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Abstract

Unscheduled increases in ploidy underlie defects in tissue function,
premature aging, and malignancy. A concomitant event to poly-
ploidization is the amplification of centrosomes, the main microtu-
bule organization centers in animal cells. Supernumerary
centrosomes are frequent in tumors, correlating with higher
aggressiveness and poor prognosis. However, extra centrosomes
initially also exert an onco-protective effect by activating p53-
induced cell cycle arrest. If additional signaling events initiated by
centrosomes help prevent pathology is unknown. Here, we report
that extra centrosomes, arising during unscheduled polyploidiza-
tion or aberrant centriole biogenesis, induce activation of NF-kB
signaling and sterile inflammation. This signaling requires the
NEMO-PIDDosome, a multi-protein complex composed of PIDD1,
RIPK1, and NEMO/IKKy. Remarkably, the presence of supernumer-
ary centrosomes suffices to induce a paracrine chemokine and
cytokine profile, able to polarize macrophages into a pro-
inflammatory phenotype. Furthermore, extra centrosomes increase
the immunogenicity of cancer cells and render them more suscep-
tible to NK-cell attack. Hence, the PIDDosome acts as a dual effec-
tor, able to engage not only the p53 network for cell cycle control
but also NF-kB signaling to instruct innate immunity.
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Introduction

Polyploidization, the acquisition of multiple copies of the genome, is
developmentally programmed in certain cell types found in highly
differentiated tissues such as the liver, bone marrow, or heart.

& Andreas Villunger™*™

However, ploidy increases are also a critical part of the cellular
response to both external and internal insults. Physiologic and path-
ologic conditions such as hypoxia, viral infection, or aging, can
induce polyploidization by different processes such as cell fusion or
endomitosis. (Rosenstiel et al, 2008; Lee et al, 2009; Lopez-Sanchez
et al, 2014, 2017). Polyploidy is also a characteristic alteration in
premalignant lesions that can drive genetic instability and aneu-
ploidy in tumors. According to different pan-cancer analyses, up to
37% of human cancers undergo whole-genome duplication (WGD)
during the transformation process (Zack et al, 2013; Bielski
et al, 2018). To preserve genomic integrity during genome duplica-
tion, different cell cycle checkpoints protect it (Gordon et al, 2012),
but chromosomal content is also subjected to indirect control by the
immune system. Different innate and adaptive immune effectors
contribute to recognizing and eliminating hyperploid cancer cells
(Aranda et al, 2018). Among them, natural killer (NK) cells play a
critical part in the early stages of tumor prevention, as evidenced by
the correlation of higher cancer susceptibility with defects in NK cell
function (Guerra et al, 2008; Lopez-Soto et al, 2017b). NK cell activ-
ity against tumors is independent of HLA recognition and enforced
by inflammatory cues produced by innate immune cells such as den-
dritic cells and macrophages (Maghazachi et al, 1994; Mantovani
et al, 2022). Different events associated with aneuploidy, such as ER
stress, DNA damage, or cytosolic DNA detection by the cGAS/STING
axis, have been implicated in the immunogenicity of cancer cells
after unscheduled polyploidization (Ishikawa & Barber, 2008; Seno-
villa et al, 2012; Santaguida et al, 2017). However, it is presently
unclear whether integral aspects of polyploidization itself could be
responsible for the increased immune recognition of these cells.

A hallmark of polyploidization is the concomitant increase of
centrosome number. In mammalian cells, centrosomes act as
microtubule organizing centers (MTOCs) that orchestrate mitotic
spindle formation, ciliogenesis, or immune synapse formation in
effector cells (Tanos et al, 2013; Yi et al, 2013; Ritter et al, 2015;
Dieckmann et al, 2016; Nigg & Holland, 2018). Centrosomes com-
prise two centrioles, defined as mature and immature, assembled
in a cloud of pericentriolar matrix proteins that allows microtu-
bule nucleation. Centrosome amplification is a common feature of
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many solid and hematological tumors that correlates with their
aggressiveness (D’Assoro et al, 2002; Nigg, 2006; Chan, 2011).
Centrosome amplification can lead to chromosome missegregation
and promote chromosomal instability (CIN) and aneuploidy
(D’Assoro et al, 2002; Ganem et al, 2009; Silkworth et al, 2009).
Moreover, extra centrosomes have been proposed to increase the
metastatic potential of tumor cells, facilitating paracrine invasion
(Godinho et al, 2014; Arnandis et al, 2018; Ganier et al, 2018;
LoMastro & Holland, 2019). In mice and flies, centrosome amplifi-
cation by overexpression of Polo-like kinase 4 (PLK4), a key-
regulator of centriole biogenesis, suffices to induce spontaneous
tumors with complex karyotypes that resemble those observed in
humans (Basto et al, 2008; Coelho et al, 2015; Levine
et al, 2017). These reports suggest that extra centrosomes can be
active drivers of tumorigenesis and not just a consequence of the
transformation process.

Nonetheless, supernumerary centrosomes can also initially exert
anti-oncogenic effects. During early transformation, (pre-)malignant
cells are subjected to intrinsic onco-suppressive mechanisms leading
to the limitation or removal of genomic abnormalities by either per-
manent cell cycle arrest (senescence) or programmed cell death.
Limited experimental evidence has been provided connecting aber-
rant centrosome number and the observed block in proliferation
(Hachet et al, 2007), but a prominent role of these structures trigger-
ing p53 pathway activation has emerged in the last decade (Holland
et al, 2012; Bazzi & Anderson, 2014; Lambrus et al, 2016). We
recently identified the PIDDosome multi-protein complex as the
missing link between extra centrosomes and the pS53 network.
The core protein of this complex, p53-induced death-domain protein
1 (PIDD1), interacts with the mature centriole distal appendage pro-
tein ANKRD26 and patrols their numbers (Burigotto et al, 2021;
Evans et al, 2021). The presence of extra centrosomes suffices to
trigger PIDDosome pathway activation, resulting in caspase-2-
dependent MDM2 cleavage, p53 stabilization, and p21-mediated cell
cycle arrest (Fava et al, 2017).

PIDDosome formation was originally described under genotoxic
stress conditions, and in this scenario, two PIDD1-containing com-
plexes with potential antagonistic functions were characterized: the
Caspase-2- and the NEMO-PIDDosome (Janssens & Tinel, 2012).
The ability of PIDD1 to ensemble these different complexes relies on
its constitutive intein-like autoproteolysis that sequentially originates
different active fragments. A first cleavage generates two halves:
PIDD1-N, with currently no clear function assigned, and PIDD1-C,
containing a C-terminal death domain (DD). Additional autocleavage
of the PIDD1-C fragment can yield a shorter C-terminal fragment,
dubbed PIDD1-CC (Tinel & Tschopp, 2004; Sladky et al, 2017).
Although PIDD1-CC recruits the dual adaptor RAIDD, needed for
caspase-2 binding and activation, PIDD1-C was proposed to interact
with receptor-interacting protein kinase 1 (RIPK1) and NF-kB essential
modulator (NEMO/IKKY) to promote NF-kB activation and facilitate
DNA repair and cell survival (Tinel et al, 2007, 2011). Further studies
reported that PIDD1 could act as a molecular switch between cell sur-
vival and death, which may be flipped by ATM phosphorylation
(Ando et al, 2012). However, despite these initial findings, the capac-
ity of PIDD1 to activate the NF-kB network and promote cell survival
could not yet be placed into a firm physiological or pathological con-
text (Bock et al, 2013; Weiler et al, 2022).
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Here, we combined RNA-sequencing, live-cell imaging, and
genome editing to establish that PIDD1 activates NF-kB in response
to supernumerary centrosomes. Moreover, we show that this
activation requires interaction with RIPK1 and NEMO and confirm
the formation of this complex in cells that fail cytokinesis. Our
results provide the first evidence that PIDD1 mediates sterile inflam-
mation in cells with extra centrosomes. This signaling can induce
macrophage polarization into a pro-inflammatory phenotype and
increases cancer cell-intrinsic immunogenicity, rendering them
more susceptible to NK cell-driven elimination. We conclude that
extra centrosomes act as signaling hubs that elicit not only cell cycle
arrest but also auto- and paracrine inflammatory responses, placing
the NEMO-PIDDosome next to other inflammasomes in its ability to
instruct innate immunity.

Results

Polyploidization elicits an NF-kB-driven transcriptional program
and sterile inflammation

To gain insight into the potential consequences of unscheduled
polyploidization, we analyzed the transcriptional profile of cells
undergoing cytokinesis failure. For this aim, primary mouse
embryonic fibroblasts (MEF) were treated with the Aurora kinase
inhibitor ZM447439 (referred to as ZM hereafter) and subjected to
3’ mRNA sequencing, comparing ZM vs. DMSO treatments. Aurora
kinase inhibition induced a significant number of differentially
expressed genes (DEGs), most of which presented recognizable
binding motifs for RELA and/or p53 in their promoter region
(Fig 1A and B). Further prediction analysis performed using the
TRRUST database (transcriptional regulatory relationships unra-
veled by sentence-based text mining) also suggested that in addi-
tion to TP53, RELA, and NFkBI, other transcription factors
involved in cell cycle regulation, such as E2F1, E2F3, E2F4, as well
as STAT1 and STAT2, the latter two tightly related to innate
immune responses, were likely regulating the DEGs in ZM treated
MEF (Fig EV1A).

We explored the magnitude of transcriptional changes by
performing gene set enrichment analysis (GSEA) and observed that
genes related to NF-kB, p53, and inflammatory responses were con-
sistently upregulated upon ZM treatment. In contrast, genes associ-
ated with G2M checkpoint and mitotic spindle regulation were
decreased, being congruent with previous work (Andreassen
et al, 2001; Ganem & Pellman, 2007; Figs 1C and EV1B). In support
of an inflammatory and immunoregulatory response, we next com-
pared the significant DEGs to a selected list of genes associated with
inflammation and the cell cycle (Fig 1D) and generated a curated
heatmap of immune system-associated genes derived from the GO
term “immune system process” enriched in our RNA-seq dataset
(Fig EV1C). In addition, gene ontology (GO) analysis of significant
DEGs pointed out that terms related to immune cell attraction were
enriched in ZM-treated cells (Fig 1E). Finally, a set of genes related
to leukocyte chemotaxis and inflammatory response was subse-
quently also validated by RT-qPCR (Fig EV1D). Taken together,
these analyses suggest that acute polyploidization induced by
Aurora kinase inhibition, next to mounting a recognizable anti-
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Figure 1. Aurora kinase inhibition elicits an inflammatory and immunoregulatory response.

Primary MEF were treated with DMSO or Aurora kinase inhibitor ZM447439 (ZM, 2 uM) for 72 h, followed by RNA isolation and mRNA-sequencing.
A Volcano plot representation of differentially expressed genes (DEGs) between ZM and DMSO treatment. Adjusted P value < 0.01 and log, FC > 1 or log, FC < —1.

m o 0O ®

Source data are available online for this figure.

proliferative response, also upregulates the NF-kB pathway and
induces signs of sterile inflammation.

PIDD1 promotes NF-kB signaling upon cytokinesis failure

NF-kB regulates multiple aspects of innate and adaptive immunity
and plays an essential role in inflammation (Karin et al, 2002;
Muthuswamy et al, 2012; Park & Hong, 2016; Taniguchi &
Karin, 2018). To substantiate our RNA-seq findings, we generated
stable A549 lung adenocarcinoma cells containing a NF-xB reporter
(A549*B) where expression of destabilized EGFP is driven by a mini-
mal CMV promoter including four NF-xB binding elements. Aiming
to exclude a possible off-target effect of Aurora inhibition unrelated
to polyploidization, cytokinesis was also perturbed by interfering

© 2023 The Authors

Pie chart of DEGs presenting consensus binding sequences for p53 and/or RELA transcription factors, in their promotor regions. Adjusted P value < 0.05.

Gene set enrichment analysis (GSEA) analysis of transcripts differentially regulated between ZM and DMSO treatment.

Curated heatmap of significant DEGs involved in inflammatory signaling or cell cycle control. Adjusted P value < 0.01 and log, FC > 1 or log, FC < —1.

Gene Ontology (GO) term analysis for significant DEGs for ZM vs DMSO stimulated cells. FDR < 0.05, adjusted P < 0.01, and cutoff values log, FC > 1 or log, FC < —1.

with actomyosin ring contraction using dihydrocytochalasin-B
(DHCB). Induction of polyploidization led to a significant increase
of NF-kB reporter activity in A549*® cells, tracked individually by
time-lapse live-cell imaging (Fig 2A; Movies EV1-EV3). These
findings prompted us to further investigate NF-xB activation using
alternative readouts in unmodified cells.

We reasoned that cytokinesis failure would define the cue driv-
ing NF-kB activation. Hence, to obtain a more readily detectable sig-
nal, A549 cells were synchronized at the G1/S phase boundary prior
to their release into DMSO or Aurora kinase inhibitor (Fig 2B). Poly-
ploid cells first appeared between 9 and 11 h after ZM treatment, as
revealed by flow cytometric DNA content analysis, when comparing
ZM- with DMSO treatment (Fig EV2A and B). Of note, degradation
of IKBa protein was found to be most pronounced between 9 and
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Figure 2. Cytokinesis failure induces NF-kB activation via PIDD1.

A

Time-lapse analysis of NF-kB-driven EGFP reporter activity in A549*® cells where cytokinesis failure was induced by treatment with ZM (2 pM) or DHCB (4 pM). Sin-
gle cells were imaged every 20 min using IncuCyte life cell imaging technology. Left, representative images of A549® cells 48 h after starting the treatment. Scale
bars: 10 pm. See also Movies EV1-EV3. Right, EGFP integrated fluorescence intensity of individually tracked cells was measured over time. Time zero was deter-
mined as the moment of cytokinesis failure (CF) of each individual cell analyzed. Dashed lines indicate the integrated EGFP intensity of the cells at time zero that
was used to calculate the fold-change over time. Solid lines indicate the mean EGFP integrated fluorescence intensity of the cells 24 h after failing cytokinesis. An
n > 10 cells per condition were followed individually in a single experiment, data points represent means + SEM.

Top, experimental design. Left, densitometric analysis of IKBa protein levels in synchronized A549 cells detected over time after release. Bars represent ZM values
normalized with respect to DMSO. n = 3 independent experiments, data represent mean values + SEM. Right, time course immunoblot analysis of synchronized
A549 cells, released in DMSO or ZM (2 uM).

Flow cytometric analysis of DNA content in A549 cells after induction of cytokinesis failure with ZM (2 M) or DHCB (4 pM) over time. Two independent
experiments were performed.

(D) Western blot analysis confirming lack of PIDD1 expression in A549 cells and (E) MDM2 processing after induction of cytokinesis failure using ZM (2 uM) for

48 h.

Live-cell imaging analysis of NF-kB EGFP-reporter activity in CRISPR-edited polyclonal A549*® cells. NF-kB activity of ZM-treated cells is represented as fold-change
with respect to their untreated counterparts (DMSO-treated cells, gray lines). n = 5 independent experiments. Error bars represent £+ SEM.

Luciferase-based reporter assay of NF-xB activity in CRISPR-edited polyclonal PIDD1-competent or —deficient A549 cells. Cells were transfected with a firefly 2x(kB)-
luciferase reporter and treated with ZM (2 pM) or DHCB (4 uM) for 48 h to induce cytokinesis failure. Luciferase activity was normalized respective a co-
transfected renilla control. n > 3 experiments, bars represent means + SEM.

Live-cell imaging analysis of NF-kB EGFP-reporter activity in CRISPR-edited polyclonal RPE1*® cells analyzed as in as in F.

Analysis of CRISPR-edited polyclonal PIDDI-competent or deficient RPEL cells, analyzed for luciferase reporter activity as in G. n > 5 experiments; bars represent

mean values + SEM.

Data information: The statistical significance was determined using two-way ANOVA; P < 0.1 (*), P < 0.001 (***), P < 0.0001 (****).

Source data are available online for this figure.

10 h after release into ZM, supporting the idea that NF-kB is acti-
vated after cytokinesis failure (Fig 2B). Likewise, a sharp increase in
p65-positive nuclei was also observed 11 h after release into ZM,
but not at earlier times (Fig EV2C and D). We previously reported
that failure in cytokinesis induces a cell cycle arrest response driven
by the PIDDosome, enabling caspase-2-mediated MDM2 processing
and p53 stabilization. Analysis of MDM2 protein levels showed a
detectable accumulation of its cleavage product starting around
13 h after release into ZM (Fig 2B), in agreement with previous
observations (Fava et al, 2017). Altogether, our findings suggest an
orchestrated and potentially sequential activation of NF-kB and p53
signaling pathways in cells failing cytokinesis that motivated us to
investigate the role PIDD1 in this process.

Cell treatment with either ZM or DHCB led to a substantial ploidy
increase that, as expected, was enhanced in PIDDI1-deficient A549
or U20S cells (Fava et al, 2017), which failed to cleave MDM2 and
reached a DNA content of 32C or more (Fig 2C-E; Appendix Fig S1).
Induction of cytokinesis failure revealed a steady increase in NF-xB-
reporter activity over time, which was indistinguishable between
both parental and CRISPR control A549*® cells but clearly reduced
in PIDD1 knockout derivatives (Fig 2F). Similar findings were
observed for ZM and DHCB treatments using a luciferase-based
NF-kB reporter assay (Fig 2G). Importantly, PIDD1-dependent
NF-xB activation was not restricted to A549 cells but also detected
in retinal pigment epithelial (RPE1) cells and U20S osteosarcoma
cells (Figs 2H and I, and EV2E-H). Two different sgRNAs targeting
PIDD1 led to the same results upon forced polyploidization, but the
lack of PIDDI did not affect canonical NF-kB activation by TNF
(Fig EV2I, K and L). We also noted that loss of caspase-2 did not
affect the induction of NF-kB after cytokinesis failure (Fig EV2J),
suggesting the involvement of alternative PIDD1 interactors. Collec-
tively, these data indicate that unscheduled increases in ploidy
induce NF-«B activation via PIDD1-dependent signaling. Nonethe-
less, the initiating cue of this response connecting PIDD1 to NF-xB
activation remained undefined at this stage.

© 2023 The Authors

PIDD1 mediates NF-kB activation in response to
supernumerary centrosomes

An inherent feature of polyploidiztion is the accumulation of super-
numerary centrosomes (Holland & Cleveland, 2009), reported by us
to activate the PIDDosome (Fava et al, 2017). Thus, we wondered
whether extra centrosomes could initiate the observed NF-kB signal-
ing. To address this question, we subjected A549*" cells to centri-
none treatment, a PLK4 inhibitor able to block centriole duplication
(Wong et al, 2015), and subsequently induced cytokinesis failure.
As shown by y-tubulin staining, centrinone treatment caused
centriole depletion in about half of cells within 24 h, without
blocking cellular ploidy increases after ZM treatment (Figs 3A and
EV3A). Live-cell imaging analysis revealed that pretreatment with
centrinone prevented a significant NF-kB activation upon cytokine-
sis failure, but had no impact on TNF-induced reporter activity
(Fig 3B). These results show that blocking centrosome duplication
blunts NF-kB-reporter activity, implying that the presence of super-
numerary centrosomes, and not the increase in ploidy, triggers
NF-«B activation in cells that fail cytokinesis.

To further explore whether centrosome amplification suffices to
promote NF-kB signaling in absence of ploidy increases, we
uncoupled these two events using a Doxycycline (Dox)-inducible
PLK4 expression system. Overexpression of PLK4 drove centrosome
amplification without altering cellular ploidy (Fig 3C) and caused
PIDDosome-dependent p53 stabilization in both U20S and A549
cells (Fig EV3B and C; Appendix Fig S2). Analysis by immunofluo-
rescence staining revealed that either cytokinesis failure or PLK4
overexpression increased centrosome numbers independently of
PIDD1 expression status (Fig EV3E; Appendix Fig S2). Interestingly,
supernumerary centrosomes significantly increased NF-xB activa-
tion in U20S""* control cells but had no such effect on PIDD1-
deficient derivatives (Fig 3D). These results were comparable to
those observed upon induction of cytokinesis failure with DHCB
(Fig 3D). To corroborate this finding, we additionally tested PLK4
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Figure 3. PIDD1 mediates NF-kB activation in response to supernumerary centrosomes.$

A Representative immunofluorescence images of y-tubulin staining to mark and enumerate centrosomes (Fig EV3A) in A549*® reporter cells. Cells were pre-treated for
24 h with centrinone (125 nM) or solvent control (DMSO) and cultured further in medium either containing DMSO or ZM to promote cytokinesis failure. Size bar:

10 pM.

B Cells treated as indicated in A were analyzed for NF-kB-driven EGFP-reporter activation by IncuCyte live-cell imaging. Left, representative pictures of live-cell imaging
NF-xB activation after treatment with DMSO, ZM (2 pM, 48 h) or TNF (20 ng/ml, 24 h). Size bar: 20 pm. Right, EGFP MFI quantification of ZM-treated cells was plot-
ted as fold-change expression relative to DMSO-treated controls. Data points represent means of n = 4 biological replicates + SEM.

C Left, representative immunofluorescence images of supernumerary centrosomes originated from Dox-inducible PLK4 overexpression in CRISPR-edited polyclonal
U20SP“ cells. Size scale bar: 10 um. Right, representative cell cycle profiles of U20S”* control and PIDD1-deficient cells.

D Luciferase reporter assay of NF-kB activity in CRISPR-edited polyclonal PIDD1-competent or —deficient U20S™ cells treated with DHCB (4 uM, 48 h) or Dox (1 ug/

ml, 72 h). n > 6 independent experiments; mean values + SEM.

E Live-cell imaging analysis of NF-kB EGFP-reporter activity in CRISPR-edited polyclonal PIDD1-competent or -deficient U20S*®""*** and A549*5""t** cells. NF-kB activity
of ZM, Dox or TNF-treated cells is represented as fold-change with respect to their untreated counterparts. Bars represent means of n = 5 independent

experiments + SEM.

F Representative immunofluorescence images of A549 cells co-stained with the indicated antibodies and documenting PIDD1 localization at centrosomes. Scale bars:

10 pm.

G Luciferase reporter analysis of NF-kB activity in CRISPR-edited SCLT1- competent or —deficient A549 cells. Luciferase activity was normalized to renilla control. n = 3

independent experiments; mean values + SEM.

Data information: The statistical significance was determined using two-way ANOVA; P < 0.001 (***), P < 0.0001 (****).

Source data are available online for this figure.

overexpression in combination with the NF-kB EGFP reporter in our
PIDDI-proficient or -deficient cell lines. Analysis of U20S*5P-X4 and
A549"B LK showed that although extra centrosomes wired cells
toward NF-kB activation, this effect was repressed in PIDDI KO cell
lines (Fig 3E). Of note, TNF-induced stimulation did not depend on
PIDD1, indicating a similar ability to activate NF-«B in its absence
(Fig 3E). Altogether, our data strongly indicate that the appearance
of extra centrosomes suffices to trigger a PIDD1-mediated signal that
activates the NF-kB network.

We and others have previously reported that Caspase-2-
PIDDosome activation depends on PIDD1 recruitment to mother
centrioles via the peripheral distal appendage protein ANKRD26
(Fava et al, 2017; Burigotto et al, 2021; Evans et al, 2021). Previous
work establishing a hierarchy for centriolar distal appendage protein
assembly determined that ANKRD26 recruitment occurs down-
stream of SCLT1 (Tanos et al, 2013; Bowler et al, 2019). Hence, we
corroborated the presence of PIDD1 at centrosomes in either diploid
or induced polyploid cells (Fig 3F) and investigated whether SCLT1
deficiency would compromise NF-kB signaling. Taking advantage of
previously characterized SCLT1-deficient A549 cells (Burigotto
et al, 2021), we observed that SCLT1 depletion abrogated NF-«xB
transcriptional activity in response to perturbing cytokinesis using
ZM or DHCB (Fig 3G). These data indicate that PIDD1 recruitment
to distal appendages is necessary to promote NF-kB activity upon
centrosome accumulation, similar to its need for mounting a p53
response.

Finally, we wondered whether alternative effects induced by our
treatments could be contributing to the NF-«kB activity observed.
With this aim, we turned our attention to DNA damage, a secondary
event linked to centrosome amplification (Ganem et al, 2009; Silk-
worth et al, 2009). We first examined the levels of genotoxic stress
in U20S™ cells using an early marker of DNA damage, YH2AX. In
sharp contrast to etoposide treatment, PLK4 overexpression did not
significantly increase levels of yH2AX as compared to untreated cells
(Fig EV3F). These results were also corroborated in A5497%*

cells by analyzing the number of nuclear YH2AX foci in Dox-treated
cells (Fig EV3G and H). Noteworthy, induction of cytokinesis failure
by ZM treatment caused no significant accumulation of double-
strand breaks over time, as observed by either y-H2AX immunofluo-
rescence or western blotting analysis (Fig EV3H; Appendix Fig S3).
As we could not exclude micronuclei formation during the course of
Aurora kinase inhibition, we also explored a possible contribution
of STING. Potential breakdown of micronuclei exposes self-DNA to
the cytosol, activating the cGAS/STING axis, which can promote
NF-kB signaling (Mackenzie et al, 2017). Initial analysis of STING
protein levels displayed differences among cell lines and were com-
paratively low for A549 cells. However, expression levels did not
differ between PIDD1 competent or deficient cells (Fig EV3I).
Remarkably, upon ZM treatment, STING KO cells presented a robust
induction of NF-«kB reporter activity, which was indistinguishable
from the response of parental or CRISPR control cells (Fig EV3J and
K). We conclude that neither secondary DNA damage nor that the
cGAS/STING axis exerts a significant contribution to the NF-«xB acti-
vation detected in response to PLK4 overexpression or cytokinesis
failure in our assays. Altogether, our findings not only document
that extra centrosomes are sufficient to induce NF-kB activation but
also document that this signaling is transmitted by PIDD1 and initi-
ated from extra centrosomes.

NF-kB activation by supernumerary centrosomes requires the
NEMO-PIDDosome

Based on findings by Janssen et al (Janssens et al, 2005), PIDD1 is
able to interact with the NF-xB pathway components, RIPK1 and
NEMO/IKKy under genotoxic stress conditions forming the alterna-
tive NEMO-PIDDosome (Fig 4A). Hence, we first investigated
whether the lack of these proteins would affect NF-«kB activity after
cytokinesis failure. In response to ZM or DHCB treatment, loss of
RIPK1 and NEMO significantly abrogated NF-kB activation, showing
the requirement of the NEMO-PIDDosome in this setting (Fig 4B).

SCorrection added on 11 September 2023 after first online publication: Panel E of Figure 3 has been replaced.

© 2023 The Authors
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Figure 4. Supernumerary centrosomes activate NF-kB through the NEMO-PIDDosome formation.

A Graphical representation of NEMO-PIDDosome components.

B Left, immunoblot of CRISPR-edited polyclonal RIPK1- or NEMO-deficient A549*® derivatives. Right, luciferase assay of A549 cells of indicated genotypes, treated for
48 h with either ZM (2 pM) or DHCB (4 uM). n = 4 independent experiments. Data are represented as the mean values + SEM. The statistical significance was deter-
mined using two-way ANOVA; P < 0.01 (**); P < 0.001 (***); P < 0.0001 (****).

C Representative confocal fluorescence images documenting centrosome accumulation, as identified by CEP63 staining in 293TRex-Flp-In cells. Time course analysis
was performed in cells synchronized in G1/S after a 24 h single thymidine block and released in either DMSO or ZM (2 uM). Cells were fixed at the indicated times
for IF analyses. Scale bars: 10 um.

D Different time point immunoprecipitations (IP) after release in ZM (2 pM) of endogenous RAIDD, RIPK1 and NEMO proteins in PIDD1-deficient 293-TRex-Flp-In cells
re-expressing a FLAG-tagged PIDD1-FL protein. One representative experiment out of three is shown.

E Analysis of NEMO-PIDDosome formation in PIDD1-deficient 293 TRex-Flp-In cells re-expressing different PIDD1 mutants depicted in (G). Cells were treated as in (C)
and processed for FLAG-IP 11 h after release into DMSO or ZM (2 uM). One out of two independent experiments is shown.

F 293T cells were transiently transfected with constructs allowing expression of GFP, a full length (FL) single (PIDD1-FL_FLAG) or double-tagged (HA_PIDD1-FL_FLAG)
version of PIDD1, or an HA-tagged N-terminal fragment of PIDD1 (HA_PIDD1-N). Co-immunoprecipitation was performed to probe for interaction with endogenous
RIPK1 after either anti-FLAG or anti-HA pull-down. One out of two independent experiments is shown.

G Scheme of C-terminally FLAG-tagged PIDD1 mutants used in (E) or (F) for IP analyses. Mutation of S446 and/or S588 give rise to a non-cleavable (n.c.) version of full-
length PIDD1 or PIDD1-C that cannot be processed further into PIDD1-CC, while the R815W mutation impairs the death domain in PIDD1. PIDD1-N comprises aa 1
446.

H

IP of endogenous RIPK1 protein in 293T-Trex-Flip-in cells transiently transfected with different pathogenic PIDD1 variants with a compromised DD. One out of n = 3

independent experiments is shown. Abbreviations used: Death domain (DD), Kinase Domain (KD), Zinc Finger (ZF), Leucine Rich Repeats (LRR).

Source data are available online for this figure.

Next, we assessed whether PIDD1, RIPK1, and NEMO would
physically interact in response to supernumerary centrosomes. To
address this question, we exploited inducible 293 TRex-FIp-In cells
lacking PIDDI that were reconstituted with PIDD1 carrying a C-
terminal FLAG epitope tag, that allowed us to control protein
expression and perform immunoprecipitation studies. As before, the
timing of the apparence of extra centrosomes was narrowed down
by performing confocal imaging analysis on cells released into ZM
after a single thymidine block. Staining for y-tubulin revealed that
11 h after cell cycle reentry, cells that were released into solvent
exhibited normal centrosome numbers, while most of those forced
to fail cytokinesis became polynucleated and concomitantly
acquired extra centrosomes (Fig 4C). These results were in line with
the observation of a peak in phospho-Histone H3" cells at 10-11 h,
followed by a pronounced reduction, indicative of mitotic exit of the
majority of cells (Appendix Fig S3). PIDD1 complex formation was
assessed over time by performing co-immunoprecipitation assays of
FLAG-tagged PIDD1 (Fig 4D) with endogenous protein interactors.
Using this strategy, we observed that RAIDD robustly interacted
with PIDD1 as soon as it was re-expressed (Fig 4D), suggesting that
increases in PIDD1 protein levels above a certain threshold are
likely sufficient to allow Caspase-2-PIDDosome formation. Remark-
ably, the interaction with RIPK1 gradually increased over time,
reaching a peak after 11 h that eventually vanished. Most impor-
tantly, NEMO co-elution with PIDD1 was best detectable at 11 h
post release, supporting the idea of a transient NEMO-PIDDosome
complex forming in response to the appearance of supernumerary
centrosomes (Fig 4D).

PIDD1 is constitutively cleaved at S446 and S588 giving rise to
two C-terminal fragments, PIDDI-C and PIDDI-CC (Janssens
et al, 2005; Tinel et al, 2007). Upon DNA damage, PIDD1-C interac-
tion with RIPK1, predictably via their respective death domains
(DD), was proposed to induce NEMO recruitment and activation of
NF-xB. However, this was never formally tested. Therefore, we set
out to investigate whether PIDD1 autoprocessing or homotypic DD
interactions were indeed critical in a scenario with supernumerary
centrosomes. For this purpose, we re-expressed diverse FLAG-

© 2023 The Authors

tagged PIDD1 variants in PIDDI~/~ 293 TRex-Flp-In cells and
performed co-immunoprecipitation assays at the time point of the
appearance of extra centrosomes (Fig 4E and G). Confirming our
previous observations, 11 h after the release of synchronized cells,
PIDD1-FLAG in its full-length version (FL) robustly interacted with
RAIDD, independently of the presence (ZM) or absence (DMSO) of
supernumerary centrosomes (Fig 4E). This interaction was abol-
ished when auto-processing into PIDD1-CC was compromised by
mutating S446 (PIDD1 FL n.c. and PIDD1-C n.c.). Similarly, a DD
mutation at position R815W, which is known to abrogate MDM2
cleavage (Sheikh et al, 2021), also abolished RAIDD binding
(Fig 4E). Although RAIDD interaction was constitutive, RIPK1 bind-
ing clearly depended on the presence of extra centrosomes (ZM
treatment). Notably, preventing PIDD1 autoprocessing did not block
RIPK1 recruitment, but in sharp contrast, the absence of the PIDD1
N-terminal fragment impaired RIPK1 recruitment (Fig 4E), pointing
toward a role of the N-terminus of PIDD1 in the formation of the
NEMO-PIDDosome complex. Turning our attention to NEMO, we
noted a selective interaction only when autoprocessing-competent
PIDD1 FL was expressed in the presence of supernumerary centro-
somes, indicating that the formation of the complex is tightly
regulated.

To explore the relevance of PIDD1 N-terminus in the interaction
with RIPK1, we generated an HA-tagged PIDD-N fragment
(HA-PIDD1-N) and a double-tagged version of PIDDI1-FL (HA-
PIDD1-FL-FLAG) to compare with the previously used PIDD1-FL-
FLAG construct. Co-immunoprecipitation using anti-FLAG beads
identified a similar RIPK1 interaction to either of the PIDD1 full-
length versions expressed (Fig 4F). To our surprise, HA-pull down
of the N-terminus fragment revealed that RIPK1 specifically co-
eluted with both PIDD1-FL and PIDD1-N versions, suggesting that
the PIDD1-C fragment would be dispensable for RIPK1 binding. Fur-
thermore, overexpression of different pathogenic PIDD1 mutants
with either a functionally compromised DD (R815W, G876S), a trun-
cated DD (Q863*), or a splice-acceptor mutant (SA), documented
that association with endogenous RIPK1 was not impaired (Fig 4H).
These findings challenge prior hypotheses (Janssens et al, 2005;
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Tinel et al, 2007) and reinforce the notion that PIDD1-RIPK1 DD-DD
interaction is not required or rate-limiting, but PIDDI1-N likely
assists other PIDDosome components in NEMO-PIDDosome forma-
tion. Taken together, we conclude that the NEMO-PIDDosome com-
plex is selectively forming in polyploid cells with an increase in
centrosome number and is essential for the activation of NF-kB.

Supernumerary centrosomes trigger sterile inflammation and
polarization of macrophages

In light of the relevance of PIDD1 for NF-kB activation upon cytoki-
nesis failure, we also analyzed by mRNA-sequencing the gene
expression signature of PiddI-deficient primary MEF treated with
ZM. In contrast to Pidd1-proficient MEF (Fig 1), the same analysis
carried out in Pidd1~/~ cells yielded a considerably smaller number
of DEGs (Fig EV4A). GO term analysis did not reveal any immune
or inflammatory response processes, and terms related to cell cycle
progression were not downregulated in these cells (Fig EV4B). Nota-
bly, flow cytometric analysis confirmed a higher level of ploidy in
primary PIDD1-mutant MEF when compared to wild-type controls
(Fig EV4C and D), but a comparable increase in centrosome number
between genotypes (Fig EV4F). Comparison of a set of genes related
to inflammation and immune cell chemotaxis (Ccl2, Ccl7, Cclll,
CxCl14) revealed important differences between PIDDI-proficient
and deficient MEF (Fig 5A). Some of these changes were validated
by gRT-PCR, presenting significant differences in Il6 and Ccl2 tran-
scriptional levels and an overall reduction of inflammatory gene
expression in Pidd1~/~ MEF failing cytokinesis (Fig 5B). Together,
these results suggested that PIDD1 is necessary to regulate sterile
inflammatory responses upon unscheduled polyploidization induced
by Aurora kinase inhibition.

We next investigated whether the mere presence of extra centro-
somes would induce similar transcriptional changes. For this, we
employed primary MEF from TET-Plk4 transgenic mice (Levine
et al, 2017) and induced centrosome amplification by doxycycline
treatment for 48 h. Alongside with extra centrosomes (Fig EV4E and
F), increased mRNA levels of the NF-kB target Ikba, as well as I16,
Cxcl2, and other pro-inflammatory genes, were observed (Fig EV4G).
These data pointed out that supernumerary centrosomes can elicit
an inflammatory and immunoregulatory transcriptional response.

To characterize possible paracrine effects engaging the innate
immune system, we studied the phenotype of primary bone
marrow—derived macrophages (BMDM; Fig EV4H) exposed to the
supernatant from pretreated Pidd1 competent or deficient TET-PLK4
MEF (Fig 5C). Conditioned media from cells that failed cytokinesis
after ZM treatment promoted macrophage polarization toward an
“activated” M1l-like phenotype (Fig 5D) with increased
pro-inflammatory Il6, Cxcl2 or Ccl3, among other chemokines, but
undetectable YmI mRNA expression, a hallmark of M2-like macro-
phages. Consistent with this, BMDM incubated with media from
Dox-treated cells that experience centrosome amplification also
displayed an increase in the transcript levels of these pro-
inflammatory genes (Fig 5D). These effects required PIDD1, since
media transferred from ZM or Dox-treated MEF lacking Pidd1 failed
to activate macrophages. These data show that the presence of
supernumerary centrosomes exerts a PIDD1-dependent paracrine
effect that can promote an inflammatory macrophage activation
phenotype.
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PIDD1 orchestrates immune clearance of polyploid cells after
cytokinesis failure

The transcriptional and paracrine immunoregulatory response
observed raised the possibility that supernumerary centrosomes
played a role in immunosurveillance. Inspired by the GO-term anal-
ysis of our initial RNA-seq results revealing “positive regulation of
NK cell chemotaxis” as the top hit (Fig 1E), we addressed whether
polyploid cells resulting from cytokinesis failure were targeted by
natural killer (NK) cells. To test our hypothesis, we took advantage
of the well-established human NK cell line, NK-92 (Gong et al,
1994). NK cell killing was quantified in EGFP-expressing A549 target
cells (A549%°FP) where acute polyploidization was induced by ZM
or, as an alternative measure, DHCB treatment. Mimicking the con-
ditions of our RNA-seq experiment, we removed the drug after 72 h
and established a co-culture system to monitor the interactions
between polyploid tumor cells and NK effector cells (Fig EV5A). Of
note, analysis of centrosome numbers in A549f" cells confirmed
an increase upon polyploidization that was maintained over the
entire observation period of our assay, without any signs of adapta-
tion or counter-selection (Fig EVS5B). Time-lapse microscopy
revealed that NK cells were effectively attracted to polyploid cells
and eliminated them in a period of around 18 h. This killing was
accompanied by loss of target cell integrity, pyknotic nuclei, EGFP
release, and a concomitant reduction of their fluorescence and con-
fluence (Fig 6A; Movie EV4). In this setup, polyploid A5495CFP cells
presented a significant NK cell-mediated reduction of their conflu-
ence of around 50% when compared to euploid cells derived from
DMSO treatment (Fig 6B). These data indicated that aberrant poly-
ploid cells are killed by NK-92 cells more efficiently than their
euploid counterparts.

To investigate whether this immune clearance was indeed depen-
dent on NF-xB activity, we generated RELA/B double mutant
A5495CFP cells or blocked the canonical NF-kB pathway by expressing
a dominant negative form of IkBa (Super-Repressor; SR) (Feltham
et al, 2018). In A549°R cells, ZM as well as TNF-induced reporter
activity was fully blunted, validating our system and excluding a role
for non-canonical NF-«B signaling (Fig EV5C). Compared to A5495¢""
CRISPR control cells, RELA/B depletion, as well as SR overexpres-
sion, protected ZM- or DHCB-induced polyploid cells against NK kill-
ing (Figs 6C and EV5D). Moreover, conditioned medium from ZM-
treated A549 cells increased CCL2, CXCL2 and CCL3 mRNA expres-
sion in human monocyte-derived macrophages, while supernatants
from A549°R or PIDD1 KO cells had no such effect (Fig EVSE). These
data strongly suggest that increased cellular immunogenicity upon
cytokinesis failure leans on canonical NF-«B signaling.

Next, we assessed the role of the PIDDosome in the acquired
immunogenic potential of abnormally polyploid cells. Polyploid or
euploid CRISPR control and PIDDI KO AS549%¢F" cells were co-
cultured with NK-92 cells, and their confluence was assessed by
live-cell imaging. In this setup, PIDDI1 KO cells presented decreased
immunogenicity and were not targeted as effectively as CRISPR con-
trols by NK-92 cells when rendered polyploid by ZM or DHCB treat-
ment (Figs 6D and EV5D). Of note, we did not find significant
differences among the diverse sgRNA cells in their basal prolifera-
tion rates after drug washout in the absence of NK-92 cells
(Fig EVSF). Afterward, we also addressed the contribution of the
NEMO- vs. Caspase-2-PIDDosome to immune recognition after

© 2023 The Authors
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Figure 5. Supernumerary centrosomes induce sterile inflammation and macrophage polarization.

Primary Pidd1~'~ MEF were treated for 72 h with ZM or DMSO and subjected to mRNA-sequencing analysis.

A Dot plot depicting the expression of the indicated genes related to inflammatory and immunoregulatory processes in Pidd1*"* and Pidd1~/~ MEF.

B gRT-PCR analysis to confirm upregulation of different pro-inflammatory genes in Pidd1*"* but not Pidd1~'~ MEF. Hprtl, f-actin and Gapdh were used as housekeeping
gene expression controls. n = 3 independent samples; data represent mean values £+ SEM. The statistical significance was determined using two-way ANOVA test;

P < 001 (*), P < 0.001 (**¥).

C Schematic representation of the experimental work flow to study macrophage polarization. Bone marrow—derived macrophages (BMDM) were treated for 24 h with
conditioned medium derived from Pidd1"* and Pidd1~'~ MEF"** cells where centrosome amplification was induced prior to RNA isolation by induction of cytokinesis

failure (ZM) or PLK4 overexpression (Dox).

D gRT-PCR analysis of macrophage activation markers indicative of a pro-inflammatory state. Relative expression values are plotted as the fold-change
expression relative to BMDM stimulated with conditioned medium from untreated MEF"*™**. B-actin was used as housekeeping gene for normalization. Bars
represent mean + SEM (n = 9) biological replicates. The statistical significance was determined using two-way ANOVA; P < 01 (*), P < 0.01 (**), P < 0.001

(**), P < 00001 (***¥).

Source data are available online for this figure.

cytokinesis failure. While aberrant polyploid RIPKI KO cells
behaved similar to PIDDI KO AS549ECFP cells, the impairment of
Caspase-2-PIDDosome complex formation due to loss of RAIDD did
not impact A549"F" cells elimination as effectively (Fig 6E). Similar
results were observed in A5495°*F cells forced to fail cytokinesis by
DHCB treatment (Fig EVSD). Finally, we wondered if manipulation
of centrosome number would suffice to stimulate NK Kkilling in the
absence of ploidy changes. Hence, we either overexpressed PLK4 or
inhibited it with centrinone to alter their numbers. These experi-
ments revealed that indeed extra centrosomes suffice to promote
NK-cell attack while loss of centrioles rendered cells inert to NK
killing (Fig 6F and G).

Altogether, our findings indicate that unscheduled polyploidiza-
tion after cytokinesis failure induces a PIDD1-dependent immuno-
surveillance response, elicited from extra centrosomes, which
promotes NK-mediated clearance of polyploid cancer cells in vitro.
This cell immunogenic behavior is independent of PIDD1’s ability to
promote a p53 response but relies on the NEMO-PIDDosome for
activation of the NF-kB signaling network.

Discussion

Polyploidization is considered an early event in transformation that
can drive aneuploidy and oncogenesis (Fujiwara et al, 2005; Davoli
& de Lange, 2011). Hyperploidy of (pre) malignant cells is subjected
to intrinsic and extrinsic control mechanisms, most notably by cellu-
lar components of the innate and adaptive immune system (Acebes-
Huerta et al, 2016; Santaguida et al, 2017; Lopez-Soto et al, 2017a).
The results included in this article strongly support the concept that
supernumerary centrosomes are one of the key triggers of this cellu-
lar immunogenicity (Figs 1-3).

Centrosome amplification has been linked to chromosomal insta-
bility and DNA damage, one of the common triggers of NF-kB activ-
ity, also associated with senescence (Rodier et al, 2009; Kang
et al, 2015). PIDDosome formation was initially described in
response to genotoxic damage, and more recent studies have
reported its nucleolar assembly together with NPM1 in response to
DNA damage (Janssens et al, 2005; Ando et al, 2017). Furthermore,
it was recently described that after unscheduled whole-genome
duplication, high rates of DNA damage were observed in the imme-
diate following S phase. This was proposed to be caused by the lack
of enzymatic components needed for effective DNA replication after
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tetraploidization (Gemble et al, 2022). Altogether, a contribution of
DNA damage to PIDDosome activation in our experiments seemed
plausible but could be excluded experimentally (Fig EV3). More-
over, the phenomenon described by Gemble et al seems to be lim-
ited to the first S phase of tetraploid cells, since similar levels of
genotoxic stress were found between G1 tetraploid and diploid cells.
Moreover, the grade of DNA damage was considerably reduced in
the subsequent S phases of those tetraploid cells that escaped cell
cycle arrest. In our experiments, NF-kB activity was assessed either
before or long after the first S phase after polyploidization (Figs 2
and 3). Moreover, in agreement with previous publications (Ganem
et al, 2014; Levine et al, 2017), we did not observe significant
increases in DNA damage upon PLK4-induced centrosome amplifi-
cation or accumulation after cytokinesis failure, suggesting that
DNA damage is not a confounding factor in our analyses (Fig EV3).
It is worth mentioning that across many of our experiments the
effects induced by PLK4 overexpression were weaker in U20S cells,
presenting the mildest increase in centrosome numbers in our
hands, which could potentially explain the differences in the ampli-
tude of NF-kB reporter activity noted (Figs 3 and EV3; Appendix
Fig S2). In general, ZM treatment appeared more potent in inducing
NF-«B activation, but this did not lead to enhanced NK cell killing,
when compared to PLK4 overexpression or DHCB treatment (Fig 6).
Yet, we cannot fully exclude that additional effects triggered by
Aurora kinase inhibition may add to the reporter activity observed.
As mentioned above, under DNA damaging conditions, exoge-
nous PIDD1 was proposed to interact with RIPK1, which in turn facil-
itated NEMO recruitment for NF-xB activation (Janssens et al, 2005).
Even though it was assumed that PIDD1-RIPK1 association occurred
through their respective death domains, experimental proof of it, as
well as definitive evidence confirming direct interaction of PIDD1,
RIPK1, and NEMO, was not presented in these studies (Janssens
et al, 2005; Tinel et al, 2007). To our surprise, we noted that the DD
of PIDD1 is actually dispensable for RIPK1 recruitment (Fig 4), as dif-
ferent PIDD1 mutants compromising the functionality of its DD were
still capable to bind RIPK1 (Sheikh et al, 2021). This finding
prompted us to speculate which domains in PIDD1 might be required
for interaction. We noticed that the inability of PIDD1 to be autopro-
cessed perturbed NEMO but not RIPK1 recruitment (Fig 4). These
results are in agreement with the original experiments of Tinel
et al (2007) where, based on luciferase reporter analysis, lack of
PIDD1-N hampered NF-«B activation. Interestingly, the same experi-
ments also suggested a negative effect of the PIDD1 LRR domain in
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Figure 6. PIDD1 induces NK cell-mediated clearance of polyploid cells.

Irmina Garcia-Carpio et al

A5495CFP cells were treated with DMSO or ZM (2 uM) for 72 h, followed by co-culture with NK-92 cells and live-cell imaging analysis.

A Representative images of target A5495°"? cells pretreated for 72 h with ZM (2 pM) and co-cultured subsequently with NK-92 cells in a 1:10 target to effector ratio.
Interactions were recorded by live-cell imaging for 18 h at a 1 min interval. White arrow indicate polyploid cell undergoing cell death. EGFP release coincides with
loss of cell membrane integrity. All images were acquired at the same exposure time and light intensity. Scale bar: 10 pm. View also Movie EV4.

B Left, measurement of A5495°FF

cell elimination by NK cells monitored for a period of 50 h. Cell density was followed over time by live-cell imaging using the inte-

grated EGFP fluorescence area as a readout of A5495°F” growth or depletion. Confluence was normalized with respect to time zero (NK cell addition) and compared
over time between ZM treated (polyploid) and DMSO treated (euploid) cells, respectively. Middle, NK cell-mediated killing interpolated from cell confluence graphs at
50 h.n = 5independent experiments, mean £+ SEM.

C Confluence analysis of ZM pre-treated AS495F cells, impaired in NF-kB activation, was measured over time in the presence of NK cells and normalized with respect
to their DMSO treated controls. n = 4 independent experiments, mean £ SEM.

D Confluence of ZM pre-treated A5495°"P cells expressing or lacking PIDD1 was measured over time in presence of NK cells and normalized with respect to their DMSO
treated counterparts. Middle, NK cell-mediated killing interpolated from cell confluence graphs at 50 h. n > 4 independent experiments performed in duplicates,
mean £ SEM.

E Confluence measurement over time of A5495F" derivatives impaired in either NEMO-PIDDosome (RIPK1 KO) or Caspase-2-PIDDosome formation (RAIDD KO). Middle,

NK cell-mediated killing interpolated from cell confluence graphs at 50 h. n > 3 independent experiments; mean + SEM; unpaired t-test.

F Confluence analysis of Dox pre-treated A5495¢FP

DMSO treated controls. n = 5 independent experiments; mean £ SEM.

cells overexpressing PLK4 was performed over time in the presence of NK cells and normalized with respect to their

G Confluence analysis of centriole-depleted and ZM pretreated A5495¢? cells cultured in presence of NK cells. Values are normalized with respect to their
DMSO =+ Centrinone (125 nM) treated controls. n = 4 independent experiments; mean + SEM.

Data information: The statistical significance was determined using two-tailed t-test; P < 0.001 (**); P < 0.001 (***).

Source data are available online for this figure.

NF-xB activation, but the mechanism of this inhibitory effect remains
unclear. According to our findings, it appears plausible that the ZUS
domain in PIDD1-N could facilitate RIPK1 recruitment, as the N-
terminal portion of exogenous PIDD1 allowed pull-down of endoge-
nous RIPK1 (Fig 4). Whether the LRR domain exerts some kind of ste-
ric hindrance due to its bulkiness, or if its possible inhibitory effect is
relieved by ligand binding or posttranslational modification, like seen
in inflammasome activation (Lopez-Castejon, 2020), needs to be
defined. It will be interesting to dissect what defines formation of the
NEMO- vs. Caspase-2-PIDDosome under these conditions, which, as
suggested by our western analysis (Fig 1), seems to be sequential. In
the context of DNA damage, ATM/ATR kinases have been implicated
in regulating Caspase-2-PIDDosome function (Ando et al, 2012; Shah
etal, 2021). As we did not find evidence for DNA damage in response
to cytokinesis failure or PLK4 overexpression, a decisive contribution
of these kinases in regulating the switch between NEMO- and
Caspase-2-PIDDosome assembly in response to centrosome amplifi-
cation seems rather unlikely.

