
ARTICLE OPEN

Primary cilia suppress Ripk3-mediated necroptosis
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Cilia are sensory organelles that project from the surface of almost all cells. Nephronophthisis (NPH) and NPH-related ciliopathies
are degenerative genetic diseases caused by mutation of cilia-associated genes. These kidney disorders are characterized by
progressive loss of functional tubular epithelial cells which is associated with inflammation, progressive fibrosis, and cyst formation,
ultimately leading to end-stage renal disease. However, disease mechanisms remain poorly understood. Here, we show that
targeted deletion of cilia in renal epithelial cells enhanced susceptibility to necroptotic cell death under inflammatory conditions.
Treatment of non-ciliated cells with tumor necrosis factor (TNF) α and the SMAC mimetic birinapant resulted in Ripk1-dependent
cell death, while viability of ciliated cells was almost not affected. Cell death could be enhanced and shifted toward necroptosis by
the caspase inhibitor emricasan, which could be blocked by inhibitors of Ripk1 and Ripk3. Moreover, combined treatment of ciliated
and non-ciliated cells with TNFα and cycloheximide induced a cell death response that could be partially rescued with emricasan in
ciliated cells. In contrast, non-ciliated cells responded with pronounced cell death that was blocked by necroptosis inhibitors.
Consistently, combined treatment with interferon-γ and emricasan induced cell death only in non-ciliated cells. Mechanistically,
enhanced necroptosis induced by loss of cilia could be explained by induction of Ripk3 and increased abundance of autophagy
components, including p62 and LC3 associated with the Ripk1/Ripk3 necrosome. Genetic ablation of cilia in renal tubular epithelial
cells in mice resulted in TUNEL positivity and increased expression of Ripk3 in kidney tissue. Moreover, loss of Nphp1, the most
frequent cause of NPH, further increased susceptibility to necroptosis in non-ciliated epithelial cells, suggesting that necroptosis
might contribute to the pathogenesis of the disease. Together, these data provide a link between cilia-related signaling and cell
death responses and shed new light on the disease pathogenesis of NPH-related ciliopathies.
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INTRODUCTION
Primary cilia are antenna-like sensory organelles that receive
signals from the environment, transmit them to the interior of the
cell, and thus modulate the response of cells to environmental
influences [1–3]. For this purpose, cilia are covered by a highly
specialized plasma membrane whose protein composition is
precisely regulated [4]. At the base, a cilium is anchored by its
basal body, which resembles a modified centriole. The import and
export of ciliary proteins are primarily regulated at the transition
zone, located between the basal body and the ciliary shaft [5]. Cilia
modulate multiple signaling pathways, including Hedgehog, Wnt,
Notch, PDGF, and additional GPCR signaling [1]. Dysfunction or
loss of the primary cilium inevitably leads to perturbations of
these signaling pathways and results in diseases known as
ciliopathies [6]. The spectrum of ciliopathies ranges from severe
neuronal developmental disorders and retinal or skeletal ciliopa-
thies to endocrinological conditions and hepatic and renal
diseases [7]. While most ciliopathies occur as syndromes that
affect different organ systems, a significant feature of many
ciliopathies is the involvement of the kidneys. Therefore, this large
subgroup is also referred to as renal ciliopathies [8].

Among renal ciliopathies, autosomal-dominant polycystic kid-
ney disease (ADPKD) is the most frequent form, with an incidence
of 1:1000, typically affecting adults and leading to end-stage
kidney failure at the age of 50 to 60 years [9]. In children,
nephronophthisis (NPH), an autosomal-recessive renal ciliopathy,
is the most frequent genetic cause of renal failure and is
responsible for approximately 10% of children requiring dialysis
[10]. The renal phenotype of ADPKD and NPHP differs: Kidneys in
ADPKD enlarge significantly during the disease and are progres-
sively interspersed with numerous cysts. In contrast, significantly
fewer cysts develop in NPH. Here, kidneys are relatively small and
characterized by tissue degeneration and interstitial inflammatory
fibrosis [11, 12]. Notably, patients with ADPKD or NPH are born
without any overt renal phenotype but massively lose renal
tubular epithelial cells with disease onset and progression. In
ADPKD, apoptosis has been described very early by TUNEL assays
[13] and was later found in several animal models of ADPKD
(reviewed in ref. [14]). More recently, the role of apoptosis in cyst
lumen formation in ADPKD has been suggested [15]. Remarkably,
primary cilia appear to be normal or elongated in kidneys of
ADPKD mouse models [16–18], while loss of NPHP genes often
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results in ciliary abnormalities and lower numbers of primary cilia
[19–22].
In addition to apoptosis, various pathways of regulated cell

