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Receptor-interacting protein kinase 3 (RIPK3), a key regulator of necroptosis,
is modulated by ubiquitination through various E3 ligases and deubiquitinases.
However, the effects of different polyubiquitination processes on RIPK3 and
necroptosis remain unclear. Using a proteomic approach, we identify SMAD
Ubiquitination Regulatory Factor 1 (SMURF1) and Ubiquitin-specific peptidase
5 (USP5) as crucial regulators of RIPK3 within the necrosome during necrop-
tosis. SMURFT1 facilitates K63 polyubiquitination of RIPK3 at lysine 55 and 363,
inhibiting necrosome formation and necroptosis. SMURF1 depletion accel-
erates necroptosis, while the reintroduction of functional SMURF1 reverses
this. Conversely, USP5 acts as a deubiquitinase, removing K63 ubiquitin chains
and promoting necroptosis. Reducing SMURF1, using a RIPK3 mutant defec-
tive in SMURFI1-mediated ubiquitination, or overexpressing USP5 enhances
necroptosis in leukaemia cells, leading to reduced tumour growth in xenograft
models treated with birinapant and emricasan. These findings highlight the
opposing regulation of K63-linked polyubiquitination of RIPK3 by SMURF1 and

USPS5 in necroptosis.

Necroptosis is a form of programmed cell death distinct from
apoptosis' . It is characterized by features typical of necrosis, such as
cell swelling, membrane rupture, and the release of intracellular con-
tents, leading to inflammation™*>. Unlike necrosis, which is generally
considered an uncontrolled and accidental process, necroptosis is a
regulated mechanism that serves as a backup when apoptosis is
inhibited, especially during certain infections and pathological
conditions®. A key player in the necroptosis pathway is receptor-
interacting serine/threonine-protein kinase 3 (RIPK3)*. The process is
initiated when RIPK3 is activated through upstream signals, particu-
larly those involving death receptors such as tumor necrosis factor
receptor 1 (TNFR1)’. RIPK3 interacts with RIPK1 and mixed lineage

kinase domain-like protein (MLKL) to form a complex known as the
“necrosome””'°. This assembly is critical for continuing the necrop-
totic signaling pathway.

Within the necrosome, RIPK3 phosphorylates MLKL, a pivotal step
in the execution of necroptosis’". Phosphorylated MLKL oligomerises
and translocates to the plasma membrane, where it disrupts mem-
brane integrity, causing ion imbalances and cell swelling. Eventually,
the cell membrane ruptures, leading to the release of cellular contents,
including damage-associated molecular patterns (DAMPs), which
trigger an inflammatory response>. Necroptosis, facilitated by
RIPK3, thus acts as a warning signal to recruit and alert immune cells’".
While this mechanism can be beneficial in clearing infections and
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preventing pathogen spread, excessive necroptosis may result in
chronic inflammation and tissue damage, contributing to various
diseases'">'°, RIPK3, therefore, plays a dual role as both protector and
potential culprit in pathological conditions, depending on the
context'". Its activity is tightly regulated by multiple checkpoints,
including post-translational modifications such as ubiquitination,
which control its stability and protein-protein interactions' .
Understanding RIPK3’s role in necroptosis is crucial for developing
therapeutic strategies aimed at modulating necroptosis in diseases
characterized by aberrant cell death or survival.

Ubiquitination is a post-translational modification process
wherein ubiquitin, a small regulatory protein, is covalently attached to
the target proteins®*. This process can tag proteins for degradation
via the proteasome, a protein complex that breaks down proteins into
peptides. The ubiquitin-proteasome pathway plays a critical role in
maintaining cellular homeostasis by removing damaged, misfolded, or
unnecessary proteins**™*. In addition to protein degradation, ubiqui-
tination can regulate protein activity, localization, and interactions,
thereby influencing cellular processes such as DNA repair, cell cycle
progression, and immune responses®“°, Ubiquitination occurs in var-
ious forms, including monoubiquitination, where a single ubiquitin
molecule is attached, and polyubiquitination, where a chain of ubi-
quitin molecules is linked. The type and linkage of ubiquitin chains,
such as K48-linked or K63-linked, determine the fate and function of
the substrate protein. K48-linked chains typically signal proteasomal
degradation, while K63-linked chains are often involved in non-
degradative functions such as signaling and trafficking”?*. Ubiquiti-
nation is reversible, and deubiquitinating enzymes (DUBs) can remove
ubiquitin from substrates, allowing dynamic regulation of protein
functions” *2. Dysregulation of ubiquitination is implicated in many
diseases, including cancer, neurodegenerative disorders, and immune
dysfunctions, making components of the ubiquitin system potential
therapeutic targets*,

SMURF1 (SMAD Ubiquitination Regulatory Factor 1) is an E3 ubi-
quitin ligase involved in the ubiquitination and proteasomal degrada-
tion of target proteins®***. SMURFI, a member of the HECT
(Homologous to the E6-AP Carboxyl Terminus) family of E3 ubiquitin
ligases, regulates several cellular pathways®. It plays a crucial role in
the TGF-B (Transforming Growth Factor-beta) signaling pathway by
targeting SMAD proteins, modulating cellular processes such as pro-
liferation and differentiation”**. SMURF1 also regulates the bone
morphogenetic protein (BMP) pathway, thereby influencing bone
development and homeostasis*>*. Beyond its role in growth factor
signaling, SMURF1 affects cell morphogenesis and migration through
the ubiquitination of RhoA, a small GTPase involved in cytoskeletal
dynamics®**%2. SMURF1 is also implicated in cancer progression,
wherein its regulation of TGF-f and other pathways can influence
tumor growth and metastasis*’. Although extensive research has been
conducted on the various roles of SMURFI in cell death, its specific
function in necroptosis remains unclear.

Deubiquitinases (DUBs) are enzymes capable of removing poly-
ubiquitin chains from substrates*. Emerging evidence shows that
DUBs play crucial roles in multiple signaling pathways and that their
dysregulation is linked to numerous diseases***. The human genome
contains five subclasses of DUBs, with the ubiquitin-specific protease
(USP) subfamily being the largest®**”. Within this subfamily, USP5 (also
known as ubiquitin isopeptidase T or ISOT) is implicated in several
physiological and pathological processes***°. USP5 is a deubiquitinat-
ing enzyme (DUB) that plays a vital role in the ubiquitin-proteasome
system by regulating the ubiquitin cycle. It is primarily localized in the
cytosol and nucleoplasm and is widely expressed across tissues,
including the testis, cerebral cortex, cerebellum, skin, lung, and gall-
bladder, indicating its involvement in various physiological processes
such as development, DNA repair, stress responses, and immune

functions*’°. However, similar to that of SMURF], the specific biolo-
gical function of USPS5 in necroptosis remains unclear.

Recent studies have shown that E3 ligases can regulate necrop-
tosis by influencing RIPK3, not in terms of protein stability but protein
interactions® ., For example, Parkin, phosphorylated by AMPK, med-
iates K33-linked polyubiquitination of RIPK3, regulating its interaction
with RIPK1 and thereby suppressing necroptosis®. USP22, on the other
hand, is a deubiquitinase known to regulate RIPK3 activity, although its
specific role in promoting or inhibiting necroptosis remains unclear®.
Notably, no study has explored an E3 ligase and a deubiquitinase that
modulate RIPK3 ubiquitination at the same sites, which could regulate
necroptosis. Although previous research has examined E3 ligases and
deubiquitinating enzymes associated with the necrosome, the precise
mechanisms by which they regulate the same ubiquitination site on
RIPK3, involving the same type of ubiquitin linkage, remain unclear.

In this study, we identify that SMURF1 and USP5 are associated
with the necrosome complex, which assembles during necroptosis.
SMURF1 deficiency accelerates necroptosis, which can be reversed by
reconstituting SMURF1, but not by its E3 ligase-defective mutant
(SMURF1 C699A), suggesting that its E3 ligase activity is essential for
this function®*. Conversely, USP5 deficiency suppresses necroptosis,
which can be reversed by reconstituting USPS5, but not by its
deubiquitination-defective mutant (USP5 C335A), indicating that its
deubiquitinase activity is crucial®. Mechanistically, SMURF1 promotes
K63-linked polyubiquitination of RIPK3 at lysine 55 and 363, prevent-
ing necrosome formation during necroptosis. USP5, in turn, deubi-
quitinates these SMURF1-mediated K63-linked polyubiquitin chains on
RIPK3. Furthermore, the downregulation of SMURF1 or the introduc-
tion of a RIPK3 K55/363R mutant, which is defective in SMURFI1-
mediated polyubiquitination, or the overexpression of USP5, enhances
necroptosis in leukemia cells (Molm13 or NB4). This leads to sup-
pressed tumor growth in a xenograft model upon treatment with bir-
inapant and emricasan®*~®, These findings demonstrate that SMURF1
and USP5 regulate necroptosis through antagonistic modulation of
RIPK3 K63-linked polyubiquitination and necrosome complex
formation.

Results
SMURF1 and USP5 associate with the necrosome via RIPK3
during TNFa-induced necroptosis
To identify RIPK3-interacting proteins, we transfected HEK 293T cells
with either FLAG-MOCK or FLAG-RIPK3 DNA constructs (Fig. 1A), fol-
lowed by immunoprecipitation using a RIPK3 antibody, and visualized
the results with Coomassie Brilliant Blue staining (Fig. S1A). Comparing
immunoprecipitates from cell lysates expressing FLAG-MOCK and
FLAG-RIPK3 revealed distinct protein bands, prompting us to conduct
immunoprecipitation-mass spectrometry to identify these proteins.
The mass spectrometry results confirmed known RIPK3-interacting
proteins, such as RIPK1, Hsp70, and UCHL37, validating our
approach”***?¢° Additionally, we identified interacting proteins, with
SMURF], an E3 ligase, and USP5, a deubiquitinase, being of particular
interest (Fig. 1B). As these proteins had not been previously associated
with RIPK3, we investigated their potential roles in the RIPK3 pathway.
First, we confirmed that RIPK3 interacts with both SMURF1 and
USP5 by performing immunoprecipitation assays in HEK 293 T cells
expressing FLAG-RIPK3 and either 3xMYC-SMURF1 or 3xMYC-USP5
(Fig. S1B, C). To further validate the endogenous interactions between
RIPK3 and these two proteins, we induced necroptosis in HT-29 colon
cancer cells using TNF-q, birinapant, and zVAD-fmk (T/Bi/Z). Immu-
noprecipitation with anti-RIPK3 antibodies revealed that endogenous
SMURF1 and USP5 did not associate with RIPK3 under normal condi-
tions. Interestingly, SMURF1 was recruited to the RIPK3 complex after
2h of necroptotic stimulation, while USP5 incorporation occurred
after 3 h of treatment (Fig. 1C). These results suggest that SMURFI is
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Fig. 1| SMURF1 and USPS5 are associated with the necrosome through RIPK3
during TNFa-induced necroptosis. A Method that SDS-PAGE and Coomassie
brilliant blue (CBB) staining of RIPK3-immunoprecipitated proteins from HEK
293T cells stably overexpressing FLAG-RIPK3. Icons of this figure created with
BioRender.com. B Proteins that we identified by mass spectrometry (MS) analysis.
Icons of this figure created with BioRender.com. C HT-29 cells were treated with
20 ng/mL TNFa, 2 pM Birinapant, and 20 uM Z-VAD-FMK (T/Bi/Z) for 2h and 3 h.
After treatment, the cell lysates were immunoprecipitated with RIPK3 antibody and
analyzed using immunoblotting. D HT-29 cells were treated with T/Bi/Z for 2 h and
3 h. After treatment, the cell lysates were immunoprecipitated with SMURF1
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antibody and analyzed using immunoblotting. E HT-29 cells were treated with T/Bi/
Z for 2h and 3 h. After treatment, the cell lysates were immunoprecipitated with
SMURF1 antibody and analyzed using immunoblotting. F HT-29 cells were treated
with T/Bi/Z for 3 h. The cell lysates were fractionated according to molecular size by
gel-filtration chromatography and examined using immunoblotting. G HT-29 cells
were treated with T/Bi/Z for 3 h. After treatment, the cells were fixed and stained
using anti-SMURF1 and p-RPIPK3 antibodies, and DAPI. H HT-29 cells were treated
with T/Bi/Z for 3 h. After treatment, the cells were fixed and stained using anti-USP5
and p-RIPK3 antibodies, and DAPI. Scale bars =10 pm.

recruited to the necrosome early during necroptosis, followed
by USPS.

