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ABSTRACT

The linear ubiquitin chain assembly complex (LUBAC) participates in NF-kB activation and cell

death protection. Loss of any of the three LUBAC subunits (catalytic HOIP, accessory HOIL-1L,

or accessory SHARPIN subunit) leads to distinct phenotypes in mice and human. cpdm mice that

lack SHARPIN exhibit chronic inflammatory phenotypes, whereas HOIL-1L knockout mice

exhibit no overt phenotypes, despite sharing highly homologous ubiquitin-like (UBL) and Npl4

zinc finger (NZF) domains. Here, we intercrossed mice lacking HOIL-1L and SHARPIN and

found that reduction of HOIL-1L in cpdm mice exacerbated inflammatory phenotypes without

affecting characteristic features of cpdm disease, whereas reduction of SHARPIN in HOIL-1L

knockout mice provoked no overt phenotypes. Hence, loss of SHARPIN and reduction of

LUBAC triggers cpdm phenotypes. We found that the NZF domain of SHARPIN, but not that of

HOIL-1L, is critical for effective protection from programmed cell death by enhancing the

recruitment of LUBAC to the activated TNFR complex. The binding activity to K63-linked

ubiquitin chains that the NZF domain of SHARPIN, but not HOIL-1L possesses, appears

involved in the recruitment. Thus, selective recognition of ubiquitin chains by NZFs in LUBAC

underlies the regulation of LUBAC function. (189 words)
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INTRODUCTION

The ubiquitin system plays crucial roles in regulating a vast array of physiological

processes by, in most cases, conjugating various types of ubiquitin chains onto target proteins

(1-5) since different ubiquitin chains are decoded by distinct ubiquitin-binding proteins in a

chain-type specific manner to modulate their functions or fates (6, 7). Ubiquitin chains are

thought to be largely generated through covalent linkage between a C-terminal glycine residue of

one ubiquitin to one of the seven lysine residues within another ubiquitin. Recently, we

discovered a novel ubiquitin E3 ligase complex termed the linear ubiquitin chain assembly

complex (LUBAC), which specifically conjugates a C-terminal glycine residue of one ubiquitin

to an N-terminal methionine residue of another ubiquitin to generate the linear ubiquitin chain (8).

LUBAC participates in canonical NF-kB activation by conjugating linear ubiquitin chains onto

the NF-kB essential modulator (NEMO) (9, 10). This appears a critical step in the activation of

the IKK complex, the principal regulator of the NF-kB cascade (9-12). In addition, LUBAC

exhibits a novel function to antagonize programmed cell death provoked by various stimuli,

including tumor necrosis factor receptor (TNFR) signaling, although the precise molecular

mechanisms remain unknown (13-18).

LUBAC is composed of three subunits: a catalytic subunit, HOIP, and two accessory

subunits, SHARPIN and HOIL-1L. The latter two subunits share ubiquitin-like (UBL) and Npl4



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

zinc finger (NZF) domains with high amino acid sequence similarity (8, 13-15, 19, 20). HOIP

also carries two NZF domains, NZF1 and NZF2 (8). Since the NZF domains serve as the

ubiquitin-binding modules, LUBAC seems to possess multiple ubiquitin-binding activities (19,

21). Previous reports show that loss of any of the three LUBAC subunits results in distinct

phenotypes in mice and humans, indicating the differential roles of each subunit in LUBAC

functions. For example, loss of the catalytic subunit, HOIP, causes embryonic lethality in mice

with aberrant programmed cell death, including vascular endothelial cells at embryonic day 10.5

(E10.5) (16).

Intriguingly, mice lacking SHARPIN or HOIL-1L display different phenotypes unique

to each deletion, despite the structural similarity of the two accessory subunits. For example,

SHARPIN-null cpdm mice (chronic proliferative dermatitis in mice; cpdm mice) exhibit severe

inflammatory phenotypes characteristic of chronic proliferative dermatitis (22-24) and

multi-organ pathology with immunological disorders (25-27), presumably due to augmented

programmed cell death in response to TNFR signaling (17, 18, 28). Contrarily, our HOIL-1L

knockout (KO) mice fail to exhibit any overt inflammatory disorders (9). Mechanism underlying

phenotypical difference between cpdm and HOIL-1L KO mice is of great interest since residual

LUBAC content and NF-kB activation upon stimulation with cytokines such as TNF-a are both

profoundly diminished in either case (13).
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In the present study, we intercrossed mice lacking either SHARPIN or HOIL-1L, and
subjected the offspring to a number of experimental analyses to disclose the coordinate and
distinct functions of the two accessory subunits. Mice carrying mutations in both SHARPIN and
HOIL-1L exhibited mid-gestational lethality at E10.5, similar to mice lacking the ubiquitin ligase
activity of HOIP (HOIP#"ee/linear mice), or HOIP-null mice (16). While introduction of one
cpdm (SHARPIN-null) allele into HOIL-1L KO (HOIL-1L"~ SHARPIN ") mice had no
obvious effect, HOIL-1L reduction in SHARPIN®“"¥" (HOIL-1L"~ SHARPIN®*"") mice
significantly exacerbated the severity of cpdm diseases at early onset. These results suggest that
SHARPIN is essential for the inhibition of inflammatory diseases, while HOIL-1L affects disease
severity only when SHARPIN is absent; our data further suggest that loss of both accessory
subunits abolishes LUBAC ligase activity. Additionally, we dissected the molecular mechanisms
underlying SHARPIN involvement in protection against cell death, and found that the ubiquitin
recognition activity of the SHARPIN NZF domain, but not that of the HOIL-1L NZF domain,
contributed to cell death protection by effectively recruiting LUBAC to the activated TNFR
complex upon stimulation with TNF-a.. Taken together, these findings clarify the differential
involvement of the LUBAC accessory subunits and their NZF domains in regulating LUBAC

function.
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MATERIALS AND METHODS

P Alinear/ Alinear mice were

Mice, preparation of cells, and cell culture. HOIL-1L"" mice and HOI
generated as described previously (9, 29). SHARPIN?*"*" mjce were obtained from the
Jackson Laboratory. All mice were maintained under specific pathogen-free conditions in the
animal facilities of Kyoto University. All animal protocols were approved by Kyoto University.
For timed mating of mice, a single male was mated with one or two females. The day that a
vaginal plug was detected was considered embryonic day 0.5 (E 0.5). Primary MEFs were

harvested from the various mice, immortalized with SV-40 large T antigen, and cultured as

described previously (9).

TUNEL assay. E10.5 embryos were fixed in 10% buffered formalin, followed by paraffin
embedding. Serial sections (4-um thick) were prepared and used for TUNEL staining according
to the manufacturer’s instructions (In Situ Cell Death Detection Kit, Fluorescein, Roche Life
Science). Quantification was performed by counting the number of TUNEL-positive and
-negative cells by using a BZ-900 fluorescence microscope (KEYENCE). At least three

independent fields per section were scored from each embryo (n = 3).

Histology. Samples were fixed in 10% buffered formalin, followed by paraffin embedding.
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Sections were then prepared and stained with hematoxylin and eosin (H&E) and/or with PAS

reagent according to standard protocols.

Immunohistochemistry. Paraffin embedded sections from mice were dewaxed with xylene three

times for 5 min, and rehydrated through gradient ethanol series of 100%, 90% and 80% for 10

min and then washed with distilled water. For antigen retrieval, sections were heated in citrate

buffer (pH 6.0) for 10 min at 95 °C in a microwave oven, and then, cooled to room temperature.

MEFs were cultured in collagen-coated chamber slideglass (MATSUNAMI GLASS IND., LTD).

After the indicated treatments, samples were fixed with freshly prepared 4% paraformaldehyde in

PBS for 10 min at room temperature. Samples were then washed with PBS for three times. For

immunohistochemical analyses of the phosphorylated form of mixed lineage kinase domain-like

(pMLKL) the samples were permeabilized by methanol for 10 min at -20°C, washed with PBS

three times and blocked by 5% BSA in PBS at room temperature for 1 h. The samples for

immunohistochemical analyses for cleaved caspase 3 were washed with PBS and blocked by 1%

BSA / 5% goat serum / 0.3 % Triton X-100 containing PBS at room temperature for 1 h. Next,

samples were incubated with the appropriate primary antibody diluted in the blocking buffer at

1:100 dilution at 4°C overnight. Samples were washed with PBS three times and then incubated

with the appropriate Alexa 546-conjugated secondary antibody at 1:1000 dilution for 1 h at room
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temperature. After washing with PBS three times, samples were mounted with coverslip using
ProLong® Gold Antifade Reagent with DAPI (ThermoFisher Scientific), followed by subsequent
analyses using a BZ-900 fluorescence microscope (KEYENCE) or confocal laser scanning

fluorescence microscopes (OLYMPUS, FV1000D).

Quantitative real-time polymerase chain reaction (RT-PCR). Total RNA from the dorsal skin
of mice of the indicated genotypes was isolated by using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. The RNA was reverse transcribed into cDNA by
using a high capacity RNA-to-cDNA Kit (Applied Biosystems). Each experiment was
normalized to J3 -actin expression. Sequence-specific primers were designed as follows: mouse
TNF-a, 5’-GGT GCC TAT GTC TCA GCC TCT T-3’ (sense) and 5’-GCC ATA GAA CTG
ATG AGA GGG A-3’ (antisense); mouse IL-13, 5’-AAC GGC AGC ATG GTA TGG AGT G-3’
(sense) and 5’-TGG GTC CTG TAG ATG GCA TTG C-3’ (antisense); mouse 1L-33, 5’-CTA
CTG CAT GAG ACT CCG TTC TG-3’ (sense) and 5’-AGA ATC CCG TGG ATA GGC AGA
G-3’ (antisense); mouse TSLP, 5’-TCG AGC AAA TCG AGG ACT GTG-3’ (sense), and
5’-CAA ATG TTT TGT CGG GGA GTG A-3’ (antisense); mouse f-actin, 5’-ATG GAT GAC

GAT ATC GCT C-3’ (sense) and 5’-GAT TCC ATA CCC AGG AAG G-3’ (antisense).
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Transmission electron microscopy (TEM). Mouse skin or cultured MEFs were fixed in

buffered 4% paraformaldehyde and 2% glutaraldehyde at 4°C overnight. The samples were then

suspended in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) at 4°C for 1 h, dehydrated,

and infiltrated with epoxy resin (Luveak 812, Nacalai Tesque). Ultra-thin sections (60—

70-nm-thick) were stained with uranyl acetate and lead citrate, and then analyzed by using a

transmission electron microscope (H-7650, Hitachi).

Immunoblotting. Cells were lysed with lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150

mM NaCl, 1% Triton X-100, and 2 mM phenylmethylsulfonyl fluoride (PMSF), a protease

inhibitor cocktail (Sigma-Aldrich), and a phosphatase inhibitor cocktail (Nacalai Tesque). The

lysates were centrifuged at 15,000 rpm for 20 min at 4°C and the supernatant was used in

subsequent steps. Samples were resolved by sodium dodecyl sulfate polyacrylamide gel

electrophoresis and transferred to polyvinylidene difluoride membranes. After blocking in

Tris-buffered saline containing 0.1% Tween 20 and 5% (wt/vol) non-fat dry milk, the membranes

were immunoblotted with the appropriate primary antibodies. The bound antibodies were

visualized via enhanced chemiluminescence after incubation with  horseradish

peroxidase-conjugated secondary antibodies directed against mouse or rabbit IgG.

Immunoblotted protein bands were visualized by using an LAS3000 or LAS4000 Mini-Imaging
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Analyzer (Fujifilm).

Antibodies and reagents. Anti-HOIP, anti-HOIL-1L, anti-SHARPIN, anti-tubulin, and
anti-f3-actin antibodies have been described previously (8, 9, 13). The following antibodies were
obtained from commercial sources: anti-IkBa, anti-plkBo, and anti-caspase-3, anti-cleaved
caspase 3 (Cell Signaling Technology); anti-FLAG (MBL and Santa Cruz Biotechnology);
anti-myc (Millipore); anti-pNF-kB p65, anti-ubiquitin and anti-GST (Santa Cruz Biotechnology);
and anti-TNFRI1, anti-pMLKL (Abcam); anti-TNF-o (eBioscience); Alexa 546-conjugated

secondary antibody (ThermoFisher Scientific)

Cell death analysis using the iCELLigence system. The Real-Time Cell Analyzer
iCELLigence System (ACEA Biosciences) continuously measures electrical impedance of the
cell population in the E-plate™ with a micro-electronic biosensor built into the wells. A
dimensionless parameter termed the Cell Index (CI) is derived as a relative change in measured
electrical impedance, reflecting the viability of the adherent cultured cells upon stimulation with
the indicated chemicals. Data were normalized to the last time point before the addition of
chemicals to give the Normalized CI. The Normalized CI is defined as the CI griginat/ Clhormalized times

and the Delta CI is defined as the Clyrignal + (ACleference — Cldelta time)-

10
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Generation of mutants. The open reading frames (ORFs) of mouse SHARPIN and HOIL-1L
were amplified by RT-PCR. The deletion and truncated mutants listed below were generated
from the amplified SHARPIN ORF: N-term (amino acids 1-162), UBL (amino acids 163-340),
NZF (amino acids 342-380), AN-term (amino acids 163-380), AUBL (amino acids 1-232 and
306-380), and ANZF (amino acids 1-347). Chimeric SHARPIN and HOIL-1L, with
interchanged NZF domains (SHARPIN NZF: amino acids 342-380; HOIL-1L NZF: amino acids
192-250), were generated via three-step PCR by using the amplified ORFs of mouse SHARPIN
and HOIL-1L. The generated cDNAs were ligated to the appropriate epitope-tag sequences and
then cloned into the pMXs-IP retroviral mammalian expression plasmid (kindly provided by Dr.
Toshio Kitamura, the Institute of Medical Science, University of Tokyo). The cpdm MEFs and
HOIL-1L"" SHARPIN®“"4m MEFs stably expressing wild type (WT), deleted, truncated, or
chimeric proteins of SHARPIN or HOIL-1L were generated by using a retroviral expression

system. Stable clones were selected by using 2 ug/ml puromycin (Sigma-Aldrich).

Protein expression and purification. To generate expression constructs, NZF proteins of the
mouse HOIL-1L (amino acids 192-250), mouse SHARPIN (amino acids 342-380), and

SHARPIN T351L/F352V mutants (amino acids 342-380) were cloned into pGEX-6p-1 vector,

11
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and NZF protein of mouse TAB2 (amino acids 665-693) were cloned into pHTNHisgHaloTag T7
Vector (Promega), and then, expressed in E.coli. (BL-21-CodonPlus(DE3)-RIPL, Agilent
Technologies). The overexpression of the GST-tagged or HisqHalo-tagged protein was induced
by 0.5 mM of Isopropyl-f-D-thiogalactopyranoside (Nacalai Tesque) followed by a further 3
hour incubation at 30°C. Cells were collected by centrifugation and frozen rapidly. Cells were
resuspended in buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1 mM dithiothreitol
(Nacalai Tesque), 200 ug/ml lysozyme chloride (Nacalai Tesque), 10 ug/ml DNase (Roche
Diagnostics K.K.), and 1 mM PMSF at 4°C for 30 mins, and lysed in the presence of 0.1% of
Triton X-100 at 4°C for 1 h. Insoluble material was removed by centrifugation at 14,000 x g for
20 min at 4°C. GST-tagged or HisgHalo-tagged protein was purified from the supernatant by

using glutathione-Sepharose beads or Ni-NTA beads, respectively.

GST pull-down assay. GST-fused NZF proteins derived from the HOIL-1L, SHARPIN, and
SHARPIN T351L/F352V mutants (2 ug) were incubated at 4°C for 1 h with K11-, K63-, or
M1-linked ubiquitin chains (1 ug) in 300 ul of buffer containing 20 mM Tris-HCI (pH 7.5), 20
uM ZnCl,, 1 mM dithiothreitol, 150 mM NaCl, and 0.1% Triton X-100, followed by incubation
with glutathione-Sepharose beads at 4°C for 1 h. Next, the beads were washed four times with the

same buffer, boiled in sodium dodecyl sulfate sample buffer, and anaylzed by immunoblotting.

12
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Immunoprecipitation of TNFR1. cpdm MEFs retrovirally introduced SHARPIN WT,
SHARPIN-HOIL-1L NZF, SHARPIN ANZF, SHARPIN T351L/F352V mutant, or empty vector
were treated with Flag-tagged TNF-a (ENZO Life Sciences) (1ug/ml) for the indicated time
period at 37°C, and lysed with lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NacCl,
0.2% NP-40, 10% glycerol, with 2 mM PMSF, and a protease inhibitor cocktail (Sigma-Aldrich),
followed by centrifugation at 10,000 xg for 20 min at 4°C. The TNFRI complex was
immunoprecipitated by 30 ug of FLAG M2 antibody coupled with Dynabeads Protein G (Novex
by Life Technologies) at 4°C for 75 min. The precipitates were washed five times with the same
lysis buffer. The TNFR1 complex was eluted with 400 ng/ul of 3XxFLAG peptide (Sigma) in 22.5

ul of phosphate buffered saline at 37°C for 40 min, and then analyzed by immunoblotting.

Pull-down assay with HisgHalo-fused TAB2 NZF. HisqHalo-fused NZF derived from mouse
TAB2 (5 ug) was incubated with 30 ul of equilibrated Magne''HaloTag® Beads (Promega) at
4°C for 1 h in 300 ul of buffer containing 20 mM Tris-HCI1 (pH 7.5), 20 uM ZnCl,, 1 mM
dithiothreitol, 150 mM NaCl, and 0.1% Triton X-100 for Halo-fused TAB2 NZF to bind with
Magne MHaloTag® Beads, followed by extensive wash three times with buffer containing 20

mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.2% NP-40, 10% glycerol. The TNFR1 complex eluted

13
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as described above were incubated with Magne "HaloTag® Beads capturing Halo-TAB2 NZF
in 300 ul of buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.2% NP-40, 10%
glycerol at 4°C for 4 h. The precipitates were washed five times with the same buffer, boiled in

sodium dodecyl sulfate sample buffer, and anaylzed by immunoblotting.

Statistical analysis. Statistical significance was analyzed by using an unpaired Student’s ¢-test

with GraphPad Prism 6 (GraphPad Software).

14



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

RESULTS
HOIL-1"~ SHARPIN?"edm apnd HOIPA ™o/ Alinear ymice are both embryonic lethal at the
same mid-gestational stage.

To investigate the coordinate and distinct functions of the two accessory subunits in
LUBAC, we intercrossed mice lacking either SHARPIN or HOIL-1L. First, we examined the
phenotype of mice losing both HOIL-1L and SHARPIN alleles. HOIL-1L"~ SHARPIN®“"/dm
mice were embryonic lethal (Fig. 1A) and died at approximately E10.5 (Fig. 1B), similar to HOIP
mutant mice lacking ubiquitin ligase activity (Fig. 1C and D). Because increased programmed
cell death underlies embryonic lethality in HOIP”™ mice at E10.5 (16), we next examined
TUNEL staining as a marker of dying cells in HOIL-1L”~ SHARPIN®*"#" and HOIP 4/’
finear mice. Consequently, TUNEL-positive cells increased to equivalent levels at E10.5 in both
HOIL-1L"" SHARPIN®“™Pdm and HOIP 4/mear/dlinear mice relative to their littermate controls (Fig.
1E and F). Therefore, loss of the two LUBAC accessory subunits apparently downregulated the
ligase activity of the complex to a level comparable to that which occurs upon loss of the HOIP
catalytic subunit. Moreover, the HOIL-1L/SHARPIN-mediated loss of linear ubiquitination
activity led to enhanced programmed cell death and embryonic lethality at the same gestational

age at which HOIP” mice die (16). These gross phenotypical inspections confirm that the three

LUBAC subunits are the main functional constituents of LUBAC.
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HOIL-1L reduction increases the severity of inflammatory diseases without inducing any
additional phenotype in SHARPIN?“"?%" mice.

We next focused on the molecular mechanism of chronic inflammation provoked by
the loss of SHARPIN. To do so, the offspring of intercrossed mice lacking SHARPIN or
HOIL-1L were investigated by using a number of parameters. Introduction of one SHARPIN-null
cpdm allele into HOIL-1L™" mice (HOIL-1L”~ SHARPIN"#*" mice) failed to induce any
characteristic inflammatory phenotype or metabolic disorders (e.g., amylopectinosis) that have
been previously reported in humans deficient in HOIL-1L (Fig. 2A to C) (30). Surprisingly,
however, deletion of one allele of HOIL-1L in cpdm mice (HOIL-1L"" SHARPIN®"4" mice)
accelerated the onset and exacerbated the severity of cpdm diseases. For instance, inflammatory
changes were detected in mice as young as 5 weeks of age, at which time cpdm mice do not
usually exhibit any obvious phenotype (20) (Fig. 3A and B). However, the organs affected in
HOIL-1L"~ SHARPIN®"" mice were limited to the skin, lung, liver, and spleen; i.e., the
same organs as those affected in cpdm mice (Fig. 3C). Moreover, the histopathological changes
observed in the 5-week-old HOIL-1L"" SHARPIN?“""" mice, and the types and levels of
upregulated transcripts of inflammatory cytokines in the skin, were almost identical to those

observed in 12-week-old SHARPIN?*"#"™ mice (Fig. 3C and D). Immunohistochemical
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analyses of the skin confirmed increased TNF-a production presumably from a number of
infiltrated inflammatory cells in 5-week-old HOIL-1L"" SHARPIN®*"#" and 12-week-old
SHARPIN?*™#4" mice (Fig. 3E) (31). Phosphorylation of the p65 subunit of NF-kB is known to
be a reliable marker of NF-kB activation (32). Phospho-p65 staining revealed the attenuated
NF-kB activation in 5-week-old HOIL-1L"" SHARPIN?“#" and  12-week-old
SHARPIN®“™4m mice (Fig. 3E). These results suggest that the loss of SHARPIN is critical for
the pathogenesis of chronic inflammation by increasing the amount of inflammatory cytokines
and attenuated TNF receptor signaling in the skin.

A prevailing hypothesis for the pathogenesis of inflammation in cpdm mice is that the
loss of SHARPIN strongly sensitizes individuals to TNF-a-induced programmed cell death (14,
15, 17, 18). In support of this idea, our transmission electron microscopy (TEM) observations of
cpdm mice revealed a subpopulation of keratinocytes displaying the characteristic morphology of
both apoptosis and necroptosis (Fig. 4A). Moreover, immunohistochemical analyses showed
positive signals of cleaved caspase 3 and phosphorylated mixed lineage kinase domain-like
(pPMLKL), the specific markers of apoptosis and necroptosis respectively, in the epidermis (Fig.
4B). These observations indicated that apoptosis and necroptosis, which are two types of
programmed cell death induced by various stimuli including TNF-a, could occur in cpdm skin

(33). Additionally, mouse embryonic fibroblasts (MEFs) obtained from cpdm mice exhibited the
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characteristic morphological features as well as specific markers of apoptosis and necroptosis
upon stimulation with TNF-a (Fig. 4C and D). Furthermore, necrostatin-1, which specifically
inhibits the kinase activity of RIP1 to block both apoptosis and necroptosis upon TNF-a
stimulation (34), effectively rescued cpdm MEFs from TNF-oa-induced cell death (Fig. 4E).
Hence, loss of SHARPIN sensitizes cpdm mice to TNF-a-induced programmed cell death, in
keeping with the purported inflammogenic nature of SHARPIN deficiency (35).

We have shown that introduction of one cpdm allele of SHARPIN in HOIL-1L KO
mice did not induce any overt phenotypes (Fig. 2A to C). Considering that MEFs obtained from
HOIL-1L"~ SHARPIN?"" mice were not sensitized to TNF-a-mediated cell death (Fig. 2D),
these results collectively indicate that at least one SHARPIN allele is sufficient for the inhibition

of TNF-a-induced cell death.

HOIL-1L reduction further impairs LUBAC functions in SHARPIN®“"7“" MEFs,

In addition to the essential roles of SHARPIN in antagonizing the onset of
inflammatory disease, our intercrossing analyses with HOIL-1L"" and cpdm mice revealed that
HOIL-1L reduction in SHARPIN®“""" animals increased the severity, but not the characteristic
features, of cpdm disease symptoms (Fig. 3). Moreover, deletion of HOIL-1L in cpdm mice

resulted in embryonic lethality (Fig. 1A). In other words, the amount of HOIL-1L present seems
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to be critical for the gravity of the disease. Therefore, we next evaluated the impact of the number
of HOIL-1L loci in SHARPIN?*"? MEFs on HOIP expression levels as an indicator of
LUBAC content, because most of the HOIP protein in a cell exists in the LUBAC complex (8).

Figure 5A shows an inverse correlation between HOIP expression and the number of
WT HOIL-1L loci in SHARPIN®“"4m NEFs, where HOIP was nearly depleted in MEFs
lacking both WT HOIL-1L and SHARPIN. Consistent with the functions of residual LUBAC, the
smaller the amount of HOIP presents, the weaker the extent of TNF-a-mediated phosphorylation
and degradation of [kBa (a measure of canonical NF-kB activation) (Fig. 5B). Furthermore, loss
of both HOIL-1L and SHARPIN resulted in defective activation of NF-kB in HOIL-1L""
SHARPIN®“™P4m N[EFs, as was also observed in HOIP 2/ 4mear \ [EEg (Fig. 5C).

The same tendency was found for LUBAC-mediated protection against
TNF-a-mediated cell death and cleavage of caspase 3, a hallmark of the execution of apoptosis.
As HOIL-1L was reduced in SHARPIN®"4m MEFs, the cells became more sensitized to
TNF-a-induced cell death (Fig. 5D, E and H), and loss of both SHARPIN and HOIL-1L resulted
in the same cell death sensitivity as losing the ubiquitin ligase activity of HOIP (Fig. 5F, G and
H). Although the loss of one HOIL-1L allele augmented TNF-a-mediated cell death,
necrostatin-1, but not z-VAD (pancaspase inhibitor), effectively protected HOIL-1L""

SHARPIN®“™<P" \[EFs from death, as was the case for cpdm MEFs (Fig. 4E and 5I). However,
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in addition to necrostatin-1, z-VAD was required for protecting of HOIL-1L™"
SHARPIN®™epdm and HOIP A/mear/dlinear \MEFs from death effectively (Fig. 5J and K). These
findings confirm that loss of one HOIL-1L allele did not affect the types of programmed cell
death induced by loss of SHARPIN and implies that residual LUBAC’s ligase activity may

exhibit additional roles in cell death protection.

SHARPIN UBL and NZF domains protect against TNF-a-induced cell death.

To dissect the molecular mechanisms by which loss of SHARPIN sensitizes cells to
programmed death, we generated SHARPIN mutants lacking several functional domains (Fig.
6A), and retrovirally introduced the mutants into cpdm MEFs. Consequently, SHARPIN mutants
lacking the UBL domain (N-term, NZF, or AUBL SHARPIN) failed to rescue cpdm MEFs from
TNF-a-induced cell death, whereas SHARPIN mutants containing the UBL domain (AN-term,
ANZF, or UBL SHARPIN), or WT SHARPIN increased cell survival in the presence of the
cytokine (Fig. 6B). Introduction of WT SHARPIN or its UBL domain-containing mutants into
cpdm MEFs significantly restored the amount of endogenous HOIP protein (Fig. 6C), thereby
restoring LUBAC content (13). Nevertheless, although HOIL-1L overexpression increased
endogenous HOIP content to even a greater degree than SHARPIN overexpression did in MEFs

lacking both HOIL-1L and SHARPIN (HOIL-IL”~ SHARPIN?*"#% WMEFs) (Fig. 6D),
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HOIL-1L was not as effective as SHARPIN in protecting the HOIL-1L”~ SHARPIN®“"/edm
MEFs from TNF-a-induced cell death (Fig. 6E, F and G). Therefore, SHARPIN apparently plays
important roles in suppressing programmed cell death, which is distinct from its role to stabilize
LUBAC via its UBL domain.

Notably, among the mutants containing UBL, the SHARPIN mutants lacking the NZF
domain protected cpdm MEFs less efficiently from TNF-o-induced cell death than those
containing NZF. This was the case even though HOIP was expressed at equivalent levels among
the assorted engineered MEFs (Fig. 6B, C, H and I), which implies that the NZF domain of
SHARPIN plays a significant role in protecting programmed cell deaths. To disclose the
functional significance of the SHARPIN NZF domain, we next generated chimeric HOIL-1L or
SHARPIN proteins in which the NZF domains were exchanged (Fig. 7A). The chimeric
HOIL-1L protein containing the SHARPIN NZF domain (HOIL-1L-SHARPIN NZF) protected
HOIL-1L"" SHARPIN?*"" MEFs more effectively than WT HOIL-1L, suggesting that the
SHARPIN NZF domain is indeed involved in an efficient defense against TNF-o-mediated
programmed cell death (Fig. 7B). We then treated the cells with cycloheximide (CHX), an
inhibitor of translation, together with TNF-a to eliminate the pro-survival effects of NF-kB target
gene products. In this way, we could evaluate the impact of LUBAC on the regulation of cell

death separate from NF-kB activation. The chimeric SHARPIN protein containing the HOIL-1L

21



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

NZF domain (SHARPIN-HOIL-1L NZF) did not protect cpdm MEFs from cell death as

efficiently as WT SHARPIN, confirming that the SHARPIN NZF more actively safeguards

against cell death than the HOIL-1L NZF (Fig. 7C, D and E).

The ubiquitin-binding activity of SHARPIN NZF is involved in LUBAC recruitment to the

activated TNFR complex to effectively activate the canonical NF-k B pathway and protect

against programmed cell death.

Considering that NZF domains have ubiquitin-binding activity (21), and that the

HOIL-1L NZF domain specifically recognizes M1-linked linear ubiquitin chains (19), we

hypothesized that the functional differences between the SHARPIN and HOIL-1L NZFs might be

attributed to differential binding to different types of ubiquitin chains. To investigate the binding

of the SHARPIN and HOIL-1L NZFs to ubiquitin chains with different linkages, we purified the

NZF domains of both subunits fused to the C-terminus of glutathione S-transferase (GST) and

performed pull-down assays with K11, K63, and M1-linked ubiquitin chains, all of which are

shown to exist the activated TNFR complex (1, 36). While the HOIL-1L NZF domain

specifically recognized M1-linked, linear ubiquitin chains, as documented previously (19), the

SHARPIN NZF domain bound to both K63 and M1-linked ubiquitin chains (Fig. 8A). Neither

NZF domain associated with K11-linked ubiquitin chains (Fig. 8A).
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We then generated a SHARPIN NZF mutant in which Thr 351 and Phe 352, critical

amino acids for ubiquitin recognition by the NZF, were substituted with Leu and Val

(T351L/F352V), respectively (21). The T351L/F352V mutation in the SHARPIN NZF domain

abolished ubiquitin binding (Fig. 8A), demonstrating the specificity of the experiment. The

results of Figure 8A suggest that differences in the affinity for K63-linked ubiquitin chains yield

functional differences in the SHARPIN and HOIL-1L NZF domains.

Because ubiquitin chains conjugated to the activated TNFR complex reportedly provide

recruitment platforms for signaling molecules (1), we examined whether the SHARPIN NZF

domain crucially participates in the recruitment of LUBAC to the complex. To do this, we

immunoprecipitated the TNFR complex activated with FLAG-tagged TNF-a from cpdm MEFs

with retrovirally introduced WT SHARPIN or various myc-tagged SHARPIN mutants

(SHARPIN-HOIL-1L NZF, ANZF, or SHARPIN T351L/F352V). We then evaluated the amount

of LUBAC in the activated TNFR complex. Amount of LUBAC subunits in the TNFR complex

was profoundly reduced in cpdm MEFs expressing SHARPPIN lacking the NZF domain (ANZF)

or SHARPIN containing the HOIL-1L NZF (SHARPIN-HOIL-1L NZF) relative to MEFs

expressing WT SHARPIN. Thus, the SHARPIN NZF, but not the HOIL-1L NZF, is required for

LUBAC recruitment (Fig. 8B). Canonical NF-kB activation assessed by IkBa degradation was

also impaired in these mutants, suggesting that the proper recruitment of LUBAC to the TNFR
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complex is an important step in the NF-kB cascade (Fig. 8B).

Finally, LUBAC recruitment was markedly impaired in the ubiquitin-binding-defective

SHARPIN NZF mutant (T351L/F352V), in a way similar to the ANZF mutant (Fig. 8C). NF-xB

activation was also compromised in cells expressing SHARPIN T351L/F352V or SHARPIN

ANZF (Fig. 8C). To further verify in vivo association of the K63-linked ubiquitin chains with the

NZF domain of SHARPIN, the activated TNFR complex, which was immunoprecipitated from

cpdm MEFs, retrovirally reconstituted with SHARPIN WT, SHARPIN ANZF, or chimeric

SHARPIN whose NZF domain is exchanged with HOIL-1L NZF, was pulled down with purified

TAB2 NZF fused with HisgHalo-tag (HiscHalo-TAB2 NZF), which is shown to interact with

K63-linked ubiquitin chains with high specificity (37). RIP1 is known to be modified with

several ubiquitin chains including K63-linked ubiquitin chains by some ubiquitin ligases such as

cIAPs upon TNF-a stimulation and RIP1 ubiquitination precedes the recruitment of LUBAC to

the activated TNFR complex (10). Since ubiquitinated RIP1 is pulled down with HissHalo-TAB2

NZF, the activated TNFR complex purified from cells expressing SHARPIN WT or any of the

above SHARPIN mutants contains K63-linked ubiquitin chains. However, WT SHARPIN, but

not SHARPIN ANZF or SHARPIN-HOIL-1L NZF could be detected in the precipitates of

His¢Halo-TAB2 NZF (Fig 8D). Considering that SHARPIN NZF but not HOIL-1L NZF can

recognize K63-linked ubiquitin chains (Fig.8A), these results indicate that WT SHARPIN is
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associated with K63-linked ubiquitin chains and that this association is abolished when its NZF

domain is deleted (ANZF) or exchanged with HOIL-1L NZF.

SHARPIN T351F/L352V did not effectively suppress TNF-a-induced cell death
relative to WT SHAPRIN, but did suppress cell death at levels comparable to SHARPIN ANZF
(Fig. 8E and F), suggesting that ubiquitin recognition via the SHARPIN NZF, but not the
HOIL-1L NZF, is essential for effective protection against TNF-a-induced cell death. These
results collectively indicate that recognition of K63-linked ubiquitin chains via the SHARPIN
NZF is critical for LUBAC recruitment to the activated TNFR complex to activate the canonical

NF-kB pathway, as well as to inhibit programmed cell death.
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DISCUSSION

The LUBAC ubiquitin ligase complex is composed of the HOIP catalytic subunit, the
HOIL-1L accessory subunit, and the SHARPIN accessory subunit (8-10, 13-15). Although
LUBAC is involved in canonical NF-kB activation as well as cell death regulation, loss of any of
the three subunits yields distinct phenotypes (9, 13-16, 29, 30, 38, 39). In this manuscript, we
showed that loss of both HOIL-1L and SHARPIN in HOIL-1L"" SHARPIN®“/#"" mice
produced an embryonic lethal phenotype at the same gestational stage (E10.5) as that observed
for HOIP” mice due to augmented programmed cell death (Fig. 1A, B, E and F). This was also
the case for HOIP 2"/ 4/mer mice, in which the ubiquitin ligase activity of LUBAC is lost (Fig.
1C to F). Since loss of both SHARPIN and HOIL-1L in MEFs overturned NF-kB activation and
antagonized programmed cell death as observed in HOIP /™A« NfEFg (Fig. 5C, F, G, J and
K), tiny amount of HOIP, which can be still detectable in MEFