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Necroptosis is a regulated necrotic cell death pathway, mediated
by a supermolecular complex called the necrosome, which con-
tains receptor-interacting protein kinase 1 and 3 (RIPK1, RIPK3) and
mixed-lineage kinase domain-like protein (MLKL). Phosphorylation
of human RIPK3 at serine 227 (S227) has been shown to be
required for downstream MLKL binding and necroptosis progres-
sion. Tandem immunoprecipitation of RIPK3 reveals that casein
kinase 1 (CK1) family proteins associate with the necrosome upon
necroptosis induction, and this interaction depends on the kinase
activity of RIPK3. In addition, CK1 proteins colocalize with RIPK3
puncta during necroptosis. Importantly, CK1 proteins directly
phosphorylate RIPK3 at S227 in vitro and in vivo. Loss of CK1
proteins abolishes S227 phosphorylation and blocks necroptosis.
Furthermore, a RIPK3 mutant with mutations in the CK1 recogni-
tion motif fails to be phosphorylated at 5227, does not bind or
phosphorylate MLKL, and is unable to activate necroptosis. These
results strongly suggest that CK1 proteins are necrosome compo-
nents which are responsible for RIPK3-5227 phosphorylation.
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Necroptosis is a form of regulated immunogenic cell death
which is implicated in many pathological human conditions,
such as infection, inflammation, neurodegeneration, and cancer
(1-6). One of the best-studied necroptosis pathways is induced
by tumor necrosis factor (TNF) (T), with simultaneous treatment
of small molecules Smac-mimetic (S) to inhibit the NF-kB survival
pathway and Z-VAD-FMK (Z) to inhibit apoptosis (7). The
combination of TNF, Smac-mimetic, and Z-VAD-FMK (TSZ)
treatment triggers a signaling cascade that ultimately results in
membrane permeabilization. Specifically, TSZ treatment leads to
the phosphorylation and activation of receptor interacting protein
kinase 1 (RIPK1), which then recruits receptor interacting protein
kinase 3 (RIPK3) (7-11). RIPK3 subsequently recruits mixed-
lineage kinase domain-like protein (MLKL) to form a super-
molecular complex called necrosome (12, 13), which is essential for
cell death execution.

RIPK1 and RIPK3 each contain an N-terminal kinase domain
followed by a RIP homotypic interaction motif (RHIM) (14). The
RHIM domain mediates homo- or heterointeraction, which is the
driving force for the oligomerization of RHIM-containing proteins
to activate necroptotic death. For example, the RHIM domain of
RIPK1 can interact with the RHIM domain of another RIPK1
molecule or the RHIM domain of RIPK3. In addition, many
pathogens activate necroptosis through RHIM-containing pro-
teins, such as TIR domain-containing adapter-inducing IFN-f
(TRIF), or Z-nucleic acid binding protein 1 (ZBP1/DAI), which
interact with RHIM domain of RIPK3 to promote RIPK3 oligo-
merization (15-18). During necroptosis, RIPK1 and RIPK3 in-
teraction results in the formation of amyloid fibrils through the
RHIM domain. The core of RHIM amyloids consists of stacked
B-sheets, with many side chains extending out from the core, which
potentially could bring in other signaling proteins (19-21). The
assembly of this highly oligomeric signal platform is essential for
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necroptosis (22). RHIM domain mutations of RIPK1 or RIPK3
that abolish RHIM-RHIM interaction also abolish the ability of
RIPK1 or RIPK3 to activate necroptosis (7, 23, 24). For instance,
the RIPK3-RHIM mutant fails to interact with RIPK1 or form
homooligomers and does not induce necroptosis.

This signaling pathway is tightly regulated by phosphorylation.
RIPK1, RIPK3, and MLKL are all phosphorylated at multiple
positions (7-13, 25-32). In particular, the phosphorylation of hu-
man RIPK3 on serine 227 (S227) has been shown to be a critical
step, without which RIPK3 will not recruit MLKL and the cells do
not die (12). Furthermore, phosphorylation of human MLKL at
threonine 357 and serine 358 by RIPK3 is also essential (29).
Importantly, the kinase activity of both RIPK1 and RIPK3 is re-
quired for necroptosis (7-13). Inhibitors of RIPK1 or RIPK3
block cell death, and the kinase-dead RIPK1 or RIPK3 cannot
activate necroptosis (9, 33-35). Specifically, the kinase-dead form
of RIPK3 still binds RIPK1, but is not phosphorylated at S227 (12,
31). Thus it is believed that S227 is not phosphorylated by RIPK1;
rather it is autophosphorylated. However, one cannot exclude the
possibility that unidentified kinases may be involved in the phos-
phorylation of S227 other than RIPK1 or RIPK3.

Casein kinase 1 (CK1) is a family of serine/threonine kinases,
which have been shown to phosphorylate many substrates that are
involved in multiple cellular processes, including circadian rhythm,
Whnt signaling, membrane transportation, pS3 regulation, and cell
division (36-38). The canonical CK1 substrate is pS/pT-X;»-S/T,
with a priming phosphorylation of serine or threonine at the —3 or —2
position to the target site. Alternatively, the priming phosphorylation
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can be substituted with multiple acidic residues (D/E) upstream
of the target site (36-38).

