,
Yet, S.F., and Lee, M.E. (1999). High mobility
group-I(Y) protein facilitates nuclear factor-
kappaB binding and transactivation of the
inducible nitric-oxide synthase promoter/
enhancer. J. Biol. Chem. 274, 9045–9052.

Peter, M.E., Hadji, A., Murmann, A.E., Brockway,
S., Putzbach, W., Pattanayak, A., and Ceppi, P.
(2015). The role of CD95 and CD95 ligand in
cancer. Cell Death Differ. 22, 549–559. https://
doi.org/10.1038/cdd.2015.3.

Phan, R.T., and Dalla-Favera, R. (2004). The BCL6
proto-oncogene suppresses p53 expression in
germinal-centre B cells. Nature 432, 635–639.
https://doi.org/10.1038/nature03147.

Poissonnier, A., Sanseau, D., Le Gallo, M.,
Malleter, M., Levoin, N., Viel, R., Morere, L.,
Penna, A., Blanco, P., Dupuy, A., et al. (2016).
CD95-Mediated calcium signaling promotes T
helper 17 trafficking to inflamed organs in lupus-
prone mice. Immunity 45, 209–223. https://doi.
org/10.1016/j.immuni.2016.06.028.

Poissonnier, A., Guegan, J.P., Nguyen, H.T.,
Best, D., Levoin, N., Kozlov, G., Gehring, K.,
Pineau, R., Jouan, F., Morere, L., et al. (2018).
Disrupting the CD95-PLCgamma1 interaction
prevents Th17-driven inflammation. Nat. Chem.
Biol. 14, 1079–1089. https://doi.org/10.1038/
s41589-018-0162-9.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Lamin A antibody Santa Cruz Cat.# sc-20680; RRID: AB_648148

KPC1 antibody Santa Cruz Cat.# sc-101122; RRID: AB_2182272

KPC2 antibody Abcam Cat.# ab177519

Anti-Flag (clone M2) antibody Sigma Aldrich Cat.# F1804; RRID: AB_262044

Anti-b Actin (clone AC-74) antibody Sigma Aldrich Cat.#A5316; RRID:AB_476743

Anti-a Tubulin (clone DM1A) antibody Sigma Aldrich Cat.# T6199; RRID:AB_477583

Anti-HA.11 antibody Biolegend Cat.# 901513; RRID:AB_2565335

Anti-tag V5 antibody ThermoFisher. Cat.# R960-25; RRID:AB_2556564

Anti-tag GST antibody ThermoFisher Cat.# CAB4169; RRID:AB_10709998

Anti-phospho-IkBa Ser32 antibody Cell Signaling Technology Cat.# 2859; RRID:AB_561111

Anti-IkBa antibody Cell Signaling Technology Cat.# 4814; RRID:AB_390781

Anti-phospho-IKK Ser176/177 antibody Cell Signaling Technology Cat.# 2078; RRID:AB_2079379

Anti-IKKa antibody Cell Signaling Technology Cat.#11930; RRID:AB_2687618

Anti-phospho-p65 Ser536 antibody Cell Signaling Technology Cat.# 3033; RRID:AB_331284

Anti-p65 antibody Cell Signaling Technology Cat.# 8242; RRID:AB_10859369

Anti-p105/p50 antibody Cell Signaling Technology Cat.#12540; RRID:AB_2687614

Anti-p27 antibody Cell Signaling Technology Cat.#3686; RRID:AB_2077850

Anti-CD95 mAb Cell Signaling Technology Cat.# 4233; RRID:AB_2100359

Anti-CD95 mAb (clone APO1-3) Enzo Cat.#ALX-805-020-C100; RRID:AB_2051388

Bacterial and virus strains

BL21 E.coli strain. New England Biolabs Cat.#C2530H

Chemicals, peptides, and recombinant proteins

recombinant human p105 Novus Biologicals Cat.#H00004790

ubiquitin activating enzyme E1 Enzo Life Sciences Cat.#BML-UW9410-0050

E2 UbcH5c Enzo Life Sciences Cat.#BML-UW9070-0100

Biotinylated Ubiquitin Enzo Life Sciences Cat.#BML-UW8705-0100

RPMI 1640 medium Fisher Scientific Cat.# 10040CM

Fetal bovine serum (FBS) Sigma-Aldrich Cat.# 14009C

L-glutamine Fisher Scientific Cat.# 25-005CI

Penicillin/Streptomycin Fisher Scientific Cat.# 30-002-CI

Propidium iodide Sigma-Aldrich Cat.# P4864

Bovine serum albumin Sigma-Aldrich Cat.# A7906

Puromycin Sigma-Aldrich Cat.# P9620

MG132 Sigma-Aldrich Cat.# M7449

Biotin Sigma-Aldrich Cat.# B4639

G418 Sigma-Aldrich Cat.# G8168

N-Ethylmaleimide (NEM) Pierce Cat.# 23030

Polybrene Sigma-Aldrich Cat.# H9268

Lipofectamine 3000 Thermo Fisher Scientific Cat.# L3000015

Trypan blue solution Lonza Cat.# 17-942-E

Normal buffered formalin VWR Cat.# 16004-128

DNAse Set Qiagen Cat.# 79254

(Continued on next page)
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ECL revelblot Ozyme Cat.# OZYB001-5000

isopropyl b-D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich Cat.#I5502

phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Cat.#11359061001

Inorganic pyrophosphatase Sigma Aldrich Cat.#I1643

Coomassie Brilliant Blue

Coelenterazine-h Promega Cat.#S2011

Critical commercial assays

NucleoSpin RNA Kit Macherey-Nagel Cat.#740955.50

high-capacity cDNA reverse transcription kit Thermo Fisher Scientific Cat.#4368814

SYBR Green PCR Master Mix Applied Biosystems Cat.#A46109

Nuclear Extract kit Active Motif Cat.#78833

TransAM NF-kB Family kit Active Motif Cat.#43296

Proteome Profiler Human XL Cytokine array R&D Systems Cat.#ARY022B

EnGen sgRNA Synthesis kit NEB Cat.#E3322S

RNA clean and concentrator Zymo Research Cat.#R1013

EnGen Cas9 NLS protein NEB Cat.#M0646T

Quantikine ELISA kits human GM-CSF (CSF2) R&D Systems Cat.#DGM00

Quantikine ELISA kits human M-CSF (CSF1) R&D Systems Cat.#DMC00B

Quantikine ELISA kits human CXCL1 R&D Systems Cat.#DGR00B

Quantikine ELISA kits human IL1a R&D Systems Cat.# DLA50

Quantikine ELISA kits human IL1b R&D Systems Cat.# DLB50

Glutathione-Sepharose affinity columns Sigma Aldrich Cat.# GE17-5130

Anti-V5-agarose beads Sigma Aldrich Cat.#A7345

Anti-Flag M2 beads Sigma Aldrich Cat.#M8823

Protein A magnetic beads Life Technologies Cat.#10002D

High-Capacity Streptavidin Agarose beads Pierce Cat.#20357

Luciferase cell culture lysis buffer Promega Cat.#E1531

Luciferase assay system Promega Cat.#E1500

Deposited data

RNAseq data of the combined analysis of 4T1

and MDA-MB-231 wt and CD95 k.o cell lines

Legembre Lab GEO: GSE172215

BirA data have been deposited in

ProteomeXchange Consortium via the PRIDE

partner repository

Legembre Lab PXD027196

Raw data from immunoblots were deposited

on Mendeley at https://data.mendeley.com/

datasets/c5fgwrsrbg/draft?a=c94017bb-

ddc8-4abf-8208-290cea7ba959.