A new role of centrosomes to tune innate immunity toward infec-
tion is currently emerging (Moller et al, 2022; Weier et al, 2022).
Recent studies have also expanded our view identifying the centro-
some as a signaling hub able to facilitate the formation of NLRP3-
and Pyrin-inflammasome (Magupalli et al, 2020; Yang et al, 2020).
Here, we propose that supernumerary centrosomes act as an activa-
tion platform for the formation of the NEMO-PIDDosome and NF-kB
activation. Our RNA-seq data and transcriptional analysis in MEF
that undergo cytokinesis failure or centrosome amplification indi-
cate an increase of proinflammatory cytokines that support a sterile
inflammatory response triggered by extra centrosomes (Figs 1 and
EV4). The impact of extra centrosomes is not limited to the cells car-
rying them, but also exerts a secretory response with paracrine
effects (Fig 5). Despite that this secretory pathway has been mainly
linked to non-cell-autonomous invasion (Arnandis et al, 2018;
Adams et al, 2021), we observed that supernumerary centrosomes
can also mount a transcriptional pro-inflammatory response, in
which paracrine effects increase cellular immunogenicity (Fig 5).
This begs the question of how naturally polyploid cells, such as
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hepatocytes or cardiomyocytes, experience centrosome amplifica-
tion during development and avoid sterile inflammation. At least for
the liver, we documented that Pidd1 levels are repressed by inhibi-
tory E2F7/8 in mature hepatocytes (Sladky et al, 2020a), while post-
natal rat cardiomyocytes were reported to lose their centrosome
integrity (Zebrowski et al, 2015), which, extrapolating this observa-
tion to mice, would also disable PIDD1. Among the different tran-
scripts upregulated after cytokinesis failure (Fig 1), we found Ccl2,
Ccl7, and Cxcl14, well-known chemokines that act as positive attrac-
tors of NK cells and other innate immune cell types, such as macro-
phages (Morrison et al, 2003; Hara & Tanegashima, 2012;
Sturmlechner et al, 2021). Curiously, although transcripts of pro-
inflammatory cytokines, such as Il6 or Cxcl2, were upregulated upon
treatment, we could not detect a transcriptional increase in TNF.
These findings resemble those of Vertii et al (2016), which described
that centrosome maturation is necessary for macrophages during
inflammatory processes for the effective secretion of several cyto-
kines and chemokines, such as IL-6, IL-10, and CCL2, but not TNF.
Different studies have focused on the molecular mechanisms
underlying the cellular immunogenic potential of polyploid or aneu-
ploid cells. A connection between tetraploidy and immunosurveil-
lance was established in cancer cells, based on the cell membrane
exposure of calreticulin, which facilitates cell elimination by macro-
phages (Gardai et al, 2005; Chao et al, 2010; Senovilla et al, 2012).
While endoplasmic reticulum (ER) stress, aneuploidy, and cGAS/
STING pathway activation are proposed as important molecular
players of cell immunogenicity, we conclude that supernumerary
centrosomes add to this and play a critical role by engaging different
effector arms that have cell intrinsic as well as extrinsic effects. NK
immune surveillance could be potentiated by macrophages in tissue
(Maghazachi et al, 1994), since we found that macrophages polar-
ized by conditioned media from cells with extra centrosomes exhib-
ited transcriptional upregulation of Ccl2, Ccl5, and Ccl3 chemokines
(Figs 5 and EV4). Notably, we found that PIDD1 facilitates macro-
phage polarization, as well as NK cell-induced elimination of aber-
rant polyploid cells (Figs 5 and 6). Hence, it appears surprising that
Pidd1 has been shown to exert oncogenic effects, as its loss delayed
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the onset of MYC-driven B cell lymphomas (Manzl et al, 2012) or
DEN-induced hepatocellular carcinoma in mice (Sladky et al,
2020b). While in the latter case an increase in hepatocyte ploidy,
paralleled by an increase in tumor suppressor genes, may account
for the delay of tumor onset (Lin et al, 2020) and dominate over
impaired immune clearance, the situation in MYC-driven lympho-
mas is less clear and awaits clarification. Despite these open ques-
tions, our evidence presented here suggests that activation of NF-xB
signaling in cells at risk to develop aneuploidies can increase their
immunological visibility and prime them for NK cell recognition.
Similar findings have been made in drug-induced hyperploid cells
and investigating transcriptional profiles of model cell lines forced
to become aneuploid upon spindle assembly checkpoint override
(Acebes-Huerta et al, 2016; Wang et al, 2021).

Effective cancer immunotherapies exploiting NK cell cytotoxicity,
for example, in the form of cytokine priming or CAR-NK cells, have
received increased attention in recent years. However, the efficacy
of these therapies has been limited so far, potentially due to impair-
ment of NK cell activity by the tumor microenvironment (Gotthardt
& Sexl, 2016; Kuhne et al, 2017; Liao et al, 2018). A better under-
standing of the molecular mechanisms underlying the intrinsic
immunogenicity of cancer cells and how NF-kB pathway signaling
is modulated during tumor development, evolution, and drug treat-
ment will be fundamental steps to improve cancer treatment. Here,
we conclude that extra centrosomes act as signaling hubs that elicit
cell cycle arrest as well as inflammatory responses, placing the
NEMO-PIDDosome next to other inflammasomes in its ability to
instruct innate immunity that may be harnessed for future cancer
immunotherapies.

Materials and Methods

Cell culture and cell lines

A549 (ATCC CCL-185), U20S (ATCC HTB-96), and RPE1 (ATCC
CRL-2302) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich, D5671), supplemented with 10%
fetal calf serum (FCS, Invitrogen, 10270106), 1% L-glutamine
(Sigma-Aldrich, G7513), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (P/S) (Sigma-Aldrich, P0781). NK-92 cells were obtained
from DSMZ (ACC 488) and cultured in alpha-MEM with ribo- and
deoxyribonucleosides (Gibco, 12571063), including 12.5% h.i. FCS
(Invitrogen, 10270106), 12.5% h.i. horse serum (Gibco, 16050122),
2 mM L-glutamine (Sigma-Aldrich, G7513) and 5 ng/ml IL-2
(Preprotech, 200-02). All cells were grown at 37°C with 5% CO, in a
humidified atmosphere. Primary mouse embryonic fibroblasts
(MEF) were obtained from 13.5 embryos by tryptic digestion. MEF
was cultured in DMEM containing 10% FCS, 1% L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin (P/S). All experi-
ments were performed with at least three independent bulk cultures
derived from individual embryos.

Bone marrow-derived macrophages (BMDM) and human
monocyte-derived macrophages

Bone marrow-derived macrophages were prepared from bone mar-
row isolated from femora of C57BL/6N mice. Briefly, bones were
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flushed with PBS and cells plated at a density of 1 x 106 cells/ml.
Progenitor cells were differentiated into macrophages by culturing
them for 6 days in DMEM GlutaMAX medium (ThermoFisher,
31966047) containing 10% FCS, 100 U/ml penicillin, and 100 pg/ml
streptomycin (P/S) and supplemented with 15% L1929 cell-
conditioned medium (CM). Medium was replaced after 3 days.
Human monocytes were isolated as reported before (Ploner
et al, 2021) and resuspended in RPMI medium (PAN Biotech, Ger-
many) containing 10% FCS, 2 mM l-glutamine, and MCSF (50 ng/
ml). Cells were differentiated for 7 days. After this time, cells were
washed and cultivated for another 24 h without MCSF prior to
adding conditioned medium harvested from different ZM-treated
AS549 variants.

Drug treatment, synchronization procedure, and
centriole depletion

Drugs were used at the following final concentrations: ZM447439
(2 uM; Selleck Chemicals, S1103), DHCB (4 puM; Sigma-Aldrich,
D1641), doxycycline (1 pg/ml; sigma-aldrich, D9891), human TNF
(20 ng/ml; Peprotech, 300-01A), human TWEAK (100 ng/ml;
Peprotech, 310-06), etoposide (10 pg/ml). For synchronization pur-
poses, cells were subjected to a single pulse of thymidine (2 mM,
Sigma-Aldrich, T1895) for 24 h. Cells were washed twice with PBS
prior to release in ZM- (2 uM) or DMSO-containing medium. For
centriole depletion, cells were pretreated for 24 h with centrinone
(125 nM; MedChemExpress, HY-18682), or DMSO. Afterward, fresh
medium containing ZM =+ centrinone was added to the samples.
Live cell images were taken using IncuCyte technology in 2 h
intervals.

Lentiviral production and transduction

To generate lentiviral particles, 293T cells were plated at
6.5 x 10* cells/cm* and transfected with packaging plasmids
psPAX2 and pCMV-VSV-G (Addgene, #8454 and #12260, respec-
tively) and the corresponding lentiviral plasmids in a ratio 1:1:2.
Briefly, 2 pg of lentiviral vector, 1 pg of psPAX, and 1 pg of pCMV-
VSV-G were diluted in a total volume of 80 ul of OptiMEM (Gibco,
31985070) and incubated at room temperature for 5 min. Sepa-
rately, 6 pl of polyethylenimine (PEIL 1 pg/ul; Polysciences, Hirsch-
berg, Germany, 23966-1) was diluted in 80 ul of OptiMEM. After
incubation, the DNA and PEI mixtures were combined and incu-
bated at room temperature for 20 min. The transfection mixture
was added dropwise to the 293T cells to a final volume of 1.5 ml.
Cell culture medium was changed the next day and after 48 h, viral
supernatants were collected and filtered through a 0.45 uM PVDF
syringe filter. Filtered supernatants were combined with 10 pg/ml
of polybrene (Sigma-Aldrich) and added to the cells.

Generation of knockout cell lines

CRISPR/Cas9-mediated loss-of-function cell lines were generated
using pLentiCRISPR-v2 puromycin backbone (Addgene, #52961)
containing a small guide RNA (sgRNA), targeting the gene of inter-
est (Appendix Table S1). These sgRNAs were designed using
CRISPR tool (Concordet & Haeussler, 2018), and all plasmids were
verified by Sanger sequencing. The following sgRNA were used:
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PIDDI_1 (5" gccgatageggatggtgatg); PIDD1_2 (5" ggcecggegetgecegt
gaag); CASP 2 (5' tggtgagcaacatatcctec); RAIDD (5’ ccagctccaggegaa
gtgag); RIPKI (5’ tagtctgacggataaacacc); NEMO (5’acgccgecgtccgaga
gacg); SCLTI1 (5 gggectcagtcatatgttec); RELA (5" actacgacctgaatgetg
tg); RELB (5' gaaagcacaggatccatc). As control for possible CRISPR
off-target effects, sgRNA targeting mouse CD8 (5'ggctgggtgagtcg
attatcc) or a none-targeting sgRNA (5tatctaatcgcggagtcgta) from the
Gecko human none-targeting primer list (https://crispr.mit.edu)
were used. Transduced cells were selected in 1 pg/ml puromycin
(Sigma-Aldrich, P8833) for at least 7 days. Unless otherwise speci-
fied in the figure legends, all cell lines were used as polyclonal
bulks. Gene disruption was validated by immunoblot analysis of the
targeted protein and functional assays. For the generation of single
cell clones, puromycin selected cells were seeded at a density of 0.1
cells per well, in 96-well plates, and incubated for up to 3 weeks.