To verify the associations between RIPK3, SMURF1, and USP5
during necroptosis, we performed additional immunoprecipitation
assays using anti-SMURF1 and anti-USP5 antibodies. These experi-
ments confirmed that, under necroptotic conditions, both SMURF1
and USP5 co-immunoprecipitated with key necroptosis proteins,
including RIPK1, RIPK3, and MLKL, along with their phosphorylated
forms: p-RIPK1, p-RIPK3, and p-MLKL (Fig. 1D, E). Interestingly, SMURF1
interacts with necrosome-associated proteins 2 h after necroptosis
induction, whereas USP5 associates with necrosome components 3 h
post-induction. This sequential interaction pattern indicates that
SMURF1 binds to RIPK3 first, followed by USP5 at a later stage. These
findings suggest that SMURF1 and USP5 regulate RIPK3 ubiquitination
in a stepwise manner, playing distinct roles in the modulation of
necroptosis progression. Notably, SMURF1 was immunoprecipitated
even in the absence of USP5, whereas USP5 immunoprecipitation
required SMURFI, indicating that SMURF1 is required for USP5 to
interact with necrosome complexes. It is also likely that USP5 and
SMURF1 exert their effects on RIPK3 through a sequential mechanism

rather than through direct interaction. Notably, the necrosome com-
pleximmunoprecipitated using RIPK3 antibodies showed the presence
of SMURF1 and USP5. These data indicate that there might be het-
erogeneous populations of necrosome complexes integrating either
SMURF1 or USP5 (Fig. 1C-E).

To explore the incorporation of SMURF1 and USP5 into the
necrosome complex further, we performed gel filtration analysis using
HT-29 cells. Consistent with previous studies®®*’, necroptosis induc-
tion triggered the translocation of RIPK1, RIPK3, and MLKL into a large
multiprotein complex. Notably, SMURF1 and USP5 were also detected
in this complex, confirming their presence within the necrosome
assemblies (Fig. 1F). Additionally, the immunoprecipitation of each
fraction with a RIPK3 antibody indicated that SMURF1 and USP5 also
interact within the necrosome complexes containing RIPK1, RIPK3 and
MLKL (Fig. S1D). This finding demonstrates that SMURF1 and USPS5 are
incorporated into the necrosome complexes.

Finally, confocal microscopy analysis demonstrated the co-
localization of endogenous phosphorylated RIPK3 with SMURF1 or
USP5 at the necrosome complex. (Fig. 1G, H). Collectively, these find-
ings indicate that, while SMURF1 and USP5 do not associate with RIPK1,
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Fig. 2 | The E3 ligase function of SMURF1 controls necroptosis by suppressing
necrosome formation. A HT-29 cells were transduced with lentivirus to generate
stable SMURF1-knockdown (KD) cell lines. The expression levels of RIPK1, RIPK3,
MLKL, and SMURFI in each cell line were analyzed by western blotting. B HT-29
cells depleted of SMURF1 using the indicated shRNAs were treated with T/Bi/Z in
the presence or absence of 0.1 pM GSK'963 for 2.5 h. Flow cytometry was per-
formed by counting 10,000 cells based on FSC (Forwarder Scatter) and SSC (Side
Scatter), and calculating the percentage of cells in the Annexin V-FITC positive
region. This experiment was independently repeated 3 times. Data are presented as
means * standard deviations (SDs), n = 3. Significance between groups was deter-
mined using two-sided Students’ test. C SMURF1 KD and control HT-29 cells were
treated with T/Bi/Z to induce necroptosis. GSK'963 was used to confirm that this
cell death is necroptosis. Cells were harvested at the indicated time points and
analyzed by western blotting. D SMURF1 KD and control HT-29 cells treated with T/
Bi/Z were lysed after 2 h. The necrosome was pulled down using an anti-RIPK3
antibody and protein-G agarose beads. The protein-bead conjugate was washed
and analyzed by western blotting to assess the assembly of the RIPK1-RIPK3-MLKL
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complex. The asterisk indicates p-MLKL. E shSMURFI-infected cells, reconstituted
with either SMURF1 WT or the E3 ligase-inactive form (C699A), were treated with T/
Bi/Z in the presence or absence of 0.1 uM GSK'963 for 2 h. Flow cytometry was
performed by counting 10,000 cells based on FSC (Forwarder Scatter) and SSC
(Side Scatter), and calculating the percentage of cells in the Annexin V-FITC positive
region. This experiment was independently repeated three times. Data are pre-
sented as means + standard deviations (SDs), n = 3. Significance between groups
was determined using two-sided Students’ test. F shSMURFl-infected cells, recon-
stituted with either SMURF1 WT or the E3 ligase-inactive form (C699A), were
treated with T/Bi/Z to induce necroptosis. GSK'963 was used to confirm that this
cell death is necroptosis. Cells were harvested at the indicated time points and
analyzed by western blotting. The asterisk indicates p-RIPK3. G shSMURFl-infected
cells, reconstituted with either SMURF1 WT or the E3 ligase-inactive form (C699A),
were treated with T/Bi/Z and lysed after 2 h. The necrosome was pulled down using
an anti-RIPK3 antibody and protein-G agarose beads. The protein-bead conjugate
was washed and analyzed by western blotting to examine the assembly of the
RIPK1-RIPK3-MLKL complex.

RIPK3, or MLKL under normal conditions, both proteins are incorpo-
rated into the necrosome during necroptosis. Additionally, the inter-
action of SMURF1 and USP5 with RIPK3 occurs sequentially, with
SMURF1 binding first, followed by USP5. This suggests a potential
regulatory role of SMURF1 and USP5 in modulating the necroptotic
pathway.

SMUREF1 E3 ligase activity is required to suppress necrosome
formation and necroptosis

To investigate SMURFI’s role in necroptosis, we established HT-29
cell lines with stable SMURF1 knockdown using shRNAs (Fig. 2A).
Under these conditions, no changes were observed in the protein
expression levels of RIPK1, RIPK3, or MLKL (Fig. 2A). However,
SMURF1 knockdown led to approximately a 40% increase in
necroptosis in HT-29 cells treated with T/Bi/Z compared to control
cells (Fig. 2B). Similarly, SMURF1 depletion using siRNAs or shRNA in
mouse TC-1 or HeLa-RIPK3 cells, respectively, did not affect the

expression levels of RIPK1, RIPK3, or MLKL, but increased their
sensitivity to necroptotic stimuli by about 30% and 35%, respectively
(Fig. S2A, E; Fig. S2B, F). Notably, SMURF1 knockdown promoted the
phosphorylation of RIPK1 (pRIPK1), RIPK3 (pRIPK3), and MLKL
(pMLKL) without altering their protein levels, indicating an accel-
eration of necroptosis under SMURF1 depletion (Fig. 2C). Corro-
borating these findings, SMURF1 depletion enhanced the assembly
of necrosome complexes compared to control cells (Fig. 2D). Simi-
larly, in TC-1 and HeLa-RIPK3 cell lines, SMURF1 depletion increased
necroptosis, as detected by p-MLKL levels and accelerated necro-
some formation (Fig. S2C, D, G, H).

Given the increase in necroptosis following SMURF1 depletion, we
next investigated whether the E3 ligase activity of SMURF1 is necessary
for necroptosis suppression. Reconstitution of wild-type (WT) SMURF1
in SMURF1-depleted HT-29 cells restored necroptosis levels to those of
control cells. In contrast, reconstitution with the E3 ligase-defective
mutant SMURF1 C699A failed to prevent cell death, indicating that
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Fig. 3 | SMURF1 mediates K63-linked polyubiquitylation of RIPK3. A FLAG-
RIPK1, RIPK3, MLKL and 3xMYC-SMURF1 were overexpressed in HEK 293T cells via
PEI transfection. Cells were lysed and incubated with anti-FLAG antibodies and
protein-G agarose beads to pull down 3xMYC-SMURF1.The protein-bead conjugate
was washed and analyzed by SDS-PAGE. The immunoprecipitation of the SMURF1
and RIPK1, RIPK3, MLKL were assessed using western blotting. B FLAG-RIPK3 was
transfected into HEK 293T cells along with HA-Ub, with or without 3xMYC-SMURF1
expression. After 20 h, cells were lysed in a 1% SDS buffer, and lysates diluted to
0.1% SDS were immunoprecipitated using an anti-FLAG antibody. RIPK3 ubiquity-
lation was detected by western blotting with an HRP-conjugated anti-HA antibody.
C FLAG-RIPK3 (1-296, kinase domain; 294-518, C-term domain; 1-440 and 452-518
ARHIM domian) and 3xMYC-SMURF1 were overexpressed in HEK 293T cells via PEI
transfection. Cells were lysed and incubated with anti-FLAG antibodies and protein-
G agarose beads to pull down 3xMYC-SMURF1. The protein-bead conjugate was
washed and analyzed by SDS-PAGE. The immunoprecipitation of the SMURF1 and
RIPK3 domains was assessed using western blotting. The schematic diagram of
RIPK3 shows the binding domain for SMURFL. Icons of this figure created with
BioRender.com. D HA-SMURF1 (1-159, 119-731, 1-345, 346-731, 119-365) and FLAG-
RIPK3 were overexpressed in HEK 293 T cells via PEI transfection. Cells were lysed
and incubated with anti-HA antibodies and protein-G agarose beads to pull down
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the specific domain of HA-SMURFL. The protein-bead conjugate was washed and
analyzed by SDS-PAGE. The immunoprecipitation of the RIPK3 and SMURF1
domains was assessed using western blotting. The schematic diagram of

RIPK3 shows the binding domain for RIPK3. Icons of this figure created with
BioRender.com. E HEK 293 T cells were transfected with FLAG-RIPK3,
3xMYC-SMURF1, and HA-Ub along with various ubiquitin mutants. After 20 h, cells
were lysed in a 1% SDS buffer, and lysates diluted to 0.1% SDS were immunopreci-
pitated using an anti-FLAG antibody. RIPK3 ubiquitylation was detected by western
blotting with an HRP-conjugated anti-HA antibody. F HEK 293T cells were trans-
fected with FLAG-RIPK3, 3xMYC-SMURF1, and HA-Ub along with the K63R ubi-
quitin mutant. After 20 h, cells were lysed in a 1% SDS buffer, and lysates diluted to
0.1% SDS were immunoprecipitated using an anti-FLAG antibody. RIPK3 ubiquity-
lation was detected by western blotting with an HRP-conjugated anti-HA antibody.
G To confirm the endogenous ubiquitination status of RIPK3, HT-29 cells expres-
sing shGFP or shSMURF1 (#4 and #8) were treated with T/Bi/Z to induce necrop-
tosis. After 3 h, SMURF1 KD and control HT-29 cells were lysed.
Immunoprecipitation was performed using an anti-RIPK3 antibody and protein-G
agarose beads. The protein-bead conjugate was washed, and ubiquitination was
detected using an anti-Ub-HRP conjugated antibody and an anti-K63-Ub-HRP
conjugated antibody.

SMURFT’s E3 ligase activity is essential for the inhibition of necroptosis
(Fig. 2E). Consistent with these data, reconstitution with WT SMURF1
prevented the phosphorylation of RIPK3 and MLKL in response to
necroptotic stimuli, and inhibited necrosome complex formation, as
detected by immunoprecipitation using anti-RIPK3 antibodies. Con-
versely, SMURF1 C699A was unable to inhibit RIPK3 and MLKL phos-
phorylation or necrosome complex formation (Fig. 2F, G).

These results suggest that SMURF1 suppresses necrosome com-
plex formation and necroptosis via its E3 ligase activity without
affecting the expression levels of necrosome-associated proteins
(Fig. 2F, G). Overall, these observations indicate that SMURF1's E3
ligase activity is essential for the suppression of necroptosis. Since
SMURF1 depletion did not affect the protein levels of RIPK1, RIPK3, or
MLKL, it is likely that regulatory ubiquitination processes are involved
in suppressing necroptosis.

SMURF1 directs K63-linked polyubiquitination of RIPK3 during
TNFa-induced necroptosis, suppressing necroptosis

The identification of SMURF1 as a RIPK3-interacting protein, along with
the requirement for its E3 ligase activity to inhibit necroptosis,
prompted us to investigate whether SMURF1 mediates non-proteolytic
ubiquitination of RIPK3 via direct binding (Fig. 1A-D, A-G).

First, to determine whether SMURF1 interacts with necroptosis-
related proteins such as RIPK1, RIPK3, and MLKL, we performed
immunoprecipitation after overexpressing these proteins in HEK
293 T cells. The results confirmed that SMURF1 interacts with RIPKI,
RIPK3, and MLKL (Fig. 3A). As we previously observed that the E3 ligase
activity of SMURF1 influenced necroptosis sensitivity, we conducted
ubiquitination assays on RIPK1, RIPK3, and MLKL. SMURF1 was found
to specifically ubiquitinate RIPK3, whereas no ubiquitination was
detected for RIPK1 and MLKL (Figs. 3B, S3A, B).
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When RIPK3 is overexpressed in HEK 293T cells, it undergoes
auto-phosphorylation, leading to its phosphorylation (Fig. S4A). This
process simulates necroptosis progression, enabling phosphorylated
RIPK3 to interact with SMURFI, similar to the interaction observed
among endogenous proteins in HT-29 cells during necroptosis.
(Fig. 1C, D). These findings suggest that RIPK3 phosphorylation plays a
crucial role in its interaction with SMURF1. This finding was further
supported by the reduced interaction between SMURFI1 and the RIPK3
$227A mutant, which cannot undergo phosphorylation, as observed in
immunoprecipitation experiments using overexpressed proteins in
HEK 293T cells (Fig. S4B)

Next, we dissected the binding domains between SMURF1 and
RIPK3. We found that the RIPK3 RIMH (RIP homotypic interaction
motif) domain interacted with SMURFI1, while the WW domain of
SMURF1 was crucial for binding with RIPK3 (Fig. 3C, D).

Further evidence that SMURF1 does not regulate RIPK1 or NF-kB
pathways downstream of RIPK1 was provided by experiments in HT-29
cells treated with TNFa (Fig. S5A, B). TNFa treatment did not affect
RIPK1-mediated complex I formation or its downstream NF-kB path-
way (Fig. S5A, B). This suggests that SMURF1, when incorporated into
the necrosome under necroptotic conditions, may specifically mediate
the ubiquitination of RIPK3, potentially limiting necrosome complex
formation and thereby suppressing necroptosis.

Next, we explored the type of polyubiquitin chain involved in
SMURF1-mediated polyubiquitination of RIPK3. Using ubiquitin
mutants that contain only one functional lysine residue, we discovered
that SMURF1 specifically facilitates K63-linked polyubiquitination of
RIPK3 (Fig. 3E). Supporting this observation, SMURF1 was unable to
ubiquitinate RIPK3 when the lysine 63 residue of ubiquitin was muta-
ted to arginine (Fig. 3F).

Additionally, we examined the ubiquitination status of endogen-
ous RIPK3 in necroptosis-induced HT-29 cells. Under necroptotic
conditions, there was an overall increase in RIPK3 ubiquitination.
However, the knockdown of SMURF1 specifically suppressed K63-
linked polyubiquitination despite the overall increase in RIPK3 ubi-
quitination (Fig. 3G).

These findings indicate that SMURF1 promotes K63-linked poly-
ubiquitination of RIPK3, which may suppress necrosome formation
and thereby limit necroptosis.

SMURFI1 mediates K63-ubiquitination of RIPK3 at lysine 55 and
363 during TNFa-induced necroptosis

To identify the specific lysine residues on RIPK3 targeted for ubiqui-
tination by SMURF1, we mutated individual or combinations of lysine
residues previously identified through mass spectrometry as poly-
ubiquitination sites (Fig. 4A)***"2, Each of these lysine residues was
mutated to arginine, and the mutants were assessed for their sus-
ceptibility to SMURFIl-mediated Ké63-linked polyubiquitination.
Among the tested mutants, the K55R and K363R mutants showed
resistance to SMURFI-induced ubiquitination (Fig. 4B). Notably, the
double mutant K55/363R completely abolished SMURF1-mediated
ubiquitination (Fig. 4B).

To further evaluate the functional role of these RIPK3 mutants
(K55R, K363R, and K55/363R) in necroptosis, we overexpressed RIPK3
WT, K55R, K363R, or K55/363R in HeLa cells. The results demonstrated
that the RIPK3 K55/363R mutant significantly enhanced necroptosis
compared to the individual K55R and K363R mutants or RIPK3 WT
(Fig. 4C). Consistent with these findings, the K55/363R mutant accel-
erated the phosphorylation of RIPK1 (p-RIPK1), RIPK3 (p-RIPK3), and
MLKL (p-MLKL), key markers of necroptotic signaling (Fig. 4D). Inter-
estingly, the necroptotic sensitivity of cells expressing the RIPK3 K55/
363R mutant was similar to that of SMURF1-depleted cells, suggesting
that SMURFI-mediated ubiquitination at lysine 55 and 363 plays a
suppressive role in necroptosis under TNFa-induced conditions
(Fig. 4E, F).

To further investigate how the RIPK3 K55/363R mutant accel-
erates RIPK3 phosphorylation, we analyzed how Ké63-linked poly-
ubiquitination affects the mechanism of RIPK3 phosphorylation.
Previous studies have shown that RIPK3 can be phosphorylated either
through RIPK1-RIPK3 interaction or via the self-assembly of RIPK3
upon necroptosis induction’’. To explore whether SMURF1 influences
these protein interactions, we performed immunoprecipitation
experiments. Interestingly, we found that SMURF1 suppressed the
interaction between RIPK1 and RIPK3 (Fig. S6A). However, the SMURF1
C699A mutant, which lacks E3 ligase activity, did not interfere with the
RIPKI-RIPK3 interaction (Fig. S6A). Similar to the RIPK1-RIPK3 inter-
action, self-assembly of RIPK3 was also disrupted by the E3 ligase
function of SMURF1 (Fig. S6B). Compared to RIPK3 WT, the RIPK3 K55/
363R mutant, which cannot undergo SMURFI1-mediated Ké63-linked
polyubiquitination, showed an increased extent of interaction with
RIPK1 and enhanced self-assembly. Notably, the presence of SMURF1
did not significantly affect this interaction (Fig. S6A, B). These findings
indicate that SMURFI facilitates the K63-linked polyubiquitination of
RIPK3 at lysine residues 55 and 363, ultimately suppressing necroptosis
by restricting activation of the necroptotic signaling pathway.

USP5 promotes TNFa-induced necroptosis

Since USP5 was identified as a binding partner of RIPK3, we investi-
gated its potential antagonistic role against SMURFI1 in necroptosis.
Knockdown of USP5 using shRNAs in HT-29 cells did not cause any
detectable changes in the protein expression levels of RIPK1, RIPK3, or
MLKL (Fig. 5A). However, when necroptosis was induced by T/Bi/Z
treatment under USP5 knockdown, cell death decreased by approxi-
mately 30% (Fig. 5B). Similarly, USP5 knockdown using siRNA or shRNA
in TC-1 or HeLa-RIPK3 cells resulted in a 25% and 20% reduction in
necroptosis, respectively, without affecting the expression levels of
RIPK1, RIPK3, or MLKL (Fig. S7A, B, E, F). In HT-29 cells, USP5 depletion
also led to a reduction in the phosphorylation of RIPK1, RIPK3, and
MLKL, indicating a suppression of necroptosis (Fig. 5C).

Furthermore, immunoprecipitation analyses using anti-RIPK3
antibodies showed a significant reduction in necrosome complex
formation under USP5 knockdown (Fig. 5D). Similar effects were
observed in TC-1 and HeLa-RIPK3 cells, where a decrease in p-MLKL
levels and necrosome formation was also noted under USP5 knock-
down (Fig. S7C, D, G, H). Given the observed decrease in necroptosis
under USPS depletion, we further examined whether USP5’s deubi-
quitinase activity is necessary for modulating necroptosis. When wild-
type (WT) USP5 was reintroduced into USP5-depleted HT-29 cells,
necroptosis was restored to control levels. In contrast, reconstitution
with the deubiquitinase-defective mutant USP5 C335A failed to
enhance cell death, indicating that deubiquitinase activity is essential
for USP5-mediated necroptosis acceleration (Fig. SE). Supporting this,
reconstitution with WT USPS5 restored RIPK3 and MLKL phosphoryla-
tion and enhanced necrosome complex formation, as detected by anti-
RIPK3 antibodies. On the other hand, reconstitution with USP5 C335A
was unable to promote phosphorylation or necrosome complex for-
mation (Fig. 5F, G).

Lastly, USP5 knockdown did not affect RIPK1-mediated complex |
formation or its downstream NF-kB signaling pathway, suggesting that
USP5 may specifically regulate necroptosis (Fig. S8A, B). Additionally,
we assessed the sensitivity of RIPKI-dependent apoptosis in USP5
knockdown HT-29 cells following T/Bi stimulation and found no sig-
nificant differences compared to the control cells (Fig. S8C, D). These
results suggest that USP5 is not involved in RIPK1-dependent complex |
signaling or RIPKI-dependent apoptosis. Overall, these findings high-
light the critical role of the deubiquitinase activity of USP5 in pro-
moting necroptosis. Notably, the levels of RIPK1, RIPK3, and MLKL
remained unaltered regardless of the presence of USP5, which indi-
cated that USP5-mediated necroptosis may be regulated through
specific ubiquitination processes.
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Fig. 4 | SMURF1 mediates K63-linked ubiquitination of RIPK3 at Lys55/363
during TNFa-induced necroptosis. A This is a schematic diagram illustrating the
various ubiquitination enzyme sites on RIPK3 identified to date. Icons of this figure
created with BioRender.com. B FLAG-RIPK3 WT, K55R, K197R, K302R, K363R,
K364R, K518R, and K55/363R were transfected into HEK 293T cells with HA-Ub, with
or without 3xMYC-SMURF1 expression. After 20 h, cells were lysed in a 1% SDS
buffer, and lysates diluted to 0.1% SDS were immunoprecipitated using an anti-
FLAG antibody. RIPK3 ubiquitination was detected by western blotting with an HRP-
conjugated anti-HA antibody. C Adenovirus-mediated expression of RIPK3 WT,
K55R, K363R, and K55/363R was induced in HeLa cells, which were then treated with
T/Bi/Z to induce necroptosis. After 5 h, the cells were harvested and stained with
propidium iodide (PI). Flow cytometry was performed by counting 10,000 cells
based on FSC (Forwarder Scatter) and SSC(Side Scatter), and calculating the per-
centage of cells in the PI(Propidium lodide) positive region. This experiment was
independently repeated 3 times. Data are presented as means + standard deviations

(SDs), n =3. Significance between groups was determined using two-sided Stu-
dents’ test. D Hela cells expressing RIPK3 WT, K55R, K363R, and K55/363R were
treated with T/Bi/Z to induce necroptosis at the indicated time points. Cells were
harvested at these time points and analyzed by western blotting. The asterisk
indicates p-RIPK3. E HeLa cells expressing shGFP, shSMURFI, RIPK3 WT, and RIPK3
K55/363R were treated with T/Bi/Z to induce necroptosis. After 5 h, the cells were
harvested and stained with propidium iodide (PI). Flow cytometry was performed
by counting 10,000 cells based on FSC (Forwarder Scatter) and SSC (Side Scatter),
and calculating the percentage of cells in the PI(Propidium lodide) positive region.
This experiment was independently repeated 3 times. Data are presented as
means + standard deviations (SDs), n = 3. Significance between groups was deter-
mined using two-sided Students’ test. F HeLa cells expressing shGFP, shSMURF1,
RIPK3 WT, and RIPK3 K55/363R were treated with T/Bi/Z to induce necroptosis.
After 4 h, the cells were harvested and analyzed by western blotting.

Antagonistic regulation of RIPK3 K63 polyubiquitination by
SMURF1 and USP5
The data presented above demonstrate that SMURF1-mediated ubi-
quitination of RIPK3 suppresses necroptosis, while USP5-dependent
deubiquitination promotes cell death. The next question to address is
how these two regulators interact to influence RIPK3 ubiquitination.
To investigate the mechanism by which SMURF1 and USP5 associate
with RIPK3, we first compared the effects of knocking down USPS,
SMURF1, or both in HT-29 cells subjected to necroptotic stimuli.
Consistent with previous observations, there were no changes in the
protein expression levels of RIPK1, RIPK3, MLKL, SMURFI, or USP5
(Fig. 6A). Necroptotic cell death was similarly promoted in both
SMURF1 knockdown and SMURF1/USP5 double knockdown cells, while
it was suppressed in USP5 knockdown cells (Fig. 6B). These findings
correlate with changes in RIPK3 and MLKL phosphorylation (Fig. 6C).
Next, we examined necrosome complex formation by immuno-
precipitating RIPK3 in cells with USP5, SMURF]I, or both knocked down.
The results showed that necrosome formation was enhanced in
SMURF1-deficient cells compared to shGFP HT-29 control cells. In

contrast, USP5 depletion led to suppression of necrosome formation
(Fig. 6D). Notably, in cells lacking both SMURF1 and USP5, necrosome
formation increased compared to USP5-only deficient cells (Fig. 6D).
Interestingly, under SMURF1 depletion, USP5 did not associate with
complexes immunoprecipitated by RIPK3 antibodies (Fig. 6D). How-
ever, under USP5 depletion, SMURF1 remained associated with
necrosome complexes (Fig. 6D). This suggests a possible sequential
interaction, where SMURF1 associates with the necrosome before
USP5 during necroptosis.

Since deubiquitinating enzymes typically remove ubiquitin from
substrates ubiquitinated by E3 ligases, we hypothesized that USP5
might antagonistically regulate the K63 polyubiquitination mediated
by SMURFL. To determine whether USP5 interacts with necroptosis-
related proteins such as RIPK1, RIPK3, and MLKL, we performed
immunoprecipitation after overexpressing these proteins in HEK 293 T
cells. The results confirmed that USP5 interacted with RIPK1, RIPK3,
and MLKL (Fig. S9A). Specifically, USP5 interacted with RIPK3 through
the kinase domain of RIPK3 (Fig. S9B). Reciprocally, the USP5 ZnF
domain alone was unable to interact with RIPK3 (Fig. S9C). As
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0.1uM GSK'963 for 3.5 h. Flow cytometry was performed by counting 10,000 cells
based on FSC (Forwarder Scatter) and SSC (Side Scatter), and calculating the per-
centage of cells in the Annexin V-FITC positive region. This experiment was inde-
pendently repeated 3 times. Data are presented as means + standard deviations
(SDs), n=3. Significance between groups was determined using two-sided Stu-
dents’ test. C USP5 KD and control HT-29 cells were treated with T/Bi/Z to induce
necroptosis. GSK'963 was used to confirm that this cell death is necroptosis. Cells
were harvested at the indicated time points and analyzed by western blotting.
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reconstituted with either USP5 WT or the deubiquitinase-defective mutant USP5
C335A, were treated with T/Bi/Z in the presence or absence of 0.1 uM GSK'963 for
3.5 h. Flow cytometry was performed by counting 10,000 cells based on FSC
(Forwarder Scatter) and SSC (Side Scatter), and calculating the percentage of cells
in the Annexin V-FITC positive region. This experiment was independently repeated
3 times. Data are presented as means + standard deviations (SDs), n = 3. Significance
between groups was determined using two-sided Students’ test. F shUSP5-infected
cells, reconstituted with either USP5 WT or the deubiquitinase-defective mutant
USP5 C335A, were treated with T/Bi/Z to induce necroptosis. GSK'963 was used to
confirm that this cell death is necroptosis. Cells were harvested at the indicated
time points and analyzed by western blotting. The asterisk indicates p-RIPK3 and
p-MLKL. G shUSP5-infected cells, reconstituted with either USP5 WT or the
deubiquitinase-defective mutant USP5 C335A, were treated with T/Bi/Z and lysed
after 3.5 h. The necrosome was pulled down using an anti-RIPK3 antibody and
protein-G agarose beads. The protein-bead conjugate was washed and analyzed by
western blotting to examine the assembly of the RIPKI-RIPK3-MLKL complex.

expected, USP5 overexpression completely inhibited SMURF1-induced
K63 polyubiquitination of RIPK3, as shown in the ubiquitination assay
(Fig. S10A). USP5 primarily targets unanchored ubiquitin chains by
recognizing the free C-terminal diglycine (GG) motif and sequentially
cleaving ubiquitin monomers*“°, However, accumulating evidence
suggests that USP5 can also act on covalently attached ubiquitin
chains, either via direct deubiquitination or by modifying ubiquitin
linkage types*’™*°. To experimentally verify whether USP5 directly
functions as a deubiquitinase for SMURF1-mediated K63-linked ubi-
quitination of RIPK3, we transfected HEK 293 T cells with RIPK3,
SMURF1, and USPS5, followed by immunoprecipitation to isolate the
associated proteins. Using these isolated proteins, we performed an
in vitro ubiquitination assay with recombinant E1, E2, ATP, and ubi-
quitin proteins (Fig. SIOB). Our findings demonstrated that USP5

directly eliminated SMURFI-mediated ubiquitination from RIPK3,
thereby refuting the notion that USP5 exclusively targets untethered
polyubiquitin chains. Endogenously, RIPK3 ubiquitination increased
with necroptosis progression (Fig. 6E). In SMURF1 or SMURF1/USP5
double knockdown cells, there was an increase in total RIPK3 ubiqui-
tination but a simultaneous decrease in K63-linked polyubiquitination
(Fig. 6E). In contrast, USP5 knockdown caused a drastic reduction in
total RIPK3 polyubiquitination, while K63-linked ubiquitination per-
sisted significantly (Fig. 6E).

These results suggest that K63-linked polyubiquitination of RIPK3
at lysines 55 and 363 suppresses necroptosis. To further explore this,
we introduced RIPK3 WT or RIPK3 K55/363R mutants (defective in
SMURFI-mediated polyubiquitination) into Hela cells to generate
HeLa RIPK3 WT or HeLa RIPK3 K55/363R cell lines. Upon treatment
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Fig. 6 | SMURF1-mediated K63-linked polyubiquitination of RIPK3 is reversed
by the deubiquitination process of USP5. A HT-29 cells depleted of SMURF1,
USP5 and Double Knocked down by the indicated shRNAs. B HT-29 cells depleted
of SMURF1, USP5 and Double Knocked down by the indicated shRNAs were treated
with T/Bi/Z in the presence or absence of 0.1 M GSK'963 for 3 h. The cells were
harvested and stained with annexin V-FITC. Flow cytometry was performed by
counting 10,000 cells based on FSC (Forwarder Scatter) and SSC (Side Scatter), and
calculating the percentage of cells in the Annexin V-FITC positive region. This
experiment was independently repeated 3 times. Data are presented as means +
standard deviations (SDs), n = 3. Significance between groups was determined
using two-sided Students’ test. C Each HT-29 cells depleted of SMURF1, USP5 and
Double Knocked down cells were treated with T/Bi/Z to induce necroptosis.
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GSK'963 (0.1 M) was used to inhibit necroptosis. Cells were harvested and ana-
lyzed using western blotting. D Each HT-29 cells depleted of SMURF1, USP5 and
Double Knocked down cells treated with T/Bi/Z were lysed after 3 h. The necrosome
was pulled down using an anti-RIPK3 antibody and protein-G agarose beads. The
protein-bead conjugate was washed and analyzed by western blotting to assess the
assembly of the RIPK1-RIPK3-MLKL complex. E To confirm the endogenous ubi-
quitination status of RIPK3, HT-29 cells depleted of SMURF1, USP5 and Double
Knocked down were treated with T/Bi/Z to induce necroptosis. After 3 h, SMURF1
KD and control HT-29 cells were lysed. Immunoprecipitation was performed using
an anti-RIPK3 antibody and protein-G agarose beads. The protein-bead conjugate
was washed, and ubiquitination was detected using an anti-Ub-HRP conjugated
antibody and an anti-K63-Ub-HRP conjugated antibody.

with T/Bi/Z, HeLa RIPK3 K55/363R cells exhibited increased cell death
compared to HelLa RIPK3 WT cells (Fig. S10C). Notably, while USP5
knockdown protected HeLa RIPK3 WT cells from necroptotic stimuli,
this protection was lost in HelLa RIPK3 K55/363R cells (Fig. S10C).
Similarly, USP5 knockdown suppressed MLKL phosphorylation in HeLa
RIPK3 WT cells, but this effect was absent in HeLa RIPK3 K55/363R cells
(Fig. S10D).

Finally, we immunoprecipitated lysates from HeLa RIPK3 WT and
K55/363R cells treated with T/Bi/Z using RIPK3 antibodies. In HeLa
RIPK3 WT cells, both USP5 and SMURF1 were immunoprecipitated,
whereas only SMURF1 was detected in HeLa RIPK3 K55/363R cells (Fig.
S10E). These findings are consistent with the results from Fig. 6D,
where USP5 was no longer part of necrosome complexes upon
SMURF1 depletion. Collectively, these results suggest that ubiquitina-
tion at K55/363 suppresses necroptosis, which can be reversed by
USP5-mediated deubiquitination. To further analyze the prerequisites
for USP5 and RIPK3 binding during necroptosis progression, we con-
ducted an endogenous ubiquitination assay and immunoprecipitation
of RIPK3 under necroptosis-inducing conditions, with or without the
RIPK3 kinase inhibitor GSK'872 (Fig. S11A, B). Results showed that the

K63-linked polyubiquitination of RIPK3 peaked 2 h after necroptosis
induction and then decreased at 3 h. Interestingly, when cells were
treated with GSK'872, the level of K63-linked polyubiquitination of
RIPK3 was abolished at the same time points after necroptosis induc-
tion. This indicates that the K63-linked polyubiquitination of RIPK3
requires prior phosphorylation of RIPK3 (Fig. S11A). Similarly, SMURF1
interacted with RIPK3 at 2 h post-necroptosis induction, correspond-
ing to the highest level of K63-linked polyubiquitination of RIPK3. In
contrast, at 3h post-necroptosis induction, USP5 interacted with
phosphorylated RIPK3, coinciding with a decrease in K63-linked
polyubiquitination. This suggests that USP5 interaction with RIPK3 is
linked to a reduction in the degree of K63-linked polyubiquitination
(Fig. S11A, B). Furthermore, neither SMURF1 nor USP5 was incorpo-
rated into the necrosome complexes when GSK'872 was added along
with necroptosis induction (Fig. S11B). These findings indicate that
RIPK3 phosphorylation is a prerequisite for its interaction with
SMURF1 and USPS. Additionally, USP5 seemed to interact with the
necrosome complexes only after SMURFI-mediated polyubiquitina-
tion of RIPK3 (Figs. 1E, 6D, SI10E). By removing these polyubiquitin
chains, USPS restored necroptosis to its full capacity.
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USP5 overexpression inhibited SMURFl-induced K63 poly-
ubiquitination of RIPK3, as confirmed by ubiquitination assays
(Fig. SI2A, B). Additionally, endogenous RIPK3 ubiquitination
increased with the progression of necroptosis, with K63 poly-
ubiquitination specifically increasing upon USP5 knockdown but being
suppressed in SMURF1/USP5 double knockdown cells (Fig. 6E). In HeLa
RIPK3 K55/363R mutant cells, necroptosis was enhanced and not
reversed by USP5 knockdown, further supporting the antagonistic
roles of USP5 and SMURFL. To confirm that USP5 specifically targets
SMURF1-mediated ubiquitination, we examined whether USP5 can also
remove the ubiquitin added by other E3 ligases, such as CHIP, Parkin
and TRIM25, which are known to modulate RIPK3 sensitivity to
necroptosis. The results revealed that USP5 specifically deubiquiti-
nates RIPK3 ubiquitinated by SMURF1, but not CHIP, Parkin, or TRIM25
(Fig. S12A, B). A previous study demonstrated that USP22 functions as a
deubiquitinase for RIPK3%. To further investigate this, we examined
whether SMURF1 and USP22 have an antagonistic relationship in reg-
ulating RIPK3 ubiquitination. However, our results showed that USP22
does not deubiquitinate RIPK3 when ubiquitinated by SMURF1 (Fig.
S12C). These findings strongly suggest that the regulatory axis of
SMURF1 and USP5 operates independently of the previously identified
E3 ligases (CHIP, Parkin, and TRIM25) and deubiquitinases (USP22) in
controlling RIPK3 ubiquitination®**°, To further confirm that USP5
deubiquitinates RIPK3 at K55 and K363, we examined its interaction
with the RIPK3 K55/363R double mutant, which lacks SMURF1-
mediated ubiquitination at these sites. The results showed that USP5
did not interact with the K55/363R mutant, indicating that ubiquiti-
nation at K55 and K363 is essential for USP5 binding and subsequent
deubiquitination. However, when we tested the individual K55R and
K363R mutants, their interaction with USP5 was comparable to that of
RIPK3 WT, suggesting that USPS can still recognize and bind to RIPK3
when only one of these lysine residues is mutated under over-
expression conditions in HEK 293 T cells (Fig. S12D). Although these
single mutants showed reduced levels of K63-linked ubiquitination
compared to WT, USP5 was still able to eliminate SMURF1-mediated
K63-linked polyubiquitination. This indicates that USP5 functions as a
K63-specific deubiquitinase at the K55 and K363 sites of RIPK3
(Fig. S12E). These findings demonstrate that USP5 acts as a positive
regulator of necroptosis by removing the inhibitory K63-linked poly-
ubiquitin chains from RIPK3 at lysine 55 and 363, a modification
mediated by SMURFL. This underscores the opposing functions of E3
ligases and deubiquitinating enzymes in the regulation of necroptosis.

SMURF1 depletion or overexpression of the RIPK3 K55/363R
mutant enhances Birinapant/Emricasan-induced necroptosis in
leukemia cells

To explore the impact of SMURF1 on necroptosis in a more physiolo-
gically relevant context, we first utilized Molm-13 leukemia cells, which
can induce autocrine TNFa and promote necroptosis upon treatment
with birinapant (a SMAC mimetic) and emricasan (a pan-caspase
inhibitor)***%, SMURF1 knockdown in Molm-13 cells was achieved
using shRNA to assess its role in regulating necroptotic sensitivity.
Following SMURF1 knockdown, necroptosis was significantly
enhanced compared to the control, as evidenced by accelerated cell
death and increased phosphorylation of key necroptosis effectors,
RIPK3 and MLKL (Fig. 7A-C). These findings suggest that SMURF1
depletion removes its inhibitory effect on necroptosis, resulting in
heightened activation of the necroptotic pathway.

Next, we sought to determine whether SMURF1 depletion could
enhance necroptosis in an in vivo model and further suppress tumor
growth. A xenograft study was conducted using SMURF1-depleted
Molm-13 cells injected subcutaneously into nude mice. Mice bearing
these subcutaneous tumors were treated with birinapant and emrica-
san every 4 days to induce necroptosis. While the combination of
birinapant and emricasan alone slightly reduced tumor size in control

tumors, significant suppression of tumor growth was observed in
SMURF1-depleted tumors (Fig. 7D-F). Importantly, untreated SMURF1-
depleted tumors did not exhibit a reduction in size, indicating that
SMURF1 knockdown alone was insufficient to drive necroptosis. The
expression levels of SMURFI1 in each xenografted tumor were mea-
sured via western blotting (Fig. 7G). These results demonstrate that
SMURF1 depletion potentiates the effect of necroptosis-inducing
treatments, leading to a pronounced decrease in tumor burden.

In addition to Molm-13 cells, we extended our analysis to NB4
cells, a leukemia cell line that lacks RIPK3 but expresses autocrine
TNFa, RIPK1, and MLKLY. (Fig. S13A)

To further confirm the role of SMURF1- and USP5-mediated ubi-
quitination in regulating necroptosis, we engineered NB4 cells to
overexpress either RIPK3 WT or the RIPK3 K55/363R mutant, which is
resistant to SMURFI-mediated inhibitory K63- poly ubiquitination.
These models allowed us to directly assess the impact of disrupting
SMURF1-mediated K63-polyubiquitination on necroptosis. Following
treatment with birinapant and emricasan to induce necroptosis, RIPK3
K55/363R-expressing NB4 cells displayed significantly increased
necroptosis compared to cells expressing wild-type RIPK3. Enhanced
phosphorylation of necroptosis-related proteins, such as MLKL, fur-
ther confirmed that disrupting SMURF1-mediated ubiquitination sen-
sitizes the cells to necroptotic cell death (Fig. S13B, C).

We further evaluated the impact of SMURF1-mediated regulation
of RIPK3 in an in vivo xenograft model using NB4 cells overexpressing
either RIPK3 WT or the RIPK3 K55/363R mutant. Without treatment,
tumor growth in both RIPK3 WT and RIPK3 K55/363R-expressing cells
was similar. Treatment with birinapant and emricasan had little effect
on the growth of NB4 cells expressing RIPK3 WT. However, in cells
expressing the RIPK3 K55/363R mutant, treatment with these agents
induced a marked reduction in tumor size, as measured by both
volume and weight (Fig. 7H-J). The expression levels of RIPK3 WT or
RIPK3 K55/363R were measured in each xenografted tumor (Fig. S13D).

Furthermore, we investigated whether USP5 overexpression can
serve as a therapeutic strategy for tumor elimination via necroptosis.
Our results confirmed that USPS overexpression accelerates necrop-
tosis in HT-29 cell lines (Fig. S14A, B). To further explore this effect, we
established NB4 cell lines expressing RIPK3 WT + Mock, RIPK3 WT +
USP5, and RIPK3 K55/363R + USP5. The results demonstrated that
USP5 and RIPK3 WT overexpression reduced tumor growth and weight
by enhancing necroptosis when compared with RIPK3 WT alone
(Fig. S115A-D). As expected, there was no difference in tumor sizes
when USP5 was overexpressed with RIPK3 WT or the K55/363R mutant
(Fig. SISA-D). These findings suggest that USPS5 is a positive regulator
of RIPK3-mediated necroptosis promotion.

Taken together, these findings provide strong evidence that dis-
rupting SMURF1 and USP5’s inhibitory control over RIPK3 K63-linked
polyubiquitination enhances necroptosis, leading to effective tumor
suppression.

Discussion
Necroptosis, a form of regulated cell death, plays a critical role not only
in maintaining tissue homeostasis but also in triggering inflammatory
responses that activate the immune system. This process differs from
apoptosis primarily due to its immunogenic nature, driven by the
release of pro-inflammatory cytokines'>'®. Necroptosis is executed
through the phosphorylation of receptor-interacting protein kinase 3
(RIPK3), which activates mixed lineage kinase domain-like pseudoki-
nase (MLKL). MLKL then permeabilises the plasma membrane, leading
to the release of intracellular contents, including cytokines and
damage-associated molecular patterns (DAMPs). Thus, RIPK3 serves as
a key regulator of necroptosis, driving programmed cell death and
subsequent immune responses.

In our study, we focused on the roles of SMURF1 and USPS5 in
regulating necroptosis through their impact on RIPK3. We
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Fig. 7 | Downregulation of SMURF1 or the K55/363R RIPK3 mutant sensitizes
acute myeloid leukemia cells to necroptosis in xenograft models. A Molm-13
cells were transduced with lentivirus to generate stable SMURF1-KD cell lines. The
expression levels of RIPK1, RIPK3, MLKL, and SMURF1 in each cell line were ana-
lyzed by western blotting. B Molm-13 depleted of SMURF1 using the indicated
shRNAs were treated with Bi/E in the presence or absence of 0.1 M GSK'963 for
12 h. The cells were harvested and stained with PI. Flow cytometry was performed
by counting 10,000 cells based on FSC (Forwarder Scatter) and SSC (Side Scatter),
and calculating the percentage of cells in the PI (Propidium lodide) positive region.
This experiment was independently repeated 3 times. Data are presented as
means * standard deviations (SDs), n = 3. Significance between groups was deter-
mined using two-sided Students’ test. C SMURF1KD and control Molm-13 cells were
treated with Bi/E to induce necroptosis. GSK'963 was used to confirm that this cell
death is necroptosis. Cells were harvested at the indicated time points and analyzed
by western blotting. D Tumor xenografts were established by injecting control or
SMURF1-knockdown (KD) Molm-13 cell lines into the flanks of mice (n=6). This
experimental setup aimed to examine the effect of SMURF1 depletion on tumor
progression and response to treatment. E Following xenograft establishment, the
mice received intraperitoneal injections of birinapant (2 mg/kg) and emricasan

(1 mg/kg) every 4 days for a total of six treatments. Six independent mice were used
for xenograft experiments in each experimental group, and treatments were
administered independently for each group. Representative images of the resulting
xenografts were taken to visually document tumor development. Tumor growth
was systematically measured at 4-day intervals throughout the treatment period to

monitor any differences between control and SMURF1 KD groups. Data are pre-
sented as means + standard deviations (SDs). Significance was determined using
the two-sided Students’ test. F At the end of the experiment, the tumors were
excised, and their masses were recorded to evaluate the impact of SMURF1
depletion on tumor size. The tumor weight was measured from each of the six
independent mice in each group. Data are presented as means * standard devia-
tions (SDs). Significance was determined using the two-sided Students’ test. G The
tumors were lysed, and SMURF1 expression was analyzed using western blotting.
H Additional tumor xenografts were generated using NB4 cell lines expressing
either RIPK3 WT or the RIPK3 K55/363R mutant (n = 6). This setup aimed to assess
the role of specific RIPK3 mutations in tumor growth and response to therapeutic
agents. I Mice bearing these xenografts were treated with birinapant (2 mg/kg) and
emricasan (1 mg/kg) via intraperitoneal injection every 5 days, for a total of eight
treatments. Six independent mice were used for xenograft experiments in each
experimental group, and treatments were administered independently for each
group. Tumor growth was measured at 5-day intervals throughout the course of the
experiment to track progression over time in both RIPK3 WT and K55/363R groups.
Data are presented as means + standard deviations (SDs). Significance was deter-
mined using the two-sided Students’ test. ] Upon completion of the experiment,
tumors were dissected, and their weights were measured to quantify differences
between groups. The tumor weight was measured from each of the six independent
mice in each group. Tumor weights were compared to determine any statistically
significant variations attributable to SMURF1 KD or RIPK3 mutations.

demonstrated the opposing functions of SMURF1 and USPS5, shedding
light on the post-translational modifications of RIPK3 and their influ-
ence on necroptosis. SMURFI, identified as a crucial E3 ligase, facil-
itates K63-linked polyubiquitination of RIPK3. This modification
appears to suppress necrosome formation, the complex essential for
propagating necroptotic signals. Notably, SMURF1 deficiency leads to
a marked acceleration of necroptosis, suggesting that K63-linked

ubiquitination by SMURF1 serves as a regulatory checkpoint that pre-
vents inappropriate necroptotic signaling under normal conditions.
This restraint is crucial for avoiding pathological inflammation and
tissue damage. Furthermore, the reversal of necroptosis acceleration
by reintroducing functional SMURF1 underscores the importance of its
E3 ligase activity. This not only confirms that SMURF1’s ubiquitin ligase
function is vital for modulating RIPK3 but also highlights its potential

Nature Communications | (2025)16:7360


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62723-9

as a therapeutic target in conditions where excessive necroptosis
contributes to disease, such as chronic inflammatory and autoimmune
disorders.

Conversely, USP5 acts as a deubiquitinase, removing K63-linked
polyubiquitin chains from RIPK3 and thereby dampening the necrop-
totic process. The suppression of necroptosis observed in USP5 defi-
ciency emphasizes its critical role in maintaining balance within the
necroptotic pathway. By removing the ubiquitin chains added by
SMURFL, USP5 counteracts the stabilization of RIPK3, promoting the
disassembly of the necrosome when necessary. The ability to reverse
necroptosis suppression by reintroducing functional USP5 further
highlights the necessity of its deubiquitinase activity in regulating
RIPK3 and necroptosis.

The dynamic interplay between SMURF1 and USPS5 offers insight
an into a finely tuned regulatory mechanism that controls RIPK3 ubi-
quitination and necroptosis. Our findings reveal an antagonistic rela-
tionship, where SMURF1-mediated ubiquitination and USP5-mediated
deubiquitination together regulate necrosome formation and func-
tion. This balance ensures that necroptosis is triggered only in
response to appropriate signals while preventing excessive cell death
and inflammation. To investigate the interactions among RIPK3,
SMURF1, and USP5, we performed immunoprecipitation assays in HEK
293 T and HT-29 cells, confirming their incorporation into the necro-
some during necroptosis (Figs. 1C-E, 3A and S1B, S1C, S4B, S9A, S12D).
Treatment with the RIPK3 kinase inhibitor GSK'872 disrupted their
interaction, demonstrating that RIPK3 phosphorylation is essential for
SMURF1 and USPS5 binding (Fig. S11B). Overall, these findings suggest
that the association of SMURF1 and USP5 with RIPK3 is a multi-step
process, wherein RIPK3 phosphorylation enhances its interaction with
SMURF1. This process is necessary, as phosphorylation-defective
RIPK3 is unable to bind to SMURFI (Fig. S4B). The SMURF1-mediated
K63-linked polyubiquitination seems to suppress necroptosis by pre-
venting RIPK3 self-association or its interaction with RIPK1
(Fig. S6A-C). Meanwhile, this polyubiquitination seems to facilitate
USPS recruitment into the necrosome complexes, thereby inducing
deubiquitination of RIPK3 and promoting necroptosis (Figs. 1C, E, 5D,
6D and S10E, S11B). More detailed mechanistic studies are required in
future to further identify these paradoxical phenomena of pro- or anti-
cell death progress revolving around the polyubiquitination mod-
ification of RIPK3.

While examining the temporal regulation of RIPK3 ubiquitination,
we found that K63-linked ubiquitination peaked at 2 h after necrop-
tosis induction but declined after 3 h, while K27-linked ubiquitination
progressively increased. This suggests the occurrence of dynamic and
heterogeneous forms of RIPK3 polyubiquitination as necroptosis
progresses. While our study highlights SMURF1 and USP5 as key reg-
ulators of K63-linked ubiquitination, which has a negative effect on
necroptosis, it remains unknown whether other types of poly-
ubiquitination could have different effects on necroptosis. Alternative
modifications such as K27, K48, and mixed forms should be carefully
examined with matching enzymes to further identify the highly
dynamic nature of RIPK3 ubiquitination fine-tuning multiple reg-
ulatory pathways (Fig. S16A).

Importantly, our study also explores the therapeutic implications
of modulating this pathway. We found that SMURF1 downregulation
enhances necroptosis in leukemia cells, correlating with reduced
tumor growth in xenograft models treated with birinapant and emri-
casan. This suggests that targeting components of the ubiquitination
machinery can modulate necroptosis for therapeutic benefit, particu-
larly in cancer treatments where apoptosis pathways are compro-
mised. Our results highlight the potential of SMURF1 and USP5 as
targets for therapeutic strategies in diseases where necroptosis plays a
detrimental role. Modulating these pathways could offer benefits in
both chronic inflammatory conditions and cancer, making this an
exciting area for further investigation.

Future research is needed to further investigate the upstream
mechanisms governing the balance of RIPK3 K63-linked ubiquitination
by SMURF1 and USP5 and how this balance promotes or inhibits
necroptosis. The interplay between SMURF1 and USP5 reveals a finely
tuned regulatory system that controls necroptosis. In physiological
conditions, the balance between SMURF1-mediated suppression and
USP5-driven promotion of necroptosis may help fine-tune immune
responses and maintain tissue homeostasis. Under circumstances
where apoptosis is inhibited or insufficient—such as in cells treated with
caspase inhibitors—this balance ensures necroptosis can act as an
alternative cell death mechanism, allowing for the continued removal of
damaged or infected cells and the activation of immune responses. The
regulation of cytokine production during necroptosis adds another
layer of complexity to this system. Recent studies, including ours,
indicate that cytokine production can continue even after cells have lost
membrane integrity and committed to necroptosis. This sustained
cytokine production, dependent on the maintenance of endoplasmic
reticulum integrity, plays a critical role in shaping the immune response
to necroptotic cell death. The ability of necroptotic cells to continue
producing cytokines after functional death suggests that necroptosis is
not merely a passive release of cellular contents but rather a highly
regulated process designed to optimize immune activation®.

SMURF1 and USPS5 likely play a role in coordinating this extended
cytokine production. By suppressing RIPK3 activation, SMURF1 may
limit cytokine production, preventing excessive inflammation that
could result in tissue damage. In contrast, USP5’s promotion of RIPK3
activation and necroptosis may prolong cytokine production, enhan-
cing immune cell recruitment and the clearance of necroptotic cells.
This coordination between cell death and cytokine production ensures
that necroptosis not only removes damaged or infected cells effi-
ciently but also signals the immune system to initiate an appropriate
inflammatory response.

In cancer, the role of necroptosis is more complex. While
necroptosis can promote immune responses leading to tumor clear-
ance, some cancers may exploit SMURFI to suppress necroptosis and
evade immune detection. Inhibiting SMURF1 could restore necroptosis
in tumor cells, facilitating their destruction and activating anti-tumor
immunity. Conversely, USP5 could be targeted in cancers where
excessive necroptosis contributes to a pro-inflammatory tumor
microenvironment that supports tumor growth. Understanding the
specific roles of SMURF1 and USP5 in different cancer types will be
crucial for developing targeted therapies that manipulate necroptosis
for therapeutic benefit.

Overall, the findings suggest that targeting SMURF1 or modulat-
ing RIPK3 ubiquitination through SMURF1 or USP5 could be a ther-
apeutic approach in necroptosis-based cancer treatment (Figs. 7, S15).
Enhancing necroptosis, particularly in cancer cells that evade apop-
tosis, through SMURF1 inhibition could help overcome resistance to
conventional therapies and improve tumor eradication. Future studies
are needed to explore the broader applicability of this approach across
different cancer types and to develop therapeutic strategies that
exploit the necroptotic pathway to combat cancer.

Methods

Cell culture, plasmids, and transfection

HT-29 (human colorectal carcinoma; HTB-38; ATCC, Manassas, VA,
USA), TC-1 (mouse lung cancer cell line; CRL-2785; ATCC), and Molm-
13 (acute myeloid leukemia; ATCC), NB-4 (acute myeloid leukemia;
ATCC) cells were maintained in Roswell Park Memorial Institute (RPMI;
HyClone, Chicago, IL, USA) in 5% CO2 at 37 °C. HEK 293T (human
embryonic kidney; CRL-3216; ATCC), HeLa (cervical cancer cell line,
ATCC) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; HyClone) in 5% CO2 at 37 °C. All media were supplemented
with 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA). All cells were tested mycoplasma
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contamination using e-Myco™ plus Mycoplasma PCR Detection Kit
(#25237; Intron, Seongnam, Gyeonggi, South Korea).

pcDNA3-FLAG-RIPK1, RIPK3, MLKL, RIPK3 1-296, 294-518, pCS4-
3xMYC-CHIP constructs were generated by subcloning the respective
coding sequences into the indicated vectors®®. pSV-Parkin-myc was
provided by H. W. Lee (Yonsei University, Korea). The SMURF1 and
USP5 plasmid was purchased from Sinobiological (Beijing, China,
#HG13144-NY, MG51371-CF). pcs4-3xMYC-SMURF1 mutants (C699A),
pcs4-3xMYC-USP5 mutants (C335A) were generated using site-
directed mutagenesis and PCR, respectively. Each domain of SMURF1
plasmid construct were generated using PCR (SMURF11-159, 119-731, 1-
345, 346-731, 119-365) subcloned into the pcDNA3-HA. Each domain of
USPS5 plasmid construct and pcDNA3-GFP-USP5 were generated using
PCR (USP51-289, 1-625, 289-835, 625-835) subcloned into the pcDNA3-
HA. The pRK5-HA/Ub construct was provided by Jinho Seo (KRIBB,
Korea). The point mutant constructs (K55R, K197R, K302R, K363R,
K518R, K55/363R of RIPK3) were generated by site-directed mutagen-
esis. pcDNA3-FLAG-RIPK3-ARHIM were generated using PCR and sub-
cloned into the pcDNA3-FLAG plasmid. GFP-USP22 was provided by
Chung, Kwang Chul (Yonsei University, Korea). TRIM25 plasmid was
purchased from Sinobiological (Beijing, China, #HG17528-CF) sub-
cloned into pCS4-3xMYC Plasmid. pDEST-LTR-N-FLAG-HA-IRES-puro-
USP5 was used for Stable USP5 overexpression HT-29 Cell Lines.

Plasmids were transfected using polyethylenimine (#408727;
Sigma-Aldrich, St. Louis, MO, USA). For making Re-constitution of
SMURF1 WT, SMURF1 C699A, USP5 WT, USP5 C335A and over
expression of RIPK3 WT, K55R, K363R, K55/363R using the adeno-
viruses were purchased from VectorBuilder (Chicago, IL, USA). The
siRNAs used in this study were siSmurfl (Dharmacon, CO, USA; LQ-
040947-00-0005,0007), siUsp5 (#LQ-046492-01-0009,0011; Dhar-
macon). Lipofectamine RNAIMAX reagent (#13778150; Thermo Fisher,
Waltham, MA, USA) was used to transfect the siRNAs according to the
manufacturer’s instructions.

Stable cell line generation

pLKO.1 puro-shSMURF1 #4 and pLKO.1 puro-shSMURF1 #8 were gen-
erated using oligo annealing and cloning into an empty vector using
following primers: shSMURF1 #4F 5-CCGGCCGAAGGCTACGAACAAA
GAACTCGAGTTCTTTGTTCGT AGCCTTCGGTTTTTG-3’, R 5-AATTCA
AAAACCGAAGGCTACGAACAAAGAACTC GAGTTCTTTGTTCGTAGCC
TTCGG-3’, shSMURF1 #8 F 5’- CCGGGCATCGAAGTGTC CAGAGAAGC
TCGAGCTTCTCTGGACACTTCGATGCTTTTTG-3’, R 5-AATTCAAA AA
GCATCGAAGTGTCCAGAGAAGCTCGAGCTTCTCTGGACACTTCGATG
C-3". pLKO.1 puro-shUSPS5 #1 and pLKO.1 puro-shUSPS5 #2 were gener-
ated using oligo annealing and cloning into an empty vector using
following primers: shUSP5 #1F 5’- CCGGGACC ACACGATTTGCCT-
CATTCTCGAGAATGAGGCAAAT CGTGTGGTCTTTTTG-3’, R5- AATTC
AAAAAGACCACACGATTTGCCTCATTCTCG AGAATGAGGCAAATCGT
GTGGTC-3’, shUSP5 #2F 5- CCGGCGGGCCACGAACAA TAGTTTA
CTCGAGTAAAC TATTGTTCGTGGCCCGTTTTTG-3, R 5- AATTCAAA
AACGGGCCACGAACAATA GTTTACTCGAGTAAACTATTGTTCGTGGC
CCG-3.

For virus production, HEK 293T cells were transfected with len-
tiviral vector and packaging vectors using Lipofectamine 3000 for
48 h, and the supernatants were harvested, filtered, and transferred
into HelLa, HT-29, Molm-13, NB-4 cells. Especially, Molm-13 and NB-4
cells are Spin in balanced centrifuge for 2 h at 2400 rpm at 32 °C with
virus and discard supernatants. Select cells infected with the virus by
treating them with 1-2 pg/mL puromycin for 7 days. After puromycin
selection, selection was performed in order to identify SMURF1 and
USPS5 knockdown cells, verified by immunoblotting.

Immunoprecipitation and immunoblotting
Cells were lysed in a buffer containing 50 mM Tris-HCI (pH 7.5),
150 mM Nacl, 0.5% Triton X-100, 1 mM EDTA, and a protease inhibitor

cocktail. The cell lysates were subjected to immunoprecipitation by
incubating with antibodies for 2 h, followed by 2-h incubation with
protein G Sepharose (GE Healthcare, Little Chalfont, UK). The immu-
noprecipitates were then boiled in 2x sample buffer for 5min. For
immunoprecipitation, the following antibodies were used: SMURF1
(#sc-100616; Santacruz), RIPK3 (#13526; Cell Signaling Technology),
USP5 (sc-390943; Santacruz), TNFR1 (sc-8436; Santa Cruz), mouse
RIPK3 (NBP1-77299; Novus Biologicals), HA (11867431001; Sigma),
FLAG (F3165; Sigma), and Anti-FLAG M2 Affinity Gel (A220; Sigma).
Normal rabbit IgG (sc-2027) and goat IgG (sc-2028) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), normal mouse IgG (#sc-2025:
Santa Cruz) served as controls.

Complexes were purified by immunoprecipitation and followed
by immunoblot analysis: RIPK1 (#610459; BD Biosciences), RIPK3
(#13526; Cell Signaling Technology), MLKL (#GTX107538; GeneTex),
phospho-RIPK1 Serl66 (#65746; Cell Signaling), phospho-RIPK3
Ser227 (#ab209384; Abcam), phospho-MLKL Ser358 (#91689S; Cell
Signaling), mouse RIPK3 (NBP1-77299; Novus Biologicals), mouse
MLKL (AP14272b; Abgent), phospho-mouse MLKL Ser 345 (#37333;
Cell Signaling), SMURF1 (#sc-100616; Santacruz), USP5 (sc-390943;
Santacruz), IKKp (#2370, Cell Signaling), IkBa (#4814, Cell Signaling),
phospho-lkBa (Ser539) (#2859, Cell Signaling), TNFR1 (#AF225;R&D
Systems), TRADD (#610572; BD transduction), Ubiqutin (P4D1) mouse
mAB(HRP conjugate) (#14049, Cell Signaling), K63-linkage Specific
Polyubiquitin (D7A11) Rabbit mAb (HRP Conjugate) (#12930, Cell Sig-
naling), K27-linked Ub (abl81537, Abcam),Actin (#A5316; Sigma-
Aldrich), HA-Peroxidase (#12013819001; Sigma-Aldrich), FLAG-
Peroxidase (#SAB4200119; Sigma-Aldrich), MYC (#sc-40: Santacruz)
were utilized. All antibodies were used at a 1:2000 dilution in 5% BSA in
TBST solution.

Chemicals and cell death stimulation

DMSO (#D8418; Sigma-Aldrich), Human TNFa (210-TA-020; R&D Sys-
tems), mouse TNFa (14-8321-62; eBioscience), birinapant (S7015; Sell-
eck Chemicals), zVAD-fmk (#FKMOO1; R&D Systems), RIPK1 inhibitor
GSK'963 (AOB9775; Aobious), GSK'872 (530389; Calbiochem),
Emricasan (#BML2227; Sigma-Aldrich) for using necroptosis stimula-
tion. To induce necroptosis, HT-29 cells were treated with 20 ng/ml
TNF-a, 2 uM birinapant, and 20 uM zVAD-fmk. The HeLa-RIPK3 WT,
K55R, K363R, K55/363R cells were treated with 20 ng/ml TNF-o, 2 pM
birinapant, and 20 pM zVAD-fmk. The TC-1 cells were treated with
20 ng/ml mouse TNF-a, 2 uM birinapant, 20 uM zVAD-fmk. The Molm-
13 cells were treated with 3 pM birinapant and 30 pM emricasan. The
NB-4 cells were treated with 2 uM birinapant and 20 uM emricasan.
To inhibit RIPK1, 0.1 pM GSK’963 were used.

Flow cytometry

To determine cell death, HT-29 and TC-1 cells using Annexin V and
7-AAD double staining. The treated cells were collected and washed
with PBS, then incubated with Annexin V-FITC (556547; BD Bios-
ciences) and 7-AAD (00-6993-50; eBioscience) in Annexin V binding
buffer (51-66121E; BD Biosciences) for 15 min. The HeLa-RIPK3 WT,
K55R, K363R, K55/363R, Molm-13 and NB-4 cells were using propi-
dium iodide (PI) single staining. The treated cells were collected
and washed with PBS, then incubated with PI (P4170; Sigma-Aldrich)
for 15 min. Dead cells were identified as the Pl-positive population.
The stained cells were analyzed by flow cytometry (BD Accuri
C6, BD Biosciences). Data analysis was performed using BD
Accuri C6 Plus software (BD Biosciences). All cell viability assays
were conducted in triplicate, with results presented as the
mean = standard deviation.

Immunofluorescence microscopy
For immunofluorescence staining, HT-29 cells were cultured on cov-
erslips in 12-well plates. After treatment with the indicated reagents,
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the cells were fixed with 4% paraformaldehyde for 30 min at room
temperature. Anti-SMURF1 (#sc-100616; Santa Cruz), USP5 (sc-
390943; Santa Cruz), and p-RIPK3 (5227) antibody (ab209384; Abcam)
were added to each sample in immunofluorescence blocking buffer
(PBS with 3% BSA, 1% saponin, and 1% Triton X-100) and incubated at
4 °C overnight. Each sample was then washed three times with PBS.
Alexa Fluor 594-conjugated anti-rabbit (Invitrogen, A-21207) or Alexa
Fluor 488-conjugated anti-mouse (Invitrogen, A-11029) were added to
each sample in immunofluorescence blocking buffer and incubated at
room temperature for 1 h. The nuclei were stained with DAPI for 5 min
and analyzed using an LSM980 (Carl Zeiss, Oberkochen, Germany)
with the ZEN (blue edition) program.

Gel filtration chromatography analysis

HT-29 cells were treated with hTNFa (20 ng/mL), Birinapant (2 uM),
and Z-VAD-FMK (20 uM). Cells were collected from ten 100 mm culture
dishes and lysed with 5mL of lysis buffer containing 50 mM Tris-HCI
(pH 7.5),150 mM NaCl, 0.5% Triton X-100, and 1 mM EDTA. The lysates
were processed using an AKTA Prime Plus and separated on a HiLoad
16/600 Superdex 200 column at a flow rate of 0.4 mL/min (GE
Healthcare). Fractions of 2 mL were collected from 42 to 102 mL, and
samples were analyzed by western blotting with the indicated anti-
bodies. Molecular weights were determined using gel filtration cali-
bration kits (GE Healthcare).

In vitro ubiquitylation assay

FLAG-RIPK3, HA-SMURF1, and HA-USP5 purified from transfectioned
HEK293T and were incubated in 100 ng of an E1 (UBEIL; E-305; Boston
Biochem), 250 ng of an E2 (UbcH5c¢; E2-627; Boston Biochem), 5 pg of
ubiquitin (Sigma), and 2mM ATP (Fermentas) in the absence or pre-
sence of HA-SMURF1 and HA-USPS5 in 40 mM Tris-HCI (pH 7.6), 50 mM
NaCl, and 1 mM dithiothreitol for 3 h. After this reaction, the samples
were boiled in x4 sample buffer and analyzed by western blotting using
anti-RIPK3, SMURFL, and USP5 antibodies.

In-gel digestion with trypsin and extraction of peptides

The pcDNA3-FLAG or pcDNA3-FLAG-RIPK3 plasmids were trans-
fected into HEK293T cells seeded in twelve 100-mm dishes. After
24 h of transfection, cells were collected from ten 100 mm culture
dishes and lysed with 5 mL of lysis buffer containing 50 mM Tris-HCI
(pH 7.5), 150 mM Nacl, 0.5% Triton X-100, and 1 mM EDTA. The cell
lysates were subjected to immunoprecipitation by incubating with
RIPK3 antibodies for 2 h, followed by a 2-h incubation with protein G
Sepharose (GE Healthcare, Little Chalfont, UK). The immunopreci-
pitates were then boiled in 2x sample buffer for 5 min. For protein
visualization, SDS-PAGE and Coomassie Blue staining were per-
formed using Bio-Rad labware (Hercules, CA, USA). Protein bands
from SDS-PAGE gels were excised and digested in-gel with trypsin.
Briefly, protein bands were excised from stained gels, cut into pie-
ces, and washed for 1h at room temperature in 25 mM ammonium
bicarbonate buffer (pH 7.8) containing 50% (v/v) acetonitrile (ACN).
After dehydration in a centrifugal vacuum concentrator (SpeedVac™
SPD1030, Thermo Scientific) for 10 min, the gel pieces were rehy-
drated in 20 ng of sequencing-grade trypsin solution (Promega,
Madison, WI, USA). Following overnight incubation at 37°C in
25 mM ammonium bicarbonate buffer (pH 7.8), the tryptic peptides
were extracted with 100 pL of 1% formic acid (FA) containing 50%
(v/v) ACN for 20 min with mild sonication. The extracted solution
was then concentrated using a centrifugal vacuum concentrator.
Prior to mass spectrometric analysis, the peptide solution was
desalted using a reversed-phase column. Briefly, after equilibration
with 10 uL of 5% (v/v) formic acid, the peptide solution was loaded
onto the column, washed with 10 uL of 5% (v/v) formic acid, and
eluted with 8 uL of 70% ACN containing 5% (v/v) formic acid.

Identification of proteins by LC-MS/MS

LC-MS/MS analysis was performed through nano ACQUITY UPLC and
LTQ-orbitrap-mass spectrometer (Thermo Electron, San Jose, CA). The
column used BEH C18 1.7 um, 100 pm x100 mm column (Waters, Mil-
ford, MA, USA). The mobile phase A for the LC separation was 0.1%
formic acid in deionized water and the mobile phase B was 0.1% formic
acid in acetonitrile. The chromatography gradient was set up to give
a linear increase from 10% B to 40% B for 16 min, from 40% B to 95%
B for 8 min, and from 90% B to 10% B for 11 min. The flow rate
was 0.5uL/min. For tandem mass spectrometry, mass spectra
were acquired using data-dependent acquisition with full mass scan
(300-2000 m/z) followed by MS/MS scans. Each MS/MS scan acquired
was an average of one microscans on the LTQ. The temperature of the
ion transfer tube was controlled at 275 °C and the spray was 2.3 kV. The
normalized collision energy was set at 35% for MS/MS. The individual
spectra from MS/MS were processed using the SEQUEST software
(Thermo Quest, San Jose, CA, USA) and the generated peak lists were
used to query in house database using the MASCOT program (Matrix
Science Ltd., London, UK). We set the modifications of Carbamido-
methyl (C), Deamidated (NQ), Oxidation (M) for MS analysis and tol-
erance of peptide mass was 10 ppm. MS/MS ion mass tolerance was
0.8 Da, allowance of missed cleavage was 2, and charge states (+2, +3)
were taken into account for data analysis. We took only significant hits
as defined by MASCOT probability analysis.

In vivo ubiquitination assay

Cells were lysed in 6M guanidinium-HCI buffer (pH 8) containing 5 mM
N-ethylmaleimide (Sigma-Aldrich) to prevent deubiquitination. To
assess endogenous ubiquitination of RIPK3, cells were harvested in
PBS containing 10 nM NEM and lysed in 1% SDS by boiling for 10 min.
Cell lysates were diluted to 0.1% SDS by adding lysis buffer containing
protease inhibitors and NEM, and immunoprecipitated with anti-RIPK3
antibodies, followed by WB. Transferred proteins were denatured by
soaking PVDF membranes with 6 M guanidine-HCI containing 20 mM
Tris—HCI (pH 7.5), 5mM mercaptoethanol and 1 mM PMSF for 30 min
at 4 °C. Ubiquitinated RIPK3 was detected using HRP-conjugated anti-
Ubiqutin (P4D1) mouse mAB(HRP conjugate) (#14049, Cell Signaling),
K63-linkage Specific Polyubiquitin (D7Al1l) Rabbit mAb (HRP Con-
jugate) (#12930, Cell Signaling). An ubiquitination assay using HA-Ub
was also performed by immunoprecipitation under denaturing con-
ditions (1% SDS).

Xenograft study

The subcutaneous tumor xenograft model was established by
resuspending 1 x 10° Molm-13 cells expressing shGFP and shSMURF1
#4 and 5x10° NB-4 cells expressing RIPK3 WT,RIPK3 K55/363R,
RIPK3 WT + MOCK, RIPK3 + USPS5, RIPK3 K55/363R + USP5 in 50 uL of
PBS and 50 pL of Matrigel matrix (354234, BD Sciences). This mixture
was then subcutaneously inoculated into the flanks of 6-week-old
female BALB/c nude mice (Narabiotech). They were maintained
under specific pathogen-free conditions with 22-26 °C, 40-60%
humidity and 12 h light/12 h dark cycle and fed regular diet. Seven
days or eight post-inoculation, mice bearing xenograft tumors were
intraperitoneally injected with birinapant (2 mg/kg) and emricasan
(1 mg/kg), as shown in Fig. 7E, 1. On days 27, 45, and 22 after inocu-
lation, the mice were euthanized, and tumor volumes and masses
were measured using previously described methods®. Tumor
growth was carefully monitored, and mice were sacrificed when the
tumor volume reached 1500-2000 mm?3. At no point did the tumor
volume exceed this limit during the course of the experiments. All
animal experiments involving the subcutaneous tumor xenograft
model were approved by the Institutional Animal Care and Use
Committee of the Laboratory Animal Research at Yonsei University
(IACUC-A-202407-1881-01)
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Statistics and reproducibility

The student’s t test was used to compare the differences between two
independent groups, one-way analysis of variance (ANOVA) and two-
way ANOVA were used for comparisons among three or more groups,
and the results are presented as the mean values + SD. All statistical
tests were two-tailed. IB images and CBB staining gel were performed
at least three times as independent experiments with similar results,
and representative images are shown. Statistical analyses were per-
formed using GraphPad Prism version 5.0 (La Jolla, CA, USA). All
schematic diagrams in the article were generated by PowerPoint or
BioRender.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Protein mass spectrometry
raw data are publicly available at PeptideAtlas under accession code
PASS05893. Source data are provided with this paper.
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