In this report, we demonstrated that CKla, CK18, and CKle
associated with RIPK3 and the necrosome upon necroptosis in-
duction. CK1 proteins directly phosphorylated RIPK3 at S227
in vitro and in vivo. Loss of CK1 proteins abolished S227 phos-
phorylation and blocked necroptosis. Furthermore, RIPK3-E221/
225A, a mutant which could not be phosphorylated by CK1, failed
to bind and phosphorylate MLKL, and was unable to activate
necroptosis. These results strongly suggest that CK1 proteins are
responsible for RIPK3 S227 phosphorylation.

Results

Casein Kinase 1 Family Proteins CK1a, CK15, and CK1¢ Associate with
the Necrosome upon Necroptosis Induction. In order to identify
additional proteins which might associate with the necrosome, a
previously established HelLa cell line stably expressing HA—
3xFlag-tagged RIPK3 was used for tandem immunoprecipitation
(31). These cells readily undergo necroptosis with combination
treatment of TNF, Smac-mimetic (to block the NF-kB pathway),
and ZVAD-FMK (to block apoptosis) (TSZ). Necrosulfonamide
(NSA) is an MLKL inhibitor, which allows the necrosome to
form, but blocks cell death (12) (Fig. 14). Tandem immuno-
precipitation of RIPK3 and silver staining revealed several
unique bands present in the TSZ/NSA treated sample (Fig. 1B).
Mass spectrometry (MS) analysis identified RIPK3 and another
known necrosome component RIPK1, and the bands between
43 kDa and 55 kDa were found to contain both casein kinase
1 family proteins CK18 and CKle. These two proteins share

84% sequence identity and many identified peptides were assigned
to both proteins.

To confirm the interaction, we used a pair of previously
established cell lines, stably expressing 3xFlag-RIPK3 (wild type
[WT]) or 3xFlag-RIPK3-K50A (K50A) which is kinase dead (12,
31). K50A cells do not die upon TSZ treatment, confirming that
RIPK3 kinase activity is required for necroptosis (12, 31). As
previously reported, RIPK1 interacted with RIPK3 upon TSZ/
NSA treatment (Fig. 1C, lane 6), and that interaction did not need
RIPK3 kinase activity (lane 8). However, signal-induced MLKL
interaction with RIPK3 was dependent on RIPK3 kinase activity
(Fig. 1C, compare lanes 6 and 8). Interestingly, CKle interacted
with RIPK3 in the same way as MLKL, suggesting that it might be
a necrosome component.

The interaction was also confirmed with transient transfection
experiments. HelLa cells, which do not express endogenous
RIPK3, were transfected with a low amount of DNA (1 pg/2 X
10° cells) encoding 3xFlag-RIPK3 or 3xFlag-RIPK3-KS0A. At
this DNA amount, ectopically expressed RIPK3 did not cause
cell death by itself and the cells only underwent necroptosis with
TSZ treatment. Again, CK18 and CKle only interacted with
WT-RIPK3 under TSZ/NSA treatment (Fig. 1D, lane 6), but not
with kinase-dead K50A mutant (lane 8). In addition, another
CK1 family protein CKla which shares about 70% sequence
identity with CK16 in the kinase domain, bound RIPK3 in the
same manner.

RIPK3-CK1 interaction was further confirmed by fluorescent
microscopy. HeLa cells stably expressing GFP-RIPK3 were
transfected with a construct encoding RFP-CKle. GFP-RIPK3
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Fig. 1.

CK1a, CK18, and CK1¢ associate with the necrosome upon necroptosis induction. (4) Current understanding of necrosome formation. Treatment with

TNFa (T), Smac-mimetic (S), and Z-VAD-FMK (Z) leads to RIPK1 phosphorylation and recruitment of RIPK3. Autophosphorylation of serine 227 of human RIPK3
is required for MLKL binding and necrosome formation. Subsequent phosphorylation of MLKL by RIPK3 eventually results in cell death. Compound NSA blocks
necroptosis downstream of necrosome formation. (B) Identification of CK15 and CK1¢ from tandem immunoprecipitation. HelLa cells expressing HA-3xFlag-
RIPK3 were treated with DMSO or TSZ plus NSA. Cell lysates were subjected to tandem immunoprecipitation with anti-Flag and anti-HA antibodies and then
silver staining. Arrow pointed bands were cut out for MS analysis and identified as RIPK1, RIPK3, and CK18/CK1¢, respectively. (C) HelLa cells stably expressing
3xFlag-RIPK3 (WT) or 3xFlag-RIPK3-K50A (K50A) were treated with or without TSZ/NSA. Cell lysates were subjected to immunoprecipitation with anti-Flag
antibody and Western blotting was performed with indicated antibodies. (D) HeLa cells (2 x 10°) were transfected with 1 g DNA encoding 3xFlag-RIPK3 or
3xFlag-RIPK3-K50A and treated with DMSO or TSZ/NSA. Cell lysates were subjected to immunoprecipitation with anti-Flag antibody and Western blotting was
performed with indicated antibodies. (E) HeLa:GFP-RIPK3 cells were transfected with a construct encoding RFP-CK1¢. Live cell imaging was recorded with TSZ
addition at time 0. Images were shown at 20 min, 3 h 50 min, and 10 h 40 min. The last column shows the three-dimensional construction of images at 10 h
40 min. (Scale bar, 10 um.)
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was initially diffuse in the cytosol and TSZ treatment resulted in
the formation of GFP-RIPK3 puncta, which have been shown to
be aggregates of necrosome (12). The number and size of GFP-
RIPK3 puncta increased with time. RFP-CKle also formed
puncta in a similar fashion and the majority of RFP-CKle puncta
colocalized with GFP-RIPK3 (Fig. 1E), suggesting that CKle
associates with the supermolecular complex necrosome.