Legembre Lab

Experimental models: Cell lines

4T1 cell line ATCC (Molsheim Cedex, France)

MDA-MB-231 cell line ATCC (Molsheim Cedex, France)

HEK/293T ATCC (Molsheim Cedex, France)

Oligonucleotides

All primers were from Eurogentec, Liège,

Belgium IDT, Leuven, Belgium

Human CSF1 AAGAGACCCTGCCCTACCTG N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human CSF1 AGCCGACCCTCACTTTCC N/A

Human IL1B ATGATGGCTTATTACAGTGGCAA N/A

Human IL1B GTCGGAGATTCGTAGCTGGA N/A

Human CSF2 AGAAATGTTTGACCTCCAGGA N/A

Human CSF2 TTGCACAGGAAGTTTCCG N/A

Human IL1A AACCAGTGCTGCTGAAGGA N/A

Human IL1A TTCTTAGTGCCGTGAGTTTCC N/A

Human CXCL1 CGAAAAGATGCTGAACAGTGA N/A

Human CXCL1 GCCTCTGCAGCTGTGTCTC N/A

Complete description of primers in Table S6

Recombinant DNA

For all CD95 constructs, the numbering takes

into consideration the subtraction of the 16

amino-acid signal peptide sequence.

pcDNA3.1-PS-HA-hCD95(1-319) Poissonnier et al. (2018), Nat Chem Biol.

pMCS-BioID2-HA Addgene Cat.#74224

PX459-V2 Addgene Cat.#62988

HA-Ubiquitin Addgene Cat.#18712

pHAGE NF-kB-TA-LUC-UBC-GFP-W Addgene Cat.#49343

KPC2-hRluc-F[2]-pcDNA3.1(+) Legembre Lab N/A

p65-hRluc-F[2]-pcDNA3.1(+) Legembre Lab N/A

CD95(303-319)-hRluc-F[2]-pcDNA3.1(+) Legembre Lab N/A

CD95(303-319)-hRluc-F[1]-pcDNA3.1(+) Legembre Lab N/A

CD95(211-303)-hRluc-F[1]-pcDNA3.1(+) Legembre Lab N/A

CD95(175-210)-hRluc-F[1]-pcDNA3.1(+) Legembre Lab N/A

CD95(1-319)-hRluc-F[1]-pcDNA3.1(+) Legembre Lab N/A

pGEX4T1-KPC2 Legembre Lab N/A

pGEX4T1-p65(1-307) Legembre Lab N/A

pGEX6P1-V5-CD95(175-319) Legembre Lab N/A

pGEX6P1-V5-CD95(211-303) Legembre Lab N/A

pGEX6P1-V5-CD95(175-210) Legembre Lab N/A

pGEX6P1-V5-CD95(303-319) Legembre Lab N/A

pLENTI6-Flag KPC1 Legembre Lab N/A

pLENTI6-Flag KPC2 Legembre Lab N/A

pLENTI6-Flag p65 Legembre Lab N/A

pLENTI6-Flag p105 Legembre Lab N/A

pLENTI6-Flag p65 (1-307) Legembre Lab N/A

pLENTI6-Flag p65 (307-551) Legembre Lab N/A

Complete description of vectors in Table S7

Software and algorithms

NovoExpress Agilent https://www.agilent.com/en/product/

research-flow-cytometry/flow-cytometry-

software/novocyte-novoexpress-software-

1320805

Prism Software Graphpad Software https://www.graphpad.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Scanner LAS-4000 imager Fujifilm

Novocyte cytometer ACEA Biosciences

TECAN infinite 200 PRO plate reader Tecan, Männedorf, Switzerland
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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, Patrick Legembre (Patrick.legembre@inserm.fr)
Materials availability

Plasmids and cell lines will be provided upon request.

Data and code availability

Sequencing data have been deposited in the GEO database :GSE172215.

Proteomic data has been deposited to the ProteomeXchange via the PRIDE partner repository:

PXD027196.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells lines

All cells were purchased from ATCC (Molsheim Cedex, France). The 4T1 cell line was cultured in RPMI sup-

plemented with 8% heat-inactivated FCS (v/v) and 2 mM L-glutamine at 37�C and 5% CO2. HEK/293T and

MDA-MB-231 cells were cultured at 37�C and 5% CO2 in DMEM supplemented with 8% heat-inactivated

FCS and 2 mM L-glutamine.
METHOD DETAILS

Reagents and antibodies

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich

(L’Isle-d’Abeau-Chesnes, France). Antibodies against phospho-IkBa Ser32 (#2859), IkBa (#4814), phos-

pho-IKK Ser176/177 (#2078), IKKa (#11930), phospho-p65 Ser536 (#3033), p65 (#8242), p105/p50 (#12540),

p27 (#3686) were purchased from Cell Signaling Technology. Antibodies against Lamin A (sc-20680) and

KPC1 (sc-101122) were from Santa Cruz. KPC2 antibody was purchased from Abcam (ab177619) and anti-

bodies against Flag (clone M2) and a-Tubulin (clone DM1A) were from Sigma Aldrich. Anti-HA.11 antibody

was purchased from Biolegend and antibodies against V5 and GST tags were from ThermoFisher.
Plasmids

For all CD95 constructs, the numbering takes into consideration the subtraction of the 16 amino-acid signal

peptide sequence. The vector PS-HA-hCD95(1-319) encodes the CD95 signal peptide followed by the hu-

man influenza hemagglutinin (HA) tag in frame with CD95 full length and GFP. Plasmids encoding the

different CD95 mutants were previously described (Poissonnier et al., 2016). For all the constructs except

the CD95(303-319) plasmids, we amplified the ORF genes by PCR and cloned them using the Gibson As-

sembly protocol (NEB). For the CD95 (303-319) plasmids, we directly ligated duplexed primers into the

plasmid. The primers used for PCR are listed below. V5-tagged GST was generated by inserting between

BamHI and EcoRI sites of pGEX6P1 the annealed V5 tag (GKPIPNPLLGLDST) using primers:
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GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACG and CGTAGAATCGAGACCGAGGA-

GAGGGTTAGGGATAGGCTTACC. For BioID experiments, wildtype or truncated CD95 sequence was ex-

tracted either from 5UTR-SP-HA-CD95 wt (1-319)-eGFP peGFP-N1 or 5’UTR-SP-HA-CD95 wt (1-175)-eGFP

peGFP-N1 by NdeI and SmaI and inserted into the NdeI and AfeI sites of pMCS-BioID2-HA (Addgene

#74224). The plasmid encoding the CD95 transmembrane domain fused in frame to the BirA was created

by inserting the following annealed primers into the EcoRI and BamHI site of pMCS-BioID2-HA:

AATTCTTGGGGTGGCTTTGTCTTCTTCTTTTGCCAATTCCACTAATTGTTTGGGTGG and GATCCCACC-

CAAACAATTAGTGGAATTGGCAAAAGAAGAAGACAAAGCCACCCCAAG. All primers were purchased

from Eurogentec (Liège, Belgium).

The following sgRNA sequences were cloned within PX459-V2 plasmid and then transfected with lipofectamine

3000 in HEK/293T, 4T1 and MDA-MB231 cells to generate cell lines deficient for CD95 or CD95L according to

manufacturer’s instructions. sgRNA sequences target human CD95, 50CACCGAGGGCTCACCAGA

GGTAGGA3’ (Fwd), 50AAACTCCTACCTCTGGTGAGCCCTC3’ (Rev); mouse CD95 50CACCGCTGCAGACA

TGCTGTGGATC3’ (Fwd), 50AAACGATCCACAGCATGTCTGCAGC3’ (Rev); mouse CD95L 50CACCGGTAAT

TCATGGGCTGCTGCA3’ (Fwd), 50AAACTGCAGCAGCCCATGAATTACC 3’ (Rev). After transfection and puro-

mycin selection for 48 h, genome-edited cells were cloned by limited dilution. To generate KPC2 knockout cells,

sgRNA (CGGCGGCGGGATGTTCGTGC for KPC2) was synthetized in vitro using EnGen sgRNA Synthesis kit

(NEB) and purified using RNA clean and concentrator (Zymo Research). Cells were then transfected with sgRNA

and the EnGenCas9NLS protein (NEB) using Lipofectamine RNAiMAXand according tomanufacturer’s instruc-

tions. After 48 h, cells were cloned by limiting dilution. Additional vectors are listed in Table S1.

Chemokine quantification

Cells (5.105) were plated in 6-well plate and incubated for 4 days at 37�C. Media were then collected,

filtered on 0.22 mm and immediately frozen. Cytokines level were measured using either the Proteome Pro-

filer Human XL Cytokine array (R&D Systems) or Quantikine ELISA kits for dedicated cytokines (R&D Sys-

tems), according to manufacturer’s instructions.

Q-PCR

For qPCR analysis of cytokines expression, total RNA was isolated from cell lines using NucleoSpin RNA Kit

(Macherey-Nagel) and subjected to Real-Time PCR using the high-capacity cDNA reverse transcription kit

(Applied Biosystems, ThermoFisher Scientific). qPCR was performed using SYBR Green PCR Master Mix

(Applied Biosystems). Results reported as fold change was calculated using the Dct method relative to

the housekeeping gene GAPDH for Human or HPRT for mouse. Next, DDct were assessed by comparing

wildtype and KO cells. Primers purchased from Eurogentec (Angers, France) are listed in Table S2.

Ubiquitination

HEK/293T cells were transfected with plasmids encoding for Flag-p105 or Flag-p27 together with the plasmid

HA-Ubiquitin (Addgene #18712). After 24 h, cells were treated for 3 h in the presence of 20 mM of proteasome

inhibitorMG132,washed twicewith PBS and lysed in IP buffer (50mMTris pH 7.4, 150mMNaCl, 2mMEDTA, 1%

Triton X-100 and proteases inhibitor) supplemented with 5 mMof freshly added N-Ethylmaleimide (NEM). After

sonication, lysates were clarified, andFlag-taggedproteinwere precipitated using anti-FlagM2magnetic beads

(Sigma Aldrich). After several washes in IP buffer, precipitated proteins were resolved by SDS-PAGE and immu-

noblotting was performed with the indicated antibodies.

NF-kB ELISA

To quantify the level of NF-kB transcription factor activity, fractionation of MDA-MB-231 and 4T1 cells was first

performed using theNuclear Extract kit (ActiveMotif). The level of protein binding toDNA consensus sequence

was then assessed by ELISA using the TransAM NF-kB Family kit (Active Motif) according to manufacturer’s

instructions.

Subcellular fractionation

Cell lysis and immunoblot analysis were performed as described previously (Poissonnier et al., 2018). Pro-

teins were visualized by enhanced chemiluminescence using ECL revelblot (Ozyme) and scanned with LAS-

4000 imager (Fujifilm). Subcellular protein fractionation was performed using the REAP protocol as

described (Suzuki et al., 2010). Briefly, cells were washed in PBS, and resuspended in lysis buffer (PBS,
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0.1% NP-40). Lysate was centrifuged for 10 sec at 13,000 rpm and the supernatant was collected (cyto-

plasmic fraction). Pellet was then washed in lysis buffer, centrifuged for 10 sec at 13,000 rpm and the pellet

was resuspended in lysis buffer and sonicated (nuclear fraction).
Protein production and pulldown assay

GST-V5 encoding wildtype and truncated CD95, GST-KPC2 and GST-p65 (1-307) constructs were trans-

formed in BL21 E.coli strain. Bacteria were grown at 37�C in Luria Broth to an optical density of 0.8, and

protein expression was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 30�C for 4

hours. After centrifuging the cells, the pellets were resuspended in phosphate buffered saline (PBS)

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4), containing 1 mM phenylmethylsul-

fonyl fluoride (PMSF), and 0.1 mg/ml lysozyme, and cells were lysed by sonication. Cell debris was removed

by centrifugation, and the GST-fusion protein was purified using Glutathione-Sepharose affinity columns

(GE Healthcare). The proteins were finally eluted in PBS containing 20 mM glutathione (pH 8) and the con-

centration and purity assessed by SDS-PAGE using Coomassie Brilliant Blue.

100 ng of CD95 constructs (GST-V5-CD95 (175-319), GST-V5-CD95 (175-210), GST-V5-CD95 (211-303) and

GST-V5-CD95 (303-319)) and control GST-V5 were mixed with 100 ng of GST-KPC2 or GST-p65 (1-307) in IP

Buffer (25 mM Hepes, 150 mM NaCl, 2 mM EDTA and 1% Triton X100 and protease inhibitors) for 1 h at

room temperature. Anti-V5-agarose beads (Sigma Aldrich) were then added and incubated for 2 h at

4�C on rotating wheel. After 4x washes in IP buffer, the pulled-down complex was resolved by SDS-

PAGE and analyzed by immunoblotting.
Immunoprecipitation

For classical immunoprecipitations, indicated cells were washed once in phosphate-buffered saline and

lysed in IP buffer. Protein lysates were incubated overnight with 5 mL of Flag or V5 antibody-conjugated

beads (Sigma-Aldrich) or with 1 ml of p50 antibody together with 20 ml of Protein A magnetic beads (Life

Technologies). After 4 washes in IP buffer, the beads were resuspended in 2X Laemmli’s buffer and sub-

jected to immunoblotting analysis.

For immunoprecipitation of CD95 complexes, HEK/293T cells were transfected with Flag-KPC2 or Flag-

p65. After 24 h, transfected cells were lysed in Hepes Buffer (Hepes 25 mM, NaCl 150 mM, NaF 2 mM,

NaVO4 1 mM, EGTA 2 mM). Cell lysates were incubated for 2 h at 4�C with 100 ng of the different GST-

V5-CD95 constructs and then overnight at 4�C with 10 ml of Anti-V5 Agarose Beads (Sigma-Aldrich). After

extensive washing in Hepes buffer, the precipitated complex was resolved by SDS-PAGE and immunoblot-

ting was performed with the indicated antibodies.
BioId and proteomic analysis

HEK/293T cells were transfected with plasmids encoding either wild-type (CD95(WT)-BirA), CD95 devoid of

its intracellular region (CD95(1-175)-BirA) or CD95 transmembrane domain (TM-BirA) fused in frame with

BirA-R118G sequence. After 24 h, Biotin (50 mM) was incubated with cells for 16 hours. After 3 PBS washes,

cells were scraped in lysis buffer (50 mM Tris pH 7.4, 500 mM NacL, 0,4% SDS, 1 mM DTT, 2% Triton X-100

and protease inhibitors), sonicated. Cell lysate was incubated with High-Capacity Streptavidin Agarose

beads (Pierce) overnight at 4�C. Beads were washed once in 2% SDS, twice in modified RIPA buffer

(50 mM Tris pH7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% NP40), twice in TAP buffer (50 mM Hepes

pH8, 150 mM NaCl, 2 mM EDTA, 0.1% NP40, 10% glycerol) and once in PBS. Precipitated proteins were

then analyzed by immunoblotting or mass spectrometry.
NF-kB reporter assay

Indicated cell lines were transfected using lipofectamine 3000 with 3 mg of p65 reporter plasmid (pHAGE

NF-kB-TA-LUC-UBC-GFP-W plasmid from Addgene #49343). After 48 h, cells were lysed using 150 ml of

Luciferase cell culture lysis buffer (Promega) and luminescence was assessed using 96-wells white plate.

Luciferase activities were directly measured using Luciferase assay system (Promega) on TECAN infinite

200 PRO plate reader. GFP fluorescence, which is constitutively expressed by the reporter vector served

to normalize the luminescent signal according to the transfection efficiency, and the p65 activity signals

was depicted as luminescent intensity (reporter assay) / Fluorescent signal (GFP).
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In vitro ubiquitin conjugation assays

HEK/293T cells were transfected in the presence of full length or truncated (1-175) CD95 constructs. After

24 h, cells were lysed in TNET buffer (50 mM Tris pH7.4, 100 mMNaCl, 5 mM EDTA, 0,5% Triton X-100, pro-

tease inhibitors) and CD95 was immunoprecipitated using the anti-CD95 mAb APO1-3. After washes in

TNET buffer, beads were incubated in the presence of recombinant human p105 (150 ng) (Novus Biolog-

icals) for 1 h at 37�C with 50 ml of ubiquitination reaction buffer [5 mMMg-ATP solution, ubiquitin activating

enzyme E1 (100 nM, Enzo Life Sciences, Villeurbanne, France), E2 UbcH5c (2.5 mM, Enzo Life Sciences), bio-

tinylated Ubiquitin (2.5 mM, Enzo Life Sciences), 2U inorganic pyrophosphatase (Sigma Aldrich), 1 mMDTT].

The ubiquitination reaction was then stopped by the addition of 5X Laemmli buffer and samples were

resolved by SDS-PAGE.
Protein-fragment complementation assay (PCA)

HEK/293T cells were electroporated with 10 mg of DNA using BTM-830 electroporation generator (BTX Instru-

ment Division, Harvard Apparatus). 24 h after transfection, cells (106) were washed and resuspended in 100 ml

PBS placed in OptiPlate-96 (PerkinElmer, Waltham,MA, USA) in the presence or absence of indicated peptides

(50 mM) for 1 hour. Coelenterazine-h (5 mM, Sigma-Aldrich) was then injected and the Renilla luciferase activity

was assessed for the first 10 seconds using Infinite200Pro (Tecan, Männedorf, Switzerland).
Microarray analysis

RNA quality was assessed using an RNA6000 nano chip (Agilent). For each condition, 9 ng of RNA were

reverse transcribed using the Ovation PicoSL WTA System V2 (Nugen, Leek, The Netherlands). MDA-

MB-231 fragmented cDNAs were hybridized to GeneChip Human Gene 2.0 ST microarrays (Affymetrix).

4T1 fragmented cDNAs were hybridized to Clariom S mouse microarrays (Affymetrix). Hybridized microar-

rays were scanned by a GeneChip Scanner 30007G (Affymetrix). Raw data and quality-control metrics were

generated using Expression Console software (Affymetrix). Raw CELs files were read with R in order to form

two distinct ‘‘GeneFeatureSet’’ R object then normalized separately by robust multi-array averaging via rma

function from oligo R package (Carvalho and Irizarry, 2010) with the ‘‘target=core’’ option to produce sum-

maries at core gene level. Probes from the two resulting tables were mapped to corresponding gene sym-

bol using hugene20sttranscriptcluster.db and clariomsmousetranscriptcluster.db from bioconductor as

database for MDA-MB-231 and 4T1 datasets, respectively. Probes without attributed gene symbol were

discarded and duplicate gene symbol mean was calculated.

For the parent and CD95 k.o. TNBC cells differential expression analysis, the two normalized datasets were

mergedby upper case gene symbol (human gene symbol format), where resulting line containingNAwas drop-

ped and a batch correction were made by ComBat function from Surrogate Variable Analysis R package (Leek

et al., 2012). Raw and normalized data are deposited in the GEO database under accession ID GSE172215. For

the three distinct analyses, an appropriate contrast matrix reflecting the genotype of the samples, CD95 k.o or

WT was created to perform Statistical analyses using the Linear Model for Series of Arrays (lmFit) from limma R

package (Ritchie et al., 2015) following by an expended fit step with ‘‘contrasts.fit’’ function on that matrix and

the results was computed with ‘‘eBayes’’ function to make empirical Bayes statistics. For analysis of 4T1 and

MDA-MB-231 separately, genes showing a minimum of 1.5 fold change in expression and a minimum P value

of 0.05 were considered significant. For merged dataset analysis, genes showing a minimum of 1.5 fold change

in expression and a minimum P value of 0.1 were considered significant.
GSEA

Gene Set Enrichment analysis was performed by GSEA function from ClusterProfiler R (Yu et al., 2012) package

with Homo sapiens hallmark gene sets data previously collected in MSigDB R package, gene symbol translated

into entrezid using bitr function with org.Hs.eg.db and pvalue cut off was considered significant at 0.25.
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicate. The results were expressed asmeanG SD and analyzed using

unpaired and non-parametric Mann-Whitney t-test (Prism8). Statistical significance was defined as p < 0.05.
ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and is not part of a clinical trial.
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