Generation of stable cell lines

To generate A549°%* cells, the human PLK4 ORF was cloned into
the lentiviral pInducer21l plasmid (Addgene #46948) using the
GATEWAY system. The resulting backbone was digested with Ndel
(NEB) and Sphl (NEB) restriction enzymes to replace the EGFP
cassette for hygromycin and make it compatible with our NF-kB-
EGFP reporter system. Hygromycin resistance and IRES coding
sequences were amplified including primer overhangs (Appendix
Table S1) and the PCR products, as well as the digested backbone,
were purified from agarose gels and fused using Gibson assembly
(Gibson et al, 2009). A549 cells were transduced with the resulting
pPLK4-Hygr lentiviral plasmid and selected with 400 pg/ml of
hygromycin for 10 days. Cells stably expressing a NF-xB EGFP
reporter were generated after lentiviral transduction with pTRH1
mCMV NF-xB dscGFP plasmid (Vince et al, 2008). The vector con-
tains a destabilized codon optimized GFP fluorescent protein, simi-
lar to EGFP but brighter, with a C-terminal destabilizing peptide,
which shortens the half-life time of the mature protein to 1 h in
absence of additional transcription. Transduced cells were
expanded and stimulated with TNF (20 ng/ml) for 16 h prior
sorting. To obtain a more homogeneous response, cells with simi-
lar levels of EGFP fluorescence were sorted in an FACS Aria III
(BD Bioscience).

To create reconstituted cells stably expressing different PIDDI
constructs, 293Trex Flp-In cells were previously transduced with
pLentiCRISPR-v2 containing sgRNA against PIDDI and single cell
clones were generated as described above. PIDD1 non-cleavable
mutants were generated by introduction of S446A and/or S588A
mutations using site-directed mutagenesis (Quick-change Lightning
site-directed mutagenesis kit; Agilent Technologies, Santa Clara,
CA). PIDD1-C non-cleavable and PIDD1-CC constructs were cloned
by PCR using primers encoding HindIll and Notl restriction
enzymes. The R815W point mutation was introduced by site-
directed mutagenesis using Quick-change. Silent mutations were
additionally introduced to disrupt the PAM sequence and neutralize
the sgRNA (5'ccccatcaccatcegcetategge) used to target the PIDDI
locus. All constructs were cloned into pcDNAS-FRT-TO expression
plasmid. 293 Flp-In cells were transfected with the different cDNAs
encoding FLAG-tagged PIDD1 and the pOG44 Flp-Recombinase
expression vector in a 1:5 ratio. Cells were selected using 100 pg/ml
Hygromycin (Roth, CP12.2) and 15 pg/ml Blasticidin.
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Protein sample preparation and immunoblotting

Cells were washed with room-temperature PBS and subjected to
direct lysis in the well using Tris-HCl 50 mM, EDTA 1 mM, NaCl
150 mM, pH 7.4 buffer, supplemented with 1% triton X-100, NaF
50 mM, Na3VO, 1 mM, PMSF 1 mM, and protease inhibitor cocktail
(Roche, 11873580001). Cell lysates were incubated in ice for 30 min
prior to centrifugation. Protein concentration was measured by Brad-
ford analysis (Bio-Rad, 500-0006) using a TECAN plate reader. For
immunoblotting analysis, equal amounts of protein samples were
separated by SDS-PAGE, transferred using a wet transfer system
(Bio-Rad) onto nitrocellulose membranes (GE Healthcare), and
blocked with 5% w/v non-fat milk or bovine serum albumin (BSA)
in TBS-tween 0.1% v/v for 1 h. Membranes were incubated over-
night at 4°C with the following primary antibodies, diluted in
blocking buffer: GAPDH (rabbit, Cell signaling, 2118, 1:5,000),
Hsp90 (F-8) (mouse, Santa Cruz, 13119; 1:1,000), MDM2 (IF2)
(mouse, Invitrogen, MA1-113, 1:500), IKBa (rabbit, Cell Signaling,
9242, 1:1,000), p53 (1C12) (mouse, Cell Signaling, 2524, 1:1,000),
MYC-tag (9E10) (mouse, Invitrogen, MA1-980, 1: 1000), STING
(D2P2F) (rabbit, Cell signaling, 13647; 1:1,000), RIPK1 (D94C12)
(rabbit, Cell signaling, 3463; 1:1,000), NEMO (DA10-12) (mouse, Cell
signaling, 2695; 1:100), RAIDD (4B12) (LSBio, LS-C179788; 1:1,000),
FLAG-M2 (mouse, Sigma, F1804; 1:1,000). Blots were washed with
TBS-Tween 0.1% and then incubated with HRP-conjugated anti-
bodies (Dako, P0161; 1:10,000) for 1 h at room temperature.

Co-immunoprecipitation analyses

HEK 293Trex Flp-In cells stably expressing different inducible
PIDD1-FLAG mutants were seeded in 15 c¢cm dishes and treated with
doxycycline (1 pg/ml) for 24 h prior to synchronization, released
into ZM (2 uM) or DMSO, and collected at different time points. For
transient expression assays, PIDD1-mutant 293Trex Flp-In cells were
transiently transfected with polyethylenimine (PEI; Polysciences,
Hirschberg, Germany, 23966-1) in a 1:5 w/w ratio (DNA:PEI). For
co-immunoprecipitation, cells were lysed in co-IP lysis buffer
(50 mM Tris pH 8.0, 0.5% NP-40, 150 mM NacCl, 50 mM NaF, 1 mM
Na3zVO,4, 1 mM PMSF, and EDTA-free protease inhibitor mix) and
incubated on ice for 30 min. Soluble extracts were prepared, and
supernatants were incubated with anti-DYKDDDDK magnetic aga-
rose beads (Pierce, A36797). Beads were washed three times in lysis
buffer, and immunopurified protein was analyzed by western blot.

Immunofluorescence

Treated cells grown on 10 mm glass coverslips were washed in PBS
and fixed either using 4% PFA for 10 min at room temperature, or
absolute methanol for 10 min at —20°C. Cells fixed in PFA required
an additional step of permeabilization with 0.2% Triton X-100 for
10 min at room temperature. Cells were blocked in 5% BSA + 0.2%
Tween in PBS for 1 h followed by 1 h of incubation with antibodies
diluted in the blocking solution. DNA was detected using DAPI
(Sigma, D9542), and samples were mounted in Mowiol. Staining
was performed with the following primary antibodies: p65 (D14E12)
(rabbit, Santa Cruz, SC-109; 1:1,000), y-tubulin (rabbit, DQ19,
Sigma-Aldrich, T3195; 1:2,000 or mouse, Santa Cruz, sc-51715;
1:500), PIDD1 (mouse, Enzo, ALX-804-837-C100; 1:500), yH2AX
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(Ser139) (rabbit, Cell Signaling, 9718; 1:500). Secondary goat anti-
bodies coupled to Alexa Fluor 488 or Alexa Fluor 546 (Invitrogen)
were used at 1:750 dilution.

High-resolution images were captured with an LSM 980 confocal
laser scanning microscope (ZEISS) using a 63x Olympus oil objec-
tive. Immunofluorescence images were collected at room tempera-
ture using a Zeiss Axiovert 200M microscope with an oil immersion
objective (Ph3 Plan-Neofluar 100x/1.3 oil, Zeiss, Oberkochen, Ger-
many). Images were obtained with the acquisition software Visi-
View 4.1.0.3 (Visitron Systems, Puchheim, Germany). Images were
deconvolved with Huygens Professional software (Scientific Volume
Imaging, Hilversum, The Netherlands).

Time-lapse video microscopy

A549 cells stably expressing EGFP were seeded into Ibidi 35 mm p-
Dishes (Ibidi, 81156) and treated with ZM (2 puM) for 72 h to render
them polyploid. Two hours before imaging, cells were washed,
counted, and switched to NK cell growth medium. NK-92 cells were
co-cultured with target cells at a 1:10 target:effector ratio. Images of
the cell co-culture were taken every minute for a time period of for
18 h using a Leica DMi8 microscope with a x40 objective and a
Hamamatsu OrcaFlash 4.0 camera (Hamamatsu Photonics, Hama-
matsu, Japan) and an environmental chamber set to 37°C.

NK cell killing assay

AS549ECFP cells were seeded in 96-well plates and incubated for 72 h
in the presence of DMSO, ZM (2 uM), DHCB (4 uM), or doxycycline
(1 pug/ml). Cells were washed with PBS, counted, and switched to NK
cell growth medium. NK-92 cells were co-cultured with target cells at
a 1:10 target:effector ratio right before the beginning of the filming.
Interactions were recorded by Incucyte live-cell imaging for 50 h at
1 h interval. Confluence data were normalized respect the moment of
the addition of NK-92 cells and plotted referred to the confluence of
DMSO-pretreated (euploid) cells also co-cultured with NK-92 cells.

Live cell imaging NF-kB reporter assays

Cells stably expressing pTRH1 mCMV NF-kB dscoGFP plasmid were
plated in 96-well plates in technical duplicates. Cells were treated
with the indicated compounds and imaged every 2 h in an IncuCyte
S3 microscope (Sartorius) using the 10x objective. Four positions
per well were imaged. Data were analyzed in the IncuCyte software
and normalized to image EGFP MFI values at time zero to determine
the fold change in MFI. When different cell lines were compared,
each one was normalized to their respective DMSO control.

Luciferase reporter assays

For NF-«B reporter luciferase assays, cells were seeded in 24 well
plates and transiently co-transfected with plasmids pRL-TK renilla
luc and pGL3-2x(kB)-luc (Reintjes et al, 2016) in a ratio 1:10 using
Metafectene (Biontex, Munich, Germany, T020-1.0). The next day
after transfection, medium was changed, and cells were subjected to
the indicated treatments. Cells were collected after treatment and
analyzed for luciferase activity using Dual Stop and Glo Luciferase
Kit (Promega). NF-xB activity was determined by measuring the
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luciferase activity present in cell extracts. Luciferase relative light
unit (RLU) values were normalized for differences in transient trans-
fection efficiency on the basis of renilla activity in the same extracts
and expressed as fold change values relative to unstimulated cells.

Flow cytometry

To determine the effect of cytokinesis failure in DNA content, A549
cells were seeded in duplicates for each time point and synchro-
nized once with thymidine (2 mM) for 24 h. After washout and
release, one well was treated with ZM (2 uM) and the other with
DMSO. Cell suspensions were washed with PBS and fixed overnight
in 1 ml ice-cold 70% ethanol at —20°C. After fixation, cells were col-
lected by centrifugation (2000 r.p.m., 2 min), washed twice with
PBS to remove ethanol, and incubated during 45 min with 40 pg/ml
propidium iodide (Sigma-Aldrich, P4170) at 37°C in the presence of
RNase A (Sigma-Aldrich, R4875). After this, cells were transferred
to microtiter tubes and acquired on LOW mode.

For intracellular phospho-Histone H3 staining, 1 x 10° cells were
fixed in 1 ml ice-cold 70% ethanol in FACS tubes overnight at
—20°C. Cells were washed twice in PBS (2000 r.p.m., 2 min), trans-
ferred to 96-well plates, and permeabilized with 200 pl of 0.25% Tri-
ton X-100 (Sigma T8787) in PBS for 20 min. Cells were washed with
PBS and incubated for 60 min with phospho-Histone 3 Ser-10 anti-
body (1:200; Cell Signalling, 9701) in 50 pl of staining buffer (PBS
with 3% FCS). Cells were washed twice with PBS with 0.25% Triton
X-100 and incubated 30 min with Alexa Fluor 488 goat o-rabbit
(1:1,000; Invitrogen, A11034) in 50 pl of staining buffer. Cells were
washed twice with PBS, resuspended in 100 pl of PBS containing
250 pg/ml RNase A, and incubated for 30 min at 37°C. Prior to acqui-
sition, 50 wl of 10 pg/ml DAPI (Sigma, D9542) in PBS was added.

For cell surface marker expression analysis, BMDM was
harvested after 6 days of differentiation using 250 pl of Accutase for
30 min at 37°C. Accutase activity was neutralized with 500 pl of
DMEM GlutaMax medium, and BMDM was collected by centrifuga-
tion. Cells were washed with 0.5% FCS in PBS and transferred to
96-well plates. To prevent unspecific antibody-binding, cells were
pre-incubated with 1 pg/ml of Fc-block (BioLegend, 101310) in
30 wl staining buffer containing 2 mM EDTA (Sigma, EDA4S) for
15 min. After this, cells were collected (2,000 r.p.m., 2 min),
washed, and stained with F4/80-PE (1:200; BioLegend, 123110) and
CD11b-PerCP (1:200; BioLegend, 101228) antibodies, alone or in
combination, in 50 pl of staining buffer for 30 min. Cells were
washed twice and resuspended in 200 pl of staining buffer. Cell via-
bility was assessed adding DAPI (1:10,000; Sigma-Aldrich, D-9542)
10 min prior flow cytometric analysis.

During all preparations and staining steps, cells were kept at 4°C.
Data were acquired on a LSRII cytometer (BD Bioscience) in “low”
acquisition mode and analyzed by FlowJo software (Tree star,
Ashland, OR, USA). Non-singlet events were typically excluded from
analysis based on characteristics of FSC-H/FSC-W and SSC-H/SSC-W.

Bone marrow-derived macrophage polarization assays

Primary MEFPY®* derived from Pidd1"/* and Pidd1~/~ mice was
seeded in 10 cm plates and incubated for 72 h in the presence of
DMSO, ZM (2 uM) or doxycycline (1 pg/ml) until they reached
~80% confluence. After treatment, cells were washed three times
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with PBS to remove the drugs, and their medium was replaced for
DMEM without serum for 16 h. The conditioned medium (CM) was
collected, centrifuged at 1,500 rpm for 10 min, and filtered through
a 0.2 pm pore filter. CM was added to BMDM previously seeded in
6 cm plates and differentiated as described above.

RNA isolation and qRT-PCR

Total RNA from untreated or stimulated cells was extracted using
RNAeasy Mini Kit (Quiagen) including an optional DNA on-column
digestion using the RNAse-Free DNAse Set (Quiagen, 79254). First-
strand cDNA was generated from 100 ng of total RNA with a 260/
280 ratio of > 1.8 using the iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA, 170-8891), following manufacturer’s instruc-
tions. Samples were assayed using the AceQ qPCR SYBR Green Mas-
ter Mix (Vazyme Q111-02) on a StepOnePlus Real-time PCR system
(Applied Biosystems, Foster City, CA, USA). Gene expression was
normalized to the geometrical mean of the house-keeping genes and
displayed as the fold change referred to unstimulated control
samples, as previously described (Livak & Schmittgen, 2001). Where
different groups (genotype, medium conditions) are compared side-
by-side, gene expression of one group is displayed as the fold-
change, compared to an unstimulated control sample of that group,
to ensure that intrinsic differences in untreated conditions are
accounted for. Melting curve analysis was performed for every run
to verify the presence of a single PCR product. Raw data were
analyzed with LinReg PCR software (Ruijter et al, 2009) and NO
fluorescence values were calculated using the same program. A no-
template blank served as negative control. The following primers
were used at a final concentration of 100 nM: CclS fw: GCTGCCCT
CACCATCATCC, Ccl5 r1v: TGATGTATTCTTGAACCCACTTCTTC;
Ankrdl fw:CGGAAAAGCGAGAAACTGCGA, Ankrdl rv:TCAGAAA
CCTCGGCACATCCA; Icam fw: TGGAACTGCACGTGCTGTATG,
Icam rv: CCGTCTGCAGGTCATCTTAGG; Cxcl2 fw: GATACTGAA
CAAAGGCAAGGCTAAC, Cxcl2 rv:GGCACATCAGGTACGATCCAG;
Ccl20 fw: CGTCTGCTCTTCCTTGCTTTG, Ccl20 rv:GCCATCTGTCTT
GTGAAACCC; Hprt fw: GTCATGCCGACCCGCAGTC, Hprt rv: GT
CCTTCCATAATAGTCCATGAGGAATAAAC; Cxcll4 fw: GAAGAT
GGTTATCGTCACCACC, Cxcli4 rv: CGTTCCAGGCATTGTACCACT;
IL6 fw: GCTACCAAACTGGATATAATCAGGA, IL6 rv: CCAGGT
AGCTATGGTACTCCAGAA; p-actin fw: TGGCACCACACCTTCT
ACAATG, f-actin 1v:GACCAGAGGCATACAGGGACAG; Ccl2 fw:
ATTGGGATCATCTTGCTGGT, Ccl2rv: CCTGGTGTTCACAGTTGCC;
Fas fw: ACTGCGATTCTCCTGGCTGT, Fas rv: GCACGGCTCAAGGG
TTCCAT; Ccl7 fw: CCTGGGAAGCTGTTATCTTCAAG, Ccl7 rv:CC
TCCTCGACCCACTTCTGA; Ikba fw: TCCTGCAGGCCACCAACTAC,
Ikba 1v: GCTGTCCGGCCATTGC; Ccl3 fw: CACCAGAAGGATAC
AAGCAGCAG, Ccl3 rv:TAGGAGAAGCAGCAGGCAGTC; CxclI0 fw:
GCCCACGTGTTGAGATCATTG, Cxcll0 1v:AGGCTCTCTGCTGTCC
ATCC.

RNAseq analysis

Total RNA from cultured primary MEF was extracted using
RNAeasy Mini Kit (Quiagen) as per the manufacturer’s instructions.
DNA was removed by on-column digestion using the RNAse-Free
DNAse Set (Quiagen, 79254), and RNA concentration was deter-
mined in a NanoDrop device. High-quality RNA was used for

18 of 22 The EMBO Journal ~ 42: €113510 | 2023

Irmina Garcia-Carpio et al

downstream application. mRNA-sequencing libraries were prepared
using 200 ng of total RNA using NEBNext Ultra II Directional RNA
library prep kit with UMI Adaptors. The libraries were pooled equi-
molarly and sequenced on 2 lanes of Hiseq 3000/4000 with the fol-
lowing configuration: 51 + 19 + 8 (single read). Single-end RNA
files quality was checked using Fastqc (Wingett & Andrews, 2018; v
0.11.8), and adapters were trimmed using trim_galore (v 0.6.4_dev).
Alignment was done with STAR (Dobin et al, 2013; v 2.6.1) to
mouse genome (mml0). Aligned files were processed using
samtools (Li et al, 2009; v 1.9) and bedtools (Quinlan & Hall, 2010; v
2.25.0), and only reads with mapq > 30 were considered for further
analysis. Counts were quantified to exons using Rsubread (Liao
et al, 2019a; v 2.0.1) and Mus_musculus.GRCm38.99.gtf from
Ensembl. Differential expression (DE) analysis was performed in
those genes with at least 10 counts per sample, —globally more than
60 as the comparison was 3 x 3- with Deseq2 (Love et al, 2014; v
1.26.1), and gene annotation was performed with biomaRt (Durinck
et al, 2009; v 2.42.1) in R (v 3.6.1). The analysis was performed
using the likelihood-ratio test, and sex differences were removed
with the reduced argument. Volcano and bubble plots were
performed with ggplot2 (v 3.3.3). The gene ontology and gene set
enrichment analysis were performed with WebGestalt (Liao
et al, 2019b) and with GSEA (Mootha et al, 2003; Subramanian
et al, 2005; v 4.2.3) with the filters mentioned in each figure, respec-
tively. The genes for the GO term Immune System Process were
obtained from AmiGO2 (Carbon et al, 2009). For heatmaps,
Pheatmap (v1.1.12) was used in R (v4.3.1). For the pie charts, we
selected those genes with Padj < 0.05 and considering the strand
we chose 4,000 bp upstream and 1,000 bp downstream of the tran-
scription start site (TSS) as the promoter region. In this set,
Fimo (Grant et al, 2011; v 5.1.0) was tested for TP53 and RELA
motif presence using the transcription factor binding profiles
from Jaspar2022 (Castro-Mondragon et al, 2022; MA0106.3 and
MAO0107.1 respectively).

Quantification and statistical analysis

Statistical analysis was performed using GraphPad (San Diego, CA,
USA) Prism software. Differences between samples were tested as
stated in the respective figure legends. Statistical comparisons of dif-
ferent genotypic groups receiving the same treatment were
performed using one-way or two-way ANOVA analysis, followed by
Tukey’s post-hoc correction for multiple comparisons. Replicates
from experiments with immortalized cell lines were acquired on dif-
ferent days and with cells in different passages. Each data point
from graphs of primary MEF or BMDM represents an independent
biological replicate. In all analyses, significance was annotated fol-
lowing the nomenclature: ns (P > 0.05), *(P < 0.05), **(P < 0.01),
*#k(P < 0.001), and **** (P < 0.0001).

Data availability
The RNAseq data have been deposited in Gene Expression Omnibus
with the accession number GSE235120. https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc = GSE235120.

Expanded View for this article is available online.
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