RIPK3 Directly Interacts with CK1 and the Interaction Requires an
Intact RHIM Domain. The core of the necrosome is formed by
RIPK1 and RIPK3, which share common domains (Fig. 24). Both
proteins have an N-terminal kinase domain and a C-terminal
RHIM domain which mediates both homo-and hetero-
oligomerization (14). Additionally, RIPK1 contains a C-terminal
death domain (Fig. 24). In order to identify which protein in the
necrosome directly interacts with CK1, constructs encoding myc-
tagged RIPK1 or RIPK3 were transfected into HeLa cells at
5 pg/2 x 10° cells. With this amount of DNA, overexpressed RIPK1
and RIPK3 induced cell death, bypassing signal requirement. Im-
munoprecipitation with anti-myc antibody revealed that RIPK3
bound endogenous CK1, while RIPK1 did not (Fig. 2B).

To determine which region of RIPK3 interacts with CK1, Flag-
tagged RIPK3 truncations (Fig. 24) were transiently overexpressed
in HeLa cells. Overexpression presumably bypasses the re-
quirement of upstream signal for interaction. As previously
reported (12, 39), amino acids (1 to 323) of RIPK3, which contains
the kinase domain, interacted with MLKL (Fig. 2C, lanes 5 and 6).
Interestingly, full-length RIPK3 and the C-terminal region (324 to
518) containing RHIM domain interacted with CK1, even though

the expression level of the C-terminal region (324 to 518) was the
lowest (Fig. 2C, lanes 3 and 7). However, the (324 to 518)-RHIMm
mutant which abolishes RIPK3 hetero- and homooligomerization
did not interact with CK1 (Fig. 2C, lane 8). These results suggest
that RIPK3 interacts with MLKL through its kinase domain, and
interacts with CK1 through the intact oligomerizable RHIM do-
main (Fig. 2D).

CK1 proteins failed to interact with RIPK3-K50A, which has
an intact RHIM domain (Fig. 1 C and D). One possible expla-
nation is that the RHIM domain of K50A cannot form homo-
oligomers. To test this hypothesis, 3xFlag- and 3xmyc- tagged
RIPK3 or RIPK3-K50A were coexpressed in HeLa cells at low
level. As expected, 3xFlag-RIPK3 interacted with 3xmyc-RIPK3
upon TSZ/NSA treatment (Fig. 2E, lane 6). However, 3xFlag-
RIPK3-K50A failed to interact with 3xmyc-RIPK3-K50A, and as
shown before, it did not interact with CK1 and MLKL (Fig. 2F,
lane 8). These results suggest that RIPK3 kinase activity is
required for RIPK3 homooligomerization, which is essential for
subsequent CK1 and MLKL recruitment and necrosome
formation.

A Short p-Sheet-Containing Region in the Kinase Domain of CK1
Interacts with RIPK3. Next we examined which region of CK1
interacted with RIPK3. CK1 proteins contain an N-terminal ki-
nase domain and a C-terminal regulation domain, which might
autoinhibit the kinase domain (Fig. 34) (36-38). CK1 structures
reveal that roughly the first 100 amino acids contain five f-sheets
and the rest of the kinase domain is mainly a-helixes and loops
(40, 41). It has been demonstrated that the RHIM domain of
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Fig. 2. RIPK3 directly interacts with CK1 and the interaction requires an intact RHIM domain. (A) Diagrams of RIPK1, RIPK3, and RIPK3 truncations. RHIM, RIP
homotypic interaction motif. In (324 to 518)-RHIMm, amino acids QVGD at 459 to 462 were all mutated to alanines, which abolishes RHIM-mediated in-
teractions. (B) HeLa cells (2 x 10°) were transfected with 5 ug DNA encoding myc-tagged RIPK3 or RIPK1. Cell lysates were harvested after 36 h and subjected
to immunoprecipitation with anti-Myc antibody. Western blotting was performed with indicated antibodies. (C) HelLa cells (2 x 10°) were transfected with
5 ng DNA encoding 3xFlag-tagged RIPK3 truncations. Cell lysates were harvested after 36 h and subjected to immunoprecipitation with anti-Flag antibody.
Western blotting was performed with indicated antibodies. The 14-3-3 served as a negative control. (D) Summary of the interaction results. RIPK1 recruits
RIPK3 through hetero-RHIM domain interaction. RIPK3 then forms homooligomers through its RHIM domain. Oligomerized RIPK3 recruits CK1 through the
RHIM-containing region and recruits MLKL through its kinase domain. (E) HeLa cells (2 x 10°) were transfected with 0.5 pg of each indicated DNA construct.
Cell lysates were harvested after 36 h and subjected to immunoprecipitation with anti-Flag antibody. Western blotting was performed with indicated an-

tibodies. The 14-3-3 served as a negative control.
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RIPK1 and RIPK3 forms amyloid fibrils consisting of stacked
B-sheets upon necroptosis induction (19, 20). Intermolecular
B-sheet interactions are widely observed for protein—protein in-
teraction and amyloid aggregation (22). Since CK1 interacts with
the oligomerized RHIM domain (Fig. 2), we examined whether
the p-sheets in CK1 mediated the interaction. Indeed, overex-
pressed full-length CK1e or CKle-(1 to 100), which contains the
pB-sheets, bound RIPK3 (Fig. 3B, lanes 4 and 5), but CKle-(101
to 417) did not (Fig. 3B, lane 6).