death, specifically regulated necrosis (termed necroptosis), have
been described [23] that could contribute to tissue defects
associated with the loss of primary cilia. In contrast to
immunogenically relatively silent apoptotic cell death, necroptosis
involves cellular membrane damage, the release of damage-
associated molecular patterns (DAMPs), and provokes inflamma-
tory tissue conditions which further enhance inflammatory tissue
destruction [24]. The role of necroptosis in the kidney, in particular
in acute kidney injury (AKI) induced by ischemia-reperfusion
damage or by pharmacological means, is well-established [25].
Necroptosis is typically activated downstream of receptor activa-
tion, including death or toll-like receptors, in conditions when
caspase-8 is inhibited [26]. Here, the mechanisms of TNFα (tumor
necrosis factor α) signaling are best understood [27, 28]: Binding
of TNFα to the TNFR1 receptor recruits TRAAD (TNF-receptor-
associated death domain), Ripk1 (receptor-interacting serine/
threonine kinase 1), Traf2 and Traf5 (TNF-receptor-associated
factor 2/5) as well as cIAP1 and cIAP2 (cellular inhibitor of
apoptosis1/2). This active complex I initially results in NF-κB
(nuclear factor κB) and MAPK (mitogen-activated protein kinases)
activation and transcription of pro-survival genes. Dissociation of
the receptor from Ripk1 can result in three different types of
complex II, each promoting cell death. The apoptotic complex IIa
includes TRADD, FADD, and Caspase-8. Complex IIb requires the
absence of cIAP1/2 and results in Ripk1- and Casp-8-dependent
apoptosis. Upon inhibition of Caspase-8 Ripk1 and Ripk3
(receptor-interacting serine/threonine-protein kinase 1/3) form a
complex often called the necrosome (complex IIc) [29]. Subse-
quently, active Ripk3 phosphorylates its substrate mixed lineage
kinase domain-like (Mlkl), which executes cell death. This most
likely involves translocation of Mlkl to the plasma membrane and
the formation of pores that disrupt membrane integrity [29, 30].
Remarkably, either expression of a kinase-dead mutant Ripk1, loss
of Ripk3, or loss of Mlkl protects mice from kidney failure in
different scenarios of AKI [31–33]. In addition, synchronized cell
death through the ferroptotic pathway has also been demon-
strated to contribute to acute damage and to the loss of entire
tubular segments [34]. Upon ferroptotic cell death, however, the
immunological response might be much milder as compared to
necroptosis. Therefore, the kidneys might be able to cope with
ferroptotic cell loss more efficiently than with necroptosis [25].
While the different pathways of necroptosis have been extensively
studied in AKI, their role in renal ciliopathies and, in particular,
their connection with primary cilia remained elusive. Here, we
study how primary cilia modulate cell death induced by TNFα in
combination with the SMAC mimetic birinapant or cycloheximide
(CHX) or by interferon-gamma (IFNγ) under the inhibition of
caspase-8, which typically would promote necroptotic death.
Remarkably, these conditions do not induce necroptosis in wild-
type renal epithelial cells carrying primary cilia, while cells without
cilia display an increased susceptibility towards necroptosis and
Ripk1-dependent apotosis. Mechanistically, this can be explained
by increased expression of Ripk3 and components of the
autophagy-lysosomal pathway in cells without cilia. Moreover,
the deletion of the major gene involved in NPH in non-ciliated
cells further enhanced the susceptibility to necroptosis, support-
ing the role of necroptotic death in renal ciliopathies.

RESULTS
Loss of cilia increases the susceptibility to necroptosis
To study the role of primary cilia in apoptotic and necroptotic cell
death of renal epithelial cells, we used mouse inner medullary
collecting duct (mIMCD3) cells, a well-established model in renal
and cilia research. Notably, several classical ciliary proteins,

including critical components of the intraflagellar transport (IFT)
machinery, can affect inflammatory signaling independent of
primary cilia [35]. Therefore, instead of targeting proteins involved
in IFT to interfere with cilia and ciliogenesis, we generated
subclones from the parental wild-type mIMCD3 cell line by FACS
and screened those subclones for the presence and absence of
primary cilia. We randomly selected two subclones: Ckc (ciliated
kidney cells), with about 80% of cells carrying a primary cilium,
and Nckc (non-ciliated kidney cells) displaying almost no cilia at all
(1%), as demonstrated by cilia staining (Fig. 1A). Induction of
Ripk1-dependent cell death with TNFa and the SMAC mimetic
birinapant (complex IIb) for 16 hours resulted in Ripk1-dependent
cells death and reduced the number of viable cells to 38% in the
non-ciliated cells (Fig. 1B). The Ripk1-inhibitor Nec1s partially
protected from cell death, while inhibition of Ripk3 with GSK872
further enhanced cells death by inhibiting necroptosis but
promoting apoptosis. Combined treatment of non-ciliated-cells
with TNFa, birinapant and the caspase-8 inhibitor emricasan [36]
resulted in almost no surviving cells. Caspase-8 inhibition is known
to unleash necroptotic cell death by involving kinase activity of
Ripk1 and Ripk3 [26]. Consistently, this could be almost rescued
either by inhibition of Ripk1 or by inhibition of Ripk3, indicating
that cell death was caused by nectroptosis. Ciliated cells showed
almost no cell death response upon TNFa and birinapant
treatment. Here, treatment with Ripk1/3 inhibitors slightly
enhanced cell death by promoting apoptosis. Caspase-8 inhibi-
tion, which killed almost all non-ciliated cells, had no significant
effect on cells with cilia (Fig. 1B). To investigate the role of
complex IIa activation, we performed similar assays with induction
of cell death by TNFα and CHX (TC) for 16 hours (Fig. 1C). Here,
only 24% of cells with primary cilia survived, whereas 44% of non-
ciliated cells did not respond to TNFα and CHX, indicating some
protection from apoptosis. Remarkably, simultaneous inhibition of
caspase activity using emricasan (TCE treatment) positively
affected cell survival of ciliated cells (47% viability), while almost
all non-ciliated cells underwent cell death (0.3% viability).
Consistent with the induction of necroptotic death, the Ripk1-
inhibitor Nec1s and the Ripk3 inhibitor GSK872 efficiently reduced
TNF-induced cell death only when caspase activity was blocked by
emricasan (TCEN treatment) in the non-ciliated cells (Fig. 1C).
Immunoblots for cleaved caspase-3 indicated apoptosis occurring
primarily in TC-treated ciliated cells, while phospho-Mlkl (pMlkl) as
a marker for necroptosis was detected only upon TCE treatment in
non-ciliated cells (Fig. 1D). To analyze the temporal dynamics of
cell death and the cellular morphology, we performed a live-cell
analysis of cells upon treatment with DMSO, TC, or TCE over the
period of 24 h. These data confirmed our findings and revealed
rapid cell death upon caspase-8 inhibition in the non-ciliated cells
already at very early time points (Fig. 1E). Ciliated cells exposed to
TC treatment showed membrane blebbing, condensation, and
fragmentation of nuclei indicative of apoptosis, while upon TCE
treatment, they did neither display nuclear condensation nor
formation of apoptotic bodies (Suppl. Fig. 1A). Similarly, dead cells
upon TCE treatment of non-ciliated cells did not resemble
morphological changes of apoptotic cells. Notably, TNFα-inde-
pendent induction of cell death via interferon γ (IFNγ) combined
with caspase-8 inhibition induced necroptotic death only in cells
lacking primary cilia but not in ciliated cells, as shown by
additional live-cell assays (Suppl. Fig. 1B).
For additional confirmation that this switch in the death

response resulted from the lack of cilia and to exclude any clonal
effects, we used Myosin5a-deficient mIMCD3 cells. Myosin5a
(Myo5a) is an actin-based motor and transport protein. Cells
deficient in Myo5a are unable to assemble primary cilia [37]. Here,
loss of cilia is caused by defective transport of the pre-ciliary
vesicle to the mother centriole, the later basal body [38]. Loss of
cilia in Myo5a−/− compared to Myo5a+/+ control cells was
confirmed by immunofluorescence staining using antibodies
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against Arl13B and acetylated tubulin as ciliary markers (Suppl. Fig.
2A). Cell viability assays with TC, TCE, and TCEN treatments
confirmed the findings from the Ckc and Nckc subclones in all
aspects: Myo5a−/− cell without cilia were partially protected from
apoptosis in response to TC treatment. Induction of necroptosis by
TCE treatment led to massive cell death only in Myo5a−/− cells,

which again was sensitive to necrostatin-1s (Fig. 2A). Immunoblots
confirmed cleavage of caspase-3 primarily in ciliated Myo5a+/+

cells which was reduced in Myo5a−/− cells lacking cilia, indicating
a lower rate of apoptosis, while the phosphorylation of Mlkl was
detectable in both, however slightly increased in non-ciliated cells
after caspase inhibition with emricasan (Fig. 2B). Live-cell imaging
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again revealed the increased occurrence of cell death at a very
early time point after TCE treatment (Fig. 2C and Suppl. Fig. 2B).
Interestingly, in contrast to the viability assay in Fig. 2A ciliated
cells also underwent cell death upon TCE, although to a lower rate
as non-ciliated cells. This can be explained by the low cell density
required for live-cell imaging, which results in a higher number of
proliferating and, therefore, transiently non-ciliated cells as
compared to the viability assays. In contrast to the subclones
Ckc and Nckc, differences between Myo5a+/+ and Myo5a−/− cells,
in general, were slightly less pronounced, which might be due to

the fact that the number of ciliated cells in the parental Myo5a+/+

cells (25%) was much lower (Suppl. Fig. 2A) as compared to the
ciliated subclone Ckc used in Fig. 1 (79%; Fig. 1A). Taken together,
these data show that loss of cilia results in a shift from apoptotic
to necroptotic cell death.

Altered Ripk3 and Ripk1 in cells lacking primary cilia
To understand how the loss of primary cilia increases susceptibility
to necroptotic cell death, we analyzed mRNA expression of cell
death-related genes both in untreated and TC-treated cells, again

Fig. 2 Loss of cilia in Myo5a-deficient cells increases susceptibility to necroptotic death. A Neutral-red assay in control and Myo5a−/− cells
after RCD induction through TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h. Additionally, caspase-8 inhibitor emricasan
(Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h (n= 4). B Immunoblot analysis of ciliated and non-
ciliated cells using the apoptosis marker cleaved caspase 3 (~17 kDa) and the necroptosis marker phospho-Mlkl (~56 kDa). As housekeeping
control either pan-actin (~30 kDa) or beta-tubulin (~55 kDa) were used (n= 3). C Live-cell imaging over the period of 24 h after treatment with
TNF and CHX (TC), and TNF, CHX, and Em (TCE) or DMSO as control. Cells were stained with the dead cell marker DiYO-1. Images were
captured every 2 h (N= 8).

Fig. 1 Primary cilia inhibit necroptotic cell death in renal epithelial cells. A Immunofluorescence staining of primary cilia in the
mIMCD3 subclones Ckc (ciliated kidney cells) and Nckc (non-ciliated kidney cells; ARL13B (magenta), acetylated tubulin (green) and DAPI
(blue); scale bar 20 µm). Quantification of cells carrying primary cilia (n= 3; total count of 404 cells for Ckc and 613 cells for Nckc). B Neutral-red
assay in Ckc and Nckc cells after RCD induction with TNFα (TNF, 4 ng/100 µl) and birinapant (biri, 5 µM) for 16 h. Additionally, caspase-8
inhibitor emricasan (Em, 10 µM), Ripk1 inhibitor necrostatin-1s (Nec1s, 40 µM), and Ripk3 inhibitor GSK872 (GSK872, 5 µM) were used for 16 h
(n= 4). C Neutral-red assay in Ckc and Nckc cells after RCD induction with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for
16 h. Additionally, caspase-8 inhibitor emricasan (Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h
(n= 4). D Immunoblot analysis of ciliated and non-ciliated cells using the apoptosis marker cleaved-Caspase-3 (~17 kDa) and the necroptosis
marker phospho-Mlkl (~56 kDa). Either pan-actin (~44 kDa) or beta-tubulin (~55 kDa) were used as control (n= 3). E Live-cell imaging over the
period of 24 h after treatment with TNF and CHX (TC), and TNF, CHX, and Em (TCE) or DMSO as control. Cells were stained with the dead cell
marker DiYO-1. Images were captured every 2 h (n= 3).
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comparing Ckc with Nckc (Fig. 3A) as well as Myo5a+/+ with
Myo5a−/− cells (Fig. 3B). While caspase-3 and caspase-8 expres-
sion levels were independent of the presence of primary cilia,
these data revealed significantly higher expression levels of Ripk3

mRNA in non-ciliated cells and a trend toward increased
expression for Ripk1 and Fadd. Immunoblotting confirmed
increased levels of Ripk3 on the protein level in both cell lines
without cilia (Fig. 3C). Susceptibility to TNFα could result from

Fig. 3 Increased expression of Ripk3 in cells lacking primary cilia. A, B Quantitative real-time PCR of several cell death-related genes in
mIMCD3 cells revealed upregulation of necroptosis players in non-ciliated cells: A Ckc versus Nckc (n= 3); B control versus Myo5a−/− (n= 3).
Cells were treated with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h or with DMSO. Statistical analysis was performed
by using a one-way ANOVA followed by a two-sided Student’s t test (p value: >0.001***; 0.002**; 0.033*; ns= 0.12). C Immunoblot analysis of
lysates from untreated ciliated (Myo5+/+/Ckc) and non-ciliated (Myo5a−/−/Nckc) cells using Ripk3 (~57 kDa) and HSP27 (~27 kDa) antibodies.
Pan-actin (~30 kDa) or beta-tubulin (~55 kDa) were used as controls.
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reduced NF-κB signaling in non-ciliated cells. However, immuno-
blots revealed increased levels of the NF-κB inhibitor IκBα in cells
lacking cilia (Suppl. Fig. 3A, B), indicating increased NF-κB activity.
Short-term stimulation with TNFα led to increased phosphoryla-
tion and consistently degradation of IκBα while inducing
phosphorylation of NF-κB p65 at Ser536. Consistently, qPCR data
on NF-κB expression (Suppl. Fig. 3C, D) confirmed that NF-κB
activity is not reduced in non-ciliated cells. Therefore, the
upregulation of Ripk3 and Ripk1 in non-ciliated cells can explain
their marked susceptibility to necroptosis, and the underlying
molecular mechanisms leading to Ripk3/Ripk1 upregulation
remain elusive.

Proteomic profiling identifies deregulation of autophagy-
related and lysosomal proteins
To gain additional mechanistic insights into the increase in
necroptotic death and in Ripk3 expression in non-ciliated cells, we
performed an unbiased proteomic analysis to identify differen-
tially expressed proteins and pathways related to the loss of cilia
in the respective cell lines. Principal component analyses clearly
separated CkC from Nckc (Suppl. Fig. 4A), as well as Myo5a−/−

from Myo5a+/+ control cells (Suppl. Fig. 4B). Compared to the
respective controls and based on a Student’s t-test with standard
parameter (S0= 0 and threshold p value > 0.05), we found 3094
differentially expressed proteins in Nckc and 2980 differentially
expressed proteins in Myo5a−/− (Supplementary Table S2). The
identified differentially expressed proteins were used as input for
clustered heat maps of both datasets (Suppl. Fig. 4C, D). To
identify the common proteins and pathways altered upon loss of
cilia, we compared significantly regulated proteins from both
datasets to visualize the similarities of both unciliated cell lines.
Student’s t-test difference of non-ciliated cells versus ciliated cells

correlates, which reveals 2282 equally upregulated and 832
down-regulated proteins demonstrating the similarity between
the two loss-of-cilia models (Suppl. Fig. 4E). Gene ontology and
KEGG pathway analyses of the clustered non-ciliated data set of
significantly up or down-regulated proteins revealed terms
related to spliceosome and lysosome to be enriched (Suppl.
Fig. 5A). Indeed, many autophagy proteins were significantly
altered in both unciliated cell lines, as shown in representative
volcano blots (Suppl. Fig. 5B, C). Strikingly, we observed an
enrichment of proteins previously shown to connect the
autophagosome with the necrosome, particularly an increased
expression of Map1lc3a/b (LC3) and p62/Sqsmt1, as well as Ripk1
and Ripk3 (Fig. 4A). This increased expression of LC3 and p62/
Sqsmt1 in non-ciliated cells could be further confirmed by
immunoblotting (Fig. 4B).

Necroptosis in the kidney upon loss of cilia
To understand the significance of our findings in vivo, we studied
cell death in mice lacking functional primary cilia in the distal part
of the nephron. Specifically, we knocked out the kinesin Kif3a in
the distal tubules and collecting ducts of the kidney using the
Ksp:Cre line. Kif3a is a subunit of the kinesin-2 motor required for
intraflagellar transport, the transport of cargo along ciliary
microtubules [39]. These mice develop cystic kidney disease
starting with tubular dilatations in the first week of their life [40].
We used kidneys of Kif3afl/fl:ksp:cre+/− (Kif3atko) and Kif3afl/
wt:ksp:cre+/− (control) mice at postnatal days P4 and P28 and
found TUNEL positivity increasing with age (Fig. 5A). Notably,
qPCR analysis revealed a significant upregulation of Ripk3 in
Kif3atko kidneys together with an increase in TNFα mRNA levels at
P28, while caspase-3, caspase-8, Fadd, Mlkl, and Ripk1 were not
significantly altered (Fig. 5B). Moreover, we detected high levels of

Fig. 4 Loss of cilia induces upregulation of the p62/Ripk1 module. A Details from the scatter blot (total plot in Suppl. Fig. 4E) highlighting
proteins connecting the autophagosome and the necrosome. B Immunoblot analyses of DMSO treated Nckc versus Ckc for LC3 (~17 kDa) and
p62/Sqstm1 (~62 kDa) expression (n= 4) and densitometric analysis, normalized to pan-actin (n= 4).
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Ripk3 in protein lysates from those kidneys, indicating an
increased propensity to necroptosis during renal cyst formation
and tissue degeneration (Fig. 5C). It is important to note that we
did not detect any significant alterations in the expression of cell
death genes at P4 at the time when kidney tissue showed almost
no signs of cyst formation. However, cilia were described to be
normal at birth (P0) in this mouse model [40], and cells of the
distal nephron still carry some primary cilia at P4 (Suppl. Fig. 6,
DBA-positive tubules). This is in line with the fact that loss of cilia
itself is not sufficient to trigger cell death but can increase
susceptibility to necroptosis under inflammatory conditions
involving TNF or IFNγ. So far, we can only speculate about the

factors that trigger necroptotic cell death during the early phase
prior to cyst formation in Kif3atko mice.

The loss of the ciliary signaling protein Nphp1 enhances
necroptotic cell death
Deletions of NPHP1 are the most frequent cause of NPH, a
pediatric ciliopathy and kidney disease that is characterized by
tubular atrophy, cyst formation, interstitial fibrosis, and inflamma-
tion [11, 12, 41]. Nphp1 does not encode for a structural ciliary
protein but for the key protein of the NPHP-protein complex
involved in ciliary signaling [21]. Nphp1 is localized at the
transition zone of primary cilia [42]. Therefore, Nphp1 deficiency

Fig. 5 Genetic targeting of ciliogenesis leads to cell death and increased Ripk3 expression in vivo. A PAS staining of kidneys from Kif3afl/
fl:Ksp:cre+/− and Kif3fl/wt:Ksp:cre+/− mice at a postnatal age of 4 days (scale bar 200 µm) and 28 days (scale bar 500 µm) showing the loss of
kidney architecture and cyst formation over time. TUNEL staining (scale bar 100 µm) indicates cell death. B Quantitative real-time PCR of
several cell death genes showing upregulation of necroptosis-specific genes in mouse tissue lacking primary cilia (n= 3). Statistical analysis
was performed by using a one-way ANOVA followed by a two-sided Student’s t test (p value: >0.001***; 0.002**; 0.033*; ns= 0.12). Control,
heterozygous transgenic mice. C Immunoblot analysis of 28-day-old mice for Ripk3 expression (~57 kDa; n= 3 individual animals shown).
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does not result in the loss of primary cilia but rather causes cilia
signaling defects. Kidneys have the capacity for intrinsic repair.
Repair is based on dedifferentiation and proliferation of renal
tubular cells without the need for prespecified stem cell
populations and involves regulated disassembly and reassembly
of primary cilia [43, 44], allowing the cells to reenter the cell cycle
and undergo cell division [45]. Since the ciliary basal body, a
modified centriole, is required to form the later spindle poles, cells
have to disassemble the cilium prior to cell cycle re-entry. In this
scenario, increased susceptibility to necroptosis might be of
particular importance. To study whether loss of Nphp1 might
promote necroptotic damage under such conditions, we gener-
ated Nphp1−/− cells in the non-ciliated Nckc subclone. As an
additional control, we used single-copy integration into the Rosa26
locus to re-express low levels of FLAG-tagged Nphp1. Expression of
Nphp1/F.Nphp1 was controlled by immunoblotting of cell lysates
using a specific Nphp1 monoclonal antibody [46] (Fig. 6A). When
performing cell viability assays, we shortened the treatment time
to 8 h to gain a larger number of surviving cells upon TCE
treatment. The knockout of Nphp1 indeed enhanced necroptotic
response, which could be rescued by necrostatin-1s and partially
by the re-expression of FLAG.Nphp1 (Fig. 6B). Immunoblotting

again revealed the activation of Mlkl as indicated by phosphoryla-
tion (Fig. 6C). These data might indicate that in the absence of cilia
Nphp1-related signaling is responsible for suppressing necroptosis.

DISCUSSION
Given the massive loss of tubular epithelial cells during the
progression of renal ciliopathies, we investigated whether cilia
could shape the response of renal epithelial cells upon induction of
cell death. Interestingly, while the majority of ciliated renal
epithelial cells underwent apoptosis after exposure to TNF and
CHX, they did not appear to involve necroptosis as the inhibition of
caspase activity did not induce necroptosis in these cells.
Remarkably, this changed with the loss of primary cilia. In cells
lacking cilia, apoptosis was reduced when exposed to TNF and CHX.
Such protection from apoptosis might be important under
physiological conditions when cells transiently disassemble their
cilium prior to cell cycle re-entry and repair of tubular injuries.
However, further inhibition of caspase activity in non-ciliated cells,
mimicking inflammatory conditions, led to massive RIPK1-mediated
necroptotic cell death, as indicated by the phosphorylation of
MLKL. We can thus show for the first time that the absence of cilia

Fig. 6 Loss of the functional but not structural ciliary protein Nphp1 enhances the necroptotic response. A Immunoblot analysis
demonstrating Nphp1 deficiency in Nphp1−/− cells and confirming re-expression of FLAG.Nphp1 by using Nphp1 (~83 kDa). B Neutral-red
assay in Nckc proficient and deficient in Nphp1. RCD induction with TNFα (TNF, 4 ng/100 µl) and cycloheximide (CHX, 2 µg/100 µl) for 16 h.
Additionally, caspase-8 inhibitor emricasan (Em, 10 µM) and necroptosis inhibitor necrostatin-1s (Nec1s, 40 µM) were used for 16 h (n= 3).
Knockout of Nphp1 resulting in increased necroptotic death. C Immunoblot of phospho-Mlkl (~56 kDa) in Nphp1 proficient and deficient cells
upon TC and TCE treatment for 8 h. Pan-actin was used as a loading control (n= 3).
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switches the response of cells from apoptosis to necroptosis.
Notably, the mere loss of cilia is not sufficient to drive cells into
necroptosis. This is consistent with the phenotype of mice bearing
genetic alterations that affect cilia or related human diseases since
kidneys typically are unaffected at birth. Defective cilia, however,
increase susceptibility to necroptosis under inflammatory condi-
tions, and there must be additional factors in the progression of
kidney disease that eventually initiate necroptotic cell death.
Mechanistically, we found Ripk3 to be upregulated both in

mIMCD3 cell lines without cilia as well as in kidneys from mice
lacking cilia in the distal tubules. We could detect both increased
levels of mRNA expression as well as of Ripk3 protein. A number of
factors have been recently described to modulate Ripk3 expres-
sion, which includes methylation of the Ripk3 promotor [47] and
components of the NF-κB signaling pathway. It has recently been
demonstrated that NF-κB1 and NF-kappa-B essential modulator
(Nemo) bind to the Ripk3 promotor and suppress TNFα-induced
Ripk3 expression and necroptosis in endothelial cells [48].
Consistently, genetic inhibition of NF-kB signaling in the murine
skin triggered TNFR1-mediated necroptosis and inflammation [49].
With respect to cilia, previous studies have found repression of NF-
κB upon loss of cilia due to loss of Kif3a in hippocampal neurons
[50] or due to hypomorphic Ift88 mutation in chondrocytes [51].
The latter study suggested a crucial role of Hsp27 as a ciliary
protein and known regulator of IKK [52–54]. Notably, we found no
evidence for increased NF-κB signaling in mIMCD3 cells lacking
cilia, as indicated by IκBα expression and its phosphorylation and
degradation upon TNFα stimulation. Moreover, we found Hsp27
expression to be unaffected by loss of cilia (Fig. 3C). Therefore, the
shift in cell death response toward necroptosis and the increase in
Ripk3 might not be related to altered NF-κB activity.
Our unbiased approach provided additional mechanistic insights.

Comparing protein expression of ciliated and non-ciliated cells
followed by KEGG pathway analyses highlighted the enrichment of
spliceosomal and lysosomal components in cells without cilia. The
latter finding was surprising since the loss of cilia has been shown to
negatively regulate autophagy [55–57]. Interestingly, the autophagy
machinery is connected to the necrosome through p62/Sqsmt1 and
Map1lc3a/b (LC3) interacting with Ripk1, and this interaction can
control switching from apoptosis to necroptosis [58]. In particular,
p62-mediated recruitment of Ripk1 to the autophagy machinery
turns cell death from apoptosis toward necroptosis. Strikingly, our
proteome data set demonstrates an increased abundance of p62/
Sqsmt1, Map1lc3a/b (LC3), and Ripk1 in cells lacking primary cilia,
which could be confirmed independently by immunoblots. In
conclusion, the increased propensity to necroptosis upon loss of
cilia might result from increased Ripk3 levels combined with a high
abundance of the necrosome – autophagosome connecting module.
Loss of NPHP1 is the most frequent genetic cause of pediatric

cystic kidney diseases [41]. Here, we demonstrate that loss of Nphp1
further promotes necroptosis in cells without cilia. As described
above, loss of cilia occurs regularly in the kidney: the repair of tubular
cellular damage requires surviving resident cells to disassemble the
cilium prior to cell cycle re-entry [43, 44]. At this point, the increased
susceptibilities to necroptosis due to the ciliopathy mutation on the
one side and due to the missing cilium on the other side might add
up in such a way that a critical threshold is exceeded and the
necroptotic rate in the tissue increases. Given the increasing number
of pharmacological interventions targeting different routes of cell
death, including necroptosis [59, 60], it will be critical to analyze the
specific role of this cilia cell-death switch in the pathogenesis of
individual ciliopathies.

MATERIAL AND METHODS
Cell lines and cell culture
Murine inner medullary collecting duct 3 cells (mIMCD3, ATCC CRL-2123™)
[61], were cultured in DMEM-F12 medium (Sigma) supplemented with 10%

fetal bovine serum (FBS, Gibco™), 2 mM GlutaMAX (Gibco™) and 1.0%
Penicillin and Streptomycin (Gibco™). Cells were maintained at 37 °C in the
presence of 5% CO2. All cell lines were tested negative for mycoplasma
(PCR Mycoplasma Test Kit I/C, PromoKine). Myo5a−/− mIMCD3 cells
generated with CRISPR/Cas9 mediated genome editing has been
described earlier [37]. mIMCD3 subclones (ciliated kidney cells (Ckc) and
non-ciliated kidney cells (Nckc)) were generated by sorting single cells into
a 96-well plate using a FACSAriaIII. After expansion, cell clones were
screened for the number of ciliated cells using immunofluorescence
stainings (acetylated tubulin/Arl13b). Nphp1 deficient cells were generated
based on Nckc’s using vector-based genome editing as described [37]. The
sgRNA (5′-AGCGCCTGCAGCGGGTCCCG–CGG-3′) was cloned into PX458.
pSpCas9(BB)‐2 A‐GFP (PX458), a kind gift from Feng Zhang (Addgene
plasmid # 48138) [62].

Live-cell Imaging
Myo5a+/+ and Myo5a−/− mIMCD3 cells, as well as the mIMCD3 subclones
Ckc and Nckc, were seeded, with 15,000 cells per well, into 96-well plates in
triplicates. 24 h after seeding, cells were treated with DMSO (AppliChem),
4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide (C4859;
Sigma), and 10 µM emricasan (Em; SEL-S7775; Biozol). For the IFNγ
stimulation experiments, 10,000 cells per well were seeded. On the
following day, cells were preincubated with 1000 U/ml IFNγ (#315–05;
PeproTech) for 8 h, before combined treatment with IFNγ and 10 µM Em.
For both experiments, cell death was visualized by adding DiYO-1 (ABD-
17580, Biomol). Immediately after adding the reagents, the plates were
transferred to the IncuCyte® S3 (Sartorius; 37 °C and 5% CO2), and the first
images were captured (T0). Subsequently, every 2 hours, pictures were
taken. Per well, three single images were generated for each time point. In
total, plates were scanned over the period of 24 h, thereby imaging the
green channel with 300ms exposure time and the phase contrast channel
with ×20 objective. The analysis was done by teaching the machine for
positive events within the included IncuCyte® Cell-by-Cell Analysis
Software Module (#9600–0031, Sartorius). For analysis, a multiple
comparison one-way ANOVA was performed, using the Turkey test with
p < 0.05.

Immunofluorescence staining
mIMCD3 cells were seeded on coverslips to stain for primary cilia [37]. Cells
were fixed with 4% PFA for 5 min at RT followed by 4min incubation with
ice-cold methanol at −20 °C. Next, cells were incubated with blocking
solution 1xPBS containing 0.1% Triton X-100 and 10% normal donkey
serum (Jackson ImmunoResearch) for 1 h at RT, followed by an 80min
incubation at RT with primary antibody (anti-acetylated tubulin, T6793
Sigma, 1:1000; anti-Arl13B, 17711–1-AP ProteinTech, 1:400). The following
secondary antibodies were used: donkey-anti-rabbit Cy3, 715-165–150,
and donkey-anti-mouse-Alexa 488, 715–545–150; both Jackson ImmunoR-
esearch, 1:500; for 45min at RT. Samples were mounted in ProLong™
Diamond with DAPI (ThermoFisher Scientific). Kidney tissue staining of
4 µm fixed sections were performed as previously described [63]. Firstly,
the sections were deparaffinized by xylene treatment followed by
rehydration in graded ethanol (70%, 95%, 100%). Antigen retrieval was
achieved using heat-induced epitope retrieval and citrate buffer. For
immunohistochemical staining, endogenous peroxidases and unspecific
antibody binding sites were blocked by incubating with 1% BSA and 5%
donkey serum (Jackson ImmunoResearch) for 1 h at RT. The primary
antibody (anti-acetylated Tubulin, T6793 Sigma, 1:1000) was incubated
overnight at 4 °C in the blocking solution, followed by incubation with
fluorophore-coupled secondary antibody anti-mouse-Cy5, # 715–175–150,
Jackson ImmunoResearch, 1:500) or tubule markers (Rodamin-DBA (RL-
1032–2); FITC-Lotus Tetragonolobus Lectin (LTL, FL-1321–2; Vector
laboratories) both 1:500) for 1 h at RT. The samples were mounted after
a short pre-incubation of Hoechst33342 (ThermoFisher Scientific, 1:1000)
with ProLong™ Diamond (ThermoFisher Scientific). Images were acquired
using the AxioObserver microscope with an axioCam ICc 1, Axiocam 702
mono, Apotome system (Carl Zeiss MicroImaging, Jena, Germany;
objectives Plan-Apochromat 20x/0.8 and EC Plan-Neofluar 40x/1.3).

Cell viability assay
Neutral-red release (NR) assays for cell viability were performed as
described [64]. In brief, 30,000 cells were seeded as triplicates in 96-well
plates 24 h prior to treatments. Cells were treated with DMSO (AppliChem),
4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide (C4859;
Sigma), 5 µM. birinapant (SELS7015, Biozol), 10 µM emricasan (SEL-S7775;
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Biozol), 40 µM Necrostatin-1s (ab221984; Abcam), and 5 µM GSK872 (HY-
101872, Sigma) as indicated in the figures and incubated for 16 h at 37 °C.
Once 14 h of treatment was passed, neutral-red (C.I.50040, Sigma) was
added to the medium. After additional 2 h, the cells were washed thrice
with PBS followed by a 15min incubation of destaining buffer (50% EtOH,
49% ddH2O, and 1% acetic acid) under gentle shaking [65]. The
absorbance was measured at 540 nm using the Infinite® M Plex plate
reader (TECAN).

Mouse lines
To generate mice lacking primary cilia in the distal tubules and collecting
ducts of the kidneys, Kif3afl mice [40] were crossed with Ksp:cre [66] mice on
a C57Bl/6 N background. The mice were housed according to standardized
specific pathogen-free conditions in the in vivo research facility of CECAD at
the University of Cologne. All matings and experiments were conducted in
accordance with European, national and institutional guidelines, as
approved by the State Office of North Rhine-Westphalia, Department of
Nature, Environment and Consumer Protection (8.87-50.10.31.08.049 and
84–02.04.2013.A152). For the preparation of the mice, the mice were
sacrificed by cervical dislocation, and kidneys were perfused with PBS
through the aorta. Tissue was processed by fixation in 4% formaldehyde and
embedding in paraffin as well as snap-frozen for further tissue analysis.

Immunohistology and TUNEL staining
For histological analysis, tissue was cut into 1-μm-thick sections and
deparaffinized by xylene treatment and rehydration in graded ethanol.
Sections were stained with 0.9% periodic acid (cat# 3257.1, Roth) and
Schiffsches Reagent (cat#1.09033, Merck) both for 10min embedded into
washing steps with H2O. Finally, to visualize nuclei in blue, the samples
were stained with Mayer’s Haematoxylin for 20 s. After dehydration of the
sections, they were embedded with Histomount (HS-103, National
Diagnostics). The DeadEnd™ Fluorometric TUNEL System (Promega) was
performed following the manufacturer’s instructions, with the exception
that the samples were mounted, with a pre-incubation of Hoechst
(ThermoFisher Scientific, 1:1000) as nuclear staining, with ProLong™
Diamond (ThermoFisher Scientific). The antibody signals were visualized
by using the Axio Observer as described above.

Immunoblotting
mIMCD3 cells were seeded in six-wells plates/dishes and treated with
DMSO, TNFα, CHX, Nec1s, or emricasan as described above for 16 h. For
whole-cell extracts for pMlkl analysis, cells were immediately lysed in 1×
Laemmli buffer. For protein lysates, cells were harvested in medium and,
after centrifugation, lysed in RIPA buffer (1% IgePAL, 150mM NaCl, 0.25%
Na-Deoxy, 50 mM Tris pH 7.5) supplemented with cOmplete™ Protease
Inhibitor Cocktail (Roche). For immunoblotting of kidney samples, 30 mg of
tissue were homogenized with a Wheaton Dounce tissue grinder in RIPA
buffer on ice. After 30min on ice, lysates were centrifuged at 14,000 rpm
for 30min at 4 °C. Protein concentration was measured from the
supernatants using Pierce BCA Protein Assay Kit (ThermoFisher Scientific)
according to the manufacturer’s instructions. Finally, samples were diluted
with 5x sample buffer. Proteins were separated by SDS–PAGE and
transferred to a PVDF-FL membrane (Millipore) and, after blocking with
Intercept blocking solution (Licor) and washing (1× PBS, 0.1% Tween-20),
stained with antibodies against phospho-Mlkl Ser345 (#37333, CST,
1:1000), Ripk1 (#610459, bd biosciences, 1:1000), Ripk3 (ADI-905–242,
Enzo, 1:1000), cleaved-caspase-3 Asp175 (#9661, CST, 1:1000), LC3
(#2775 S, CST, 1:1000), p62/Sqstm1 (GP62-C, Progen, 1:1000), total IκBa
(sc-371, Santa Cruz, 1:1000), pIκBa (#9246, CST, 1:1000), pNFκB (#3033, CST,
1:1000), Nphp1 (Homemade polyclonal rabbit, 1:1000), β-Tubulin (E7,
DSHB, 1:500) or pan-actin (#8456, CST, 1:1000) at 4 °C overnight.
Fluorescence-coupled secondary antibodies (anti-mouse IgG (H+ L) IRDye
680RD, cat# 926–68070; anti-rabbit IgG (H+ L) IRDye 680RD, cat#
926–68071; anti-mouse IgG (H+ L) IRDye 800CW, cat# 926–32210; anti-
rabbit IgG (H+ L) IRDye 800CW, cat# 926–32211; Licor) were incubated for
45min at RT. Finally, the membranes were scanned using Odyssey CLx
(Licor). Densitometry was performed by using ImageJ, normalized to the
housekeeping protein, and statistically analyzed with a two-tailed
Student’s t test; p < 0.05.

Mass spectrometry
For each of the four biological replicates per point, one 10 cm dish of
mIMCD3 cells of the indicated genotype was harvested and snap-frozen.

Pellets were resuspended in urea buffer (8 M Urea, 50 mM ammonium
bicarbonate) containing Halt protease-phosphatase-inhibitor cocktail
(Thermo Scientific). After clearing of the sample (16,000 × g, 1 h at 4 °C),
the lysates were reduced (10mM dithiothreitol, 1 h, at RT) and alkylated
(50mM chloroacetamide, 1 h, at RT). Samples were diluted to 2M urea and
subjected to tryptic digestion (enzyme:substrate ratio of 1:50). After
overnight incubation, a double-layered stage-tip clean-up (C18) was
performed. Samples were handed in for analysis into two separated
experiments: Nckc versus Ckc and Myo5a−/− versus Myo5a+/+ control
cells. Samples were analyzed at the CECAD proteomics facility on an
Orbitrap Exploris 480 (Thermo Scientific) mass spectrometer equipped with
a FAIMSpro differential ion mobility device coupled to an UltiMate 3000
(Thermo Scientific). LFQ values were calculated using the DIA-NN R-
package [67]. A Swissprot mouse canonical database (UP589, downloaded
18/06/20) was used for library building with settings matching acquisition
parameters and the match-between-runs function enabled. Here, samples
are directly used to refine the library for a second search of the sample
data. DIA-NN was run with the additional command-line prompts “—
report-lib-info” and “—relaxed-prot-inf”. Further output settings were:
filtered at 0.01 FDR, N-terminal methionine excision enabled, maximum
number of missed cleavages set to 1, min peptide length set to 7, max
peptide length set to 30, min precursor m/z set to 400, max precursor m/z
set to 1000, cysteine carbamidomethylation enabled as a fixed modifica-
tion. Afterward, DIA-NN output was further filtered on library q-value and
global q value <= 0.01 and at least two identified peptides per protein
using R (4.1.3). Student’s t-tests and Fisher exact tests were calculated in
Perseus (version 1.6.15.0) after the removal of decoys and potential
contaminants [68]. Data were filtered for at least four out of four values in
at least one condition. The remaining missing values were imputed with
random values from a normal distribution using Perseus defaults. The mass
spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [69] partner repository with the data set
identifier PXD035290.

Quantitative real-time PCR
mIMCD3 cells were seeded in 12 well plates, treated with DMSO
(AppliChem), 4 ng/100 µl TNFα (aa80–235; R&D), 2 µg/100 µl cycloheximide
(C4859; Sigma) for 16 h and washed with PBS right before lysis in Tri-
Reagent (Sigma). For RNA isolation from kidney tissue, one-quarter of a
kidney was ground with BeadBeater (Roth) using a Precelly24 with
5000 rpm two times for 30 s in Tri-Reagent. RNA extraction was performed
with the Direct-zol RNA Miniprep kit (Zymo Research) following the
manufacturer’s instructions, including a DNase1 treatment step. Prior to
the reverse transcription by using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems), RNA concentration and sample
quality were assessed on a Nanodrop spectrophotometer (Peqlab). mRNA
was assessed by SYBR Green (ThermoFisher Scientific) qPCR using mHprt1
as endogenous control. Primers are listed in Supplementary Table S1. The
qPCR experiments were performed on a QuantStudio 12 K Flex Real-time
PCR System (ThermoFisher Scientific). For data analysis, all results were
normalized to the housekeeping gene Hphrt1 using the delta-delta CT
followed by a two-tailed Student’s t test (p < 0.05).

Quantification and statistical analysis
Data are expressed as mean ± standard deviation (SD). All experiments
were performed in at least three independent biological replicates. The
data were statistically analyzed with GraphPad Prism version 8.0.2.

DATA AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [69] partner repository with the data set identifier
PXD035290. All additional data generated or analyzed during this study are included
in the article.
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