To further narrow down the region, amino acids 1 to 100 of
CKle were divided in half and fused with RFP to stabilize the
proteins. Only (51 to 100)-RFP fusion protein bound RIPK3, the
(1 to 50)-RFP fusion protein did not (Fig. 3C). This result was
confirmed by fluorescent microscopy. Upon TSZ/NSA treat-
ment, GFP-RIPK3 formed puncta. Full-length CK1e-RFP and
(51 to 100)-RFP also formed puncta which colocalized with
GFP-RIPK3, while (1 to 50)-RFP did not form puncta and
remained diffuse in the cytoplasm (Fig. 3D).

The region of 51 to 100 of CKlz¢ is highly conserved among the
three CK1 proteins (Fig. 3E) and contains two f-sheets. To
identify the minimal region required for CK1/RIPK3 interaction,
recombinant CK13 peptides fused with GST were bound to
glutathione beads and incubated with lysates from HeLa:3xFlag-
RIPK3 cells under different treatments. Amino acids 60 to 88
of CK18 bound RIPK3, but amino acids 68 to 83 barely did
(Fig. 3F), suggesting that both B-sheets and some surrounding
sequences are required for the interaction. Interestingly, this
interaction was not signal dependent, as RIPK3 from lysates

which had no necroptosis induction (Fig. 3F, lane 8) bound the
peptide just as robustly as RIPK3 from cells treated with TSZ or
TSZ/NSA (Fig. 3F, lanes 9 and 10). It is possible that the high
concentration of GST-CK16 peptide bypasses signal depen-
dence. Furthermore, RIPK3 bound to GST-CK18 (60 to 88)
migrated much slower, suggesting that heavily phosphorylated
RIPK3 preferentially interacted with CK1 peptide. Another
possibility is that RIPK3 enriched on the GST beads could
phosphorylate itself.

CK1a, CK15, and CK1¢ Directly Phosphorylate RIPK3 on Serine 227.
Since CK1 proteins are kinases, next we wanted to determine if
CK1 directly phosphorylated RIPK3. The Group-Based Pre-
diction System (http://gps.biocuckoo.cn) predicted that one of
the top CK1 phosphorylation sites in RIPK3 is serine 227, within
the sequence ELPTEPSLVYEAYV, containing two acidic resi-
dues before S227 (Fig. 44). Previously S227 has been suggested
to be an autophosphorylation site. This is supported by the ob-
servation that S227 is not phosphorylated in cells expressing
catalytically inactive RIPK3, even after TSZ treatment (12).
However, catalytically inactive RIPK3 is also unable to recruit
CK1 family members (Fig. 1 C and D). This raises an alterna-
tive explanation that one or more CK1 family members might
contribute to S227 phosphorylation. To test this hypothesis,
recombinant RIPK3 (151 to 254) was incubated with constitu-
tively active CK13 in an in vitro kinase assay. RIPK3 (151 to 254)
contained a portion of the kinase domain, but did not display any
kinase activity on its own (Fig. 4B, lane 1). Recombinant CK1
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1to 100 of CK1e contain five B-sheets. (B and C) Hela cells stably expressing 3xFlag-RIPK3 (2 x 10°) were transfected with 5 ug DNA encoding indicated tagged CK1¢
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was able to phosphorylate RIPK3 at S227, as shown by the use of
a phospho-S227 specific antibody (Fig. 4B, lane 2), and this
phosphorylation was erased by Appase treatment (Fig. 4B,
lane 3).

To investigate the ability of CK1 to phosphorylate RIPK3
in vivo, HA-tagged CK1a, CK18, CKlg, or a catalytically inactive
CKle mutant (CK1e-K38A) were transiently overexpressed in
HeLa:3xFlag-RIPK3-K50A cells. Because RIPK3-K50A lacks
kinase activity, any RIPK3 phosphorylation cannot be the result
of autophosphorylation. With overexpression, CKla, CK18, and
CKle could phosphorylate RIPK3 on S227 even without TSZ/
NSA treatment (Fig. 4C). However, cells expressing catalytically
inactive CKle did not show RIPK3-S227 phosphorylation (Fig.
4C, lane 5). Along with data from Fig. 4B, this suggests that CK1
may be directly responsible for RIPK3-S227 phosphorylation.
Because RIPK3 is catalytically inactive in these cells, it is not
possible to assess other downstream markers of necroptosis such
as MLKL phosphorylation or cell survival after TSZ treatment.

Loss of CK1 Abolishes RIPK3-5227 Phosphorylation and Blocks Cell
Death. All three CK1 members bind RIPK3 upon necroptosis
induction (Figs. 1 and 2) and are able to phosphorylate RIPK3 at
S227 when overexpressed (Fig. 4), suggesting redundant func-
tion. To assess how loss of CK1 family members might impact
necroptosis, single CKla, CK18, and CKle knockout (KO) cell
lines were generated using CRISPR-Cas9 (Fig. 54), beginning
with parental cells expressing 3xFlag-RIPK3. These single KO
cells all exhibited more cell survival upon necroptosis induction
compared to parental cells as measured by CellTiter-Glo (Fig.
5B). An attempt was made to further generate a CK1o/CK18/
CKle triple knockout cell line. Unfortunately, a triple knockout
cell line was never obtained. Due to the many functions of CK1
in the cells, loss of CKla, CK18, and CKle is likely lethal.
However, a CK1o/CKle double knockout cell line (lale-DKO)
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was generated. These cells grew slower than parental cells, pre-
sumably because of the defects in many CK1-regulated processes
including cell division. When compared to the parental cells, the
lale-DKO cells exhibited much lower levels of RIPK3-S227
phosphorylation upon necroptosis induction (Fig. 5C, lanes 2
and 4). Upon longer exposure, a low level of phosphorylation
was still observed in DKO cells. The decreased S227 phosphor-
ylation corresponded to an increase in cell survival after TSZ
treatment compared to parental cells (Fig. 5D). In addition,
when the lale-DKO cells were passaged in culture, over time they
displayed increased levels of CK18 protein, which suggests that the
cells may be compensating for the loss of CKla and CKle.

To test whether the low level of S227 phosphorylation and
small amount of cell death in the DKO cells was due to CK185,
the remaining family member, CK18 was knocked down in the
lale-DKO cells using small interfering RNA (siRNA). These cells
exhibited a further decrease in S227 phosphorylation (Fig. 5SE) and
increase in cell survival after TSZ treatment (Fig. 5F) compared to
cells treated with control siRNA. Additionally, these cells did not
exhibit MLKL phosphorylation, a critical step in necroptosis.
These results strongly suggest that CK1 proteins are required for
S227 phosphorylation and necroptosis progression.

Next we examined whether CK1 regulated RIPK3 phosphor-
ylation in human colon cancer HT-29 cells. Transfection of
siRNAs against CKla, CK18, and CKle resulted in decreased
expression of all three proteins (Fig. 5G, lanes 3 and 4). Com-
pared to cells transfected with control siRNA, these cells showed
markedly decreased phosphorylation of RIPK3-S227 and
MILKL, but not RIPKI1, upon TSZ/NSA treatment (Fig. 5G,
lanes 2 and 4). Importantly, these cells exhibited much increased
survival upon TSZ treatment (Fig. 5H). These results confirm
the role of CK1 in RIPK3-S227 phosphorylation and necroptosis.

E221 and E225 in the CK1 Recognition Motif Are Essential for RIPK3-
$227 Phosphorylation and Necrosome Formation. To exclude the
possibility that CK1 might phosphorylate other important residues
in RIPK3 which might indirectly promote S227 phosphorylation,
the acidic residues E221 and E225 upstream of S227 were mutated
to alanine. Because these glutamate residues are located in the
antigen used for preparing the phospho-specific antibody (42),
there is a possibility that mutating them could disrupt the recog-
nition by the antibody. A dot blot comparing nonphosphorylated
control, phosphorylated WT, and phosphorylated E221/225A
peptides revealed that mutation of glutamate at positions 221 and
225 to alanines did not impact recognition by the phospho-specific
antibody (Fig. 64). The lack of signal in the nonphosphorylated
control peptide confirmed the specificity of the antibody.

To investigate the importance of E221/E225 for S227 to be
phosphorylated by CK1, recombinant CK18 was incubated with
recombinant HA-tagged RIPK3 (151 to 254) with different
mutations in an in vitro kinase assay. Decreased levels of S227
phosphorylation were observed in mutants where one, or both
glutamates, was mutated to alanine (Fig. 6B), suggesting that
E221 and 225 are important for RIPK3-S227 to be recognized
and phosphorylated by CK1.

To assess whether these mutations would have a functional
impact, a stable cell line expressing 3xFlag-RIPK3-E221/225A
was established. Compared to cells expressing WT-RIPK3, these
cells exhibited similar levels of RIPK1 phosphorylation, but al-
most undetectable RIPK3-S227 phosphorylation and MLKL
phosphorylation after treatment with TSZ/NSA (Fig. 6C), sug-
gesting that E221 and E225 are essential for RIPK3-S227
phosphorylation and necroptosis progression in vivo.

Next we examined the necrosome formation in the mutant
cells. Immunoprecipitation of RIPK3-E221/225A confirmed that
it still interacted with CK1 (Fig. 6D, lane 8). However, this
mutant did not interact with MLKL, confirming a previous
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Loss of CK1 abolishes RIPK3-5227 phosphorylation and blocks cell death. (A) Cell lysates from parental cells (HeLa:3xFlag-RIPK3) and KO cells were

subjected to Western blotting with indicated antibodies. (B) Parental cells and KO cells were treated with DMSO or TSZ and cell viability was measured by
the CellTiter-Glo assay. Viable cells are expressed as a percentage of DMSO-treated cells. Data are represented as mean + SD of technical triplicates. (C)
Parental cells or the CK1a/CK1¢ double knockout (1a/1¢ DKO) cells were treated with or without TSZ/NSA. Cell lysates were subjected to Western blotting
with indicated antibodies. (D) Parental cells or the 1a/1¢ DKO cells were treated with DMSO or TSZ and cell viability was measured by the CellTiter-Glo
assay. (E) 1a/1e DKO cells were transfected with siRNA against CK18 or luciferase control for 72 h. The cells were then treated with TSZ/NSA for4h or 8 h
and cell lysates were subjected to Western blotting. Antibody against phosphorylated MLKL-Ser358 is marked as p-MLKL. (F) The 1a/1¢ DKO cells were
transfected with siRNA against CK18 or control for 72 h. The cells were then treated with DMSO or TSZ and cell viability was measured by the CellTiter-Glo
assay. (G) HT-29 cells were transfected with two rounds of siRNA against control or a combination of siRNAs against CK1a, CK18, and CK1e. The cells were
then treated with or without TSZ/NSA and cell lysates were subjected to Western blotting with indicated antibodies. Antibody against phosphorylated
$166 of RIPK1 is marked as p-RIPK1. (H) HT-29 cells were transfected with two rounds of siRNA as in G. The cells were then treated with DMSO or TSZ and

cell viability was measured by the CellTiter-Glo assay.

report that RIPK3 must be phosphorylated at S227 to recruit
MLKL to the necrosome (12).

Lastly, the ability of these cells to undergo TNF-induced
necroptosis was examined. Cells expressing WT or E221/225A
RIPK3 were treated with dimethyl sulfoxide (DMSO) or TSZ
and stained with propidium iodide (PI), a cell impermeable
DNA dye. Cells expressing WT RIPK3 exhibited massive cell
death as expected, while the cells expressing RIPK3-E221/225A
showed little cell death (Fig. 6E). This was further confirmed by
CellTiter-Glo assay. After treatment with TSZ, cells expressing
E221/225A mutant showed much higher levels of survival than
cells expressing WT-RIPK3 (Fig. 6F). These results strongly
suggest that phosphorylation of RIPK3-S227 by CK1 is essential
for necrosome formation and necroptosis progression (Fig. 6G).
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Discussion

The necrosome is a million-dalton complex, containing minimal
components of RIPK1, RIPK3, and MLKL (12). Our results
suggest that CKla, CK13, and CKle are also part of the
necrosome. CK1 proteins interact with the necrosome only after
necroptosis induction (Fig. 1 B-D). In addition, under fluores-
cence microscopy, CK1 colocalizes with GFP-RIPK3 puncta
(Figs. 1D and 3D), which have been shown to be the aggregations
of necrosome (12). Specifically, CK1 proteins interact with the
C-terminal region of oligomerized RIPK3 containing stacked
B-sheets of the RHIM amyloid core through their own p-sheets
within the N-terminal of the kinase domain (Figs. 2 and 3).
Furthermore, loss of CK1 proteins abolish necrosome function
and MLKL phosphorylation (Fig. 5C). Lastly, the RIPK3-E221/
225A mutant which cannot be phosphorylated by CK1 fails to
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form the necrosome (Fig. 6D). These results suggest that CK1
proteins are essential components of the necrosome.

CK1 interaction with RIPK3 is dependent on RIPK3 kinase
activity (Fig. 1 C and D), and an intact RIPK3 RHIM domain
(Fig. 2C). Our results in Fig. 2E indicate that RIPK3 kinase
activity is required for a conformational change of RIPK3 that
allows the RIPK3 RHIM domain to form a homooligomer,
which is then responsible for CK1 recruitment. Structural
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analysis of the RHIM amyloid suggests that RIPK1-RIPK3
heterooligomers are preferred over the RIPK3 homooligomers
(19-21). Indeed, when RIPKI1-RHIM peptides and RIPK3-
RHIM peptides are coexpressed in bacteria, the predominant
species formed are RIPK1-RIPK3 heteroamyloids (19, 20).
However, an elegant study has demonstrated that RIPK3
homooligomers, not RIPK1-RIPK3 heterooligomers, are re-
sponsible for necroptosis progression (23). In particular, induced
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RIPK3 homodimerization in RIPK1 knockout cells is sufficient
to induce necroptosis. In fact, under some circumstance, RIPK1
can inhibit necroptosis by sequestering RIPK3 through the
hetero-RHIM interaction (24). Therefore, it is possible that
RIPK3 kinase activity is required to phosphorylate itself to
change RIPK3 conformation to favor RIPK3 homooligomers
rather than RIPK1-RIPK3 heterooligomers, which is then able
to recruit CK1 and subsequently MLKL for necroptosis to pro-
ceed (Fig. 6G).

Phosphorylation of human S227 has been proposed to be an
autophosphorylation event, mainly because the kinase-dead form
of RIPK3 fails to undergo S227 phosphorylation upon nec-
roptosis induction. This kinase-dead RIPK3 still interacts with
RIPK1 (12, 31), suggesting that RIPK1 is not responsible for
$227 phosphorylation. However, the kinase-dead form of RIPK3
does not interact with CK1 proteins (Fig. 1 C and D), suggesting
an alternative explanation that CK1 proteins might be respon-
sible for S227 phosphorylation. This hypothesis is supported by
the following evidence. First, constitutively active CK18 phos-
phorylates RIPK3-S227 in vitro (Fig. 4B) and overexpression of
CKla, CK13, and CKle induces phosphorylation of RIPK3-S227
in vivo (Fig. 4C). Second, cells deficient in CK1 proteins fail to
undergo S227 phosphorylation and are resistant to necroptosis
(Fig. 5). Lastly, the RIPK3-E221/225A mutant with mutations in
the CK1 recognition motif fails to be phosphorylated at S227
in vivo and cannot bind MLKL or activate necroptosis (Fig. 6).
These results strongly suggest that CK1 proteins are responsible
for RIPK3-S227 phosphorylation. However, we cannot exclude
the possibility that CK1 proteins might phosphorylate other sites
on RIPK3 which is required for RIPK3 autophosphorylation
of S227. The E221/225A mutant result argues against this pos-
sibility, unless E221 and E225 are also important for RIPK3
autophosphorylation.

CKla, CK18, and CKle all interact with the necrosome upon
necroptosis induction (Figs. 1 and 2), and all three could phos-
phorylate S227 to a similar extent (Fig. 4C), suggesting re-
dundant function. At the same time, CK1 proteins are involved
in many other important cellular processes, some of which may
be essential for cell survival (36-38). This is manifested in the
fact that triple knockout cells were never obtained and CKlo/
CKle double knockout cells grow much slower in the culture.
This makes it difficult to use CK1 inhibitors to block necroptosis
for therapeutic purposes. An alternative strategy is to inhibit
CKI1 binding to RIPK3. A minimal region of 29 amino acids (60
to 88 of CK16) are sufficient to bind RIPK3 (Fig. 3F). It will be
interesting to examine whether these 29 amino acids fused to a
cell-permeable tag will be able to block necroptosis. In theory,
this peptide will block RIPK3-CK1 interaction, but may not in-
terfere with other CK1 functions, because CK1 kinase activity is
not affected.

In summary, we propose the following model for how
necrosome formation is regulated. Upstream signal leads to the
activation and phosphorylation of RIPK1, which recruits RIPK3
through hetero-RHIM domain interaction. This interaction ac-
tivates RIPK3 autophosphorylation to favor RIPK3 homo-
oligomerization. RIPK3 homooligomers in turn recruit CKl1
family proteins through the C-terminal region containing the
RHIM-amyloid core. Phosphorylation of RIPK3 at S227 by CK1
enable RIPK3 to recruit MLKL through its N-terminal kinase
domain to form the necrosome (Fig. 6G).

Materials and Methods

General Reagents. The following reagents and antibodies were used: ZVAD-
FMK (ApexBio), NSA (Millipore), anti-Flag M2 antibody and affinity gel
(Sigma), anti-HA and affinity gel (Sigma), anti-myc and affinity gel (Sigma),
anti-phospho-5227 of RIPK3 (Abcam, ab209384), anti-human MLKL (GeneTex,
GTX107538), anti-phospho-5358 of MLKL (Abcam, ab187091), anti-RIPK1 (BD,
551042), anti-phospho-5166 of RIPK1 (Cell Signaling, 65746), anti-CK1« (Santa
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Cruz, SC-6477), anti-CK15 (Bethyl Laboratories, A302-136A), anti-CK1¢ (Santa
Cruz, SC-6471), and anti-14-3-3 (Santa Cruz, SC-629). TSZ treatment includes
TNF (20 ng/mL), Smac-mimetic (100 nM), and ZVAD-FMK (20 pM). NSA was
used at 5 pM.

Cell Culture and Stable Cell Lines. HelLa cells were cultured in Dulbecco’s
modified eagle media (DMEM) (high glucose) supplemented with 10% fetal
bovine serum (FBS). The HelLa:HA-3xFlag-RIPK3 cell line has been reported
before (12, 31). HeLa:3xFlag-RIPK3, Hela:3xFlag-RIPK3-K50A, and Hela:3xFlag-
RIPK3-E221/225A stable lines were generated using the same method. They
were all established in the background of HeLa-TetR cells that expressed the
Tet repressor (TetR) and the transgene expression was induced with 50 ng/mL
doxycycline (Dox) for 24 h.

Cell Lysates and Immunoprecipitation. Cells were treated with DMSO or TSZ/
NSA for 16 h, except when otherwise stated. Cells were then scraped and
washed with phosphate-buffered saline (PBS) twice followed by lysing with
five volumes of lysis buffer (50 mM Tris, pH 7.4, 137 mM NaCl, 1 mM eth-
ylenediaminetetraacetic acid [EDTA], 1% Triton X-100, and 10% glycerol,
supplemented with protease inhibitors). After 30 min incubation on ice, the
cells were centrifuged at 20,000 x g for 12 min and supernatant was col-
lected. Lysates (1 mg) were incubated with 20 pL anti-Flag or anti-myc
agarose beads at 4 °C overnight. Beads were washed five times with lysis
buffer and eluted with 60 pL elution buffer (0.2 M glycine, pH 2.8) and
immediately neutralized with 6 pL of 1 M Tris, pH 7.4. All procedures were
done at 4 °C.

Tandem Immunoprecipitation. Cell lysates (10 mg) were incubated with 200 pL
anti-Flag agarose beads at 4 °C overnight. Beads were washed five times
with lysis buffer and eluted twice with 1 mL lysis buffer containing
0.1 mg/mL 3xFlag peptide at 4 °C for 4 h. Combined eluate was incubated
with 40 pL anti-HA agarose beads at 4 °C overnight. Beads were washed
five times with lysis buffer and eluted twice with 120 pL lysis buffer
containing 0.1 mg/mL HA peptide at 4 °C for 4 h. The eluate was sepa-
rated on a 4 to 12% NuPAGE gel (Thermo, NP0321) and stained with
SilverQuest silver staining kit (Thermo, LC6070).

Constructs. All cDNAs were PCR cloned from reverse transcription products
from HT-29 cells. The primers were designed according to the reference se-
quences as follows: human RIPK3 (NM_006871.3), human RIPK1 (NM_003804.3),
human CK1a (NM_001025105.3), human CK18 (NM_001893.6), and human
CK1e (NM_152221.3). All point mutations were generated by site-directed
mutagenesis and verified by sequencing.

Live Cell Imaging and Fluorescence Microscopy. Live cell imaging was recorded
with an Ultraview Spinning disk confocal microscope (Perkin-Elmer) and
analyzed with the Imaris X64 7.6.0 software. Fluorescence images were taken
with a LSM 700 confocal microscope (Carl Zeiss) and analyzed with the Zeiss
LSM Image Browser.

GST Pulldown. The cDNAs encoding CK15 (68 to 83) or (60 to 88) were cloned
into the pGEX vector. GST-fusion proteins were purified with glutathione
beads (Thermo, 17-0756-01) from BL21 Escherichia coli as described before
(43). GST-fusion proteins on the glutathione beads (5 pg) were incubated
with 1 mg of cell lysates at 4 °C for 4 h, and washed with lysis buffer five
times before being directly boiled in 1xSDS loading buffer.

Recombinant Protein Purification. The cDNAs encoding RIPK3 (151 to 254) with
a HA-tag and its mutants were cloned into the pET21b vector. His-fusion
proteins were purified from BL21(DE3) E. coli as described before (44). Pu-
rified recombinant proteins were dialyzed against PBS buffer.

Kinase Assay. Constitutively active CK18 was purchased from Abcam
(ab103955). HA-tagged RIPK3 peptides (1 pg) were incubated with 0.1 pg of
CK13 in the kinase buffer (50 mM Tris, pH 7.4, 10 mM MgCl,, 0.02% bovine
serum albumin, 1 mM DL-dithiothreitol [DTT] and 0.1 mM adenosine 5'-
triphosphate [ATP]) at 30 °C for 1 h. For Appase treatment, kinase assay re-
action was denatured at 55 °C for 15 min, precipitated with acetone, and
then incubated with 5 units of Appase (NEB, P0753S) in lambda phosphatase
buffer at 30 °C for 1 h.

CRISPR-Cas9 Knockout Cell Lines. All of the CK1 knockout lines were gener-

ated in the Hela:3xFlag-RIPK3 background according to the protocol de-
scribed in ref. 45. Briefly, oligos targeting different CK1 were cloned into the
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gRNA vectors harboring different resistant genes. Each gRNA vector was
cotransfected with a Cas9-expressing vector into parental cells, and single
clones were selected. Gene knockout was confirmed by Western blotting
and sequencing. The following targeting sequences were used: CK1q,
GAGGGAAATATAAACTGGTACGG; CK15, CAAAATCTACAAGATGATGCAGG;
and CK1e, GGAACAAGTACCGCCTGGGACGG.

siRNA Transfection. For siRNA transfection, cells were plated at 2,000 cells per
well in 96-well plates or 100,000 cells per well in 6-well plates, 24 h prior to
transfection. Transfection was carried out as per GenMute (SignaGen) pro-
tocol with 5 nM siRNA for 96-well plates and 50 nM for 6-well plates. Cells
were incubated in standard culture conditions for 72 h prior to treatment. The
following siRNAs were used: si-ctr, CGUACGCGGAAUACUUCGA; si-CK13,
GGACAUUGCUGCAGGAGAA; si-CK1a, CCAGAUGAUCAGUAGAAUU; and si-
CK1e, CCACCAAGCGCCAGAAGUA. For HT-29 cells, two rounds of siRNA
transfection were performed to increase knockdown efficiency. Cells were
first transfected in a 6-well plate. After 48 h, these cells were split into a 96-
well and a new 6-well plate and transfected again before treatment.

Cell Survival Assay. Cell survival was measured using the CellTiter-Glo lumi-
nescent cell viability assay according to the manufacturer’s protocol (Prom-
ega). Cells were seeded at 2,000 cells per well in 96-well plates, 24 h prior
to treatment. Luminescence was measured using a BioTek Synergy 2
plate reader.

Cell Staining. Cells were seeded at 1 x 105 cells/well in a 12-well plate. Pl and
4',6-diamidine-2’-phenylindole dihydrochloride (DAPI) were added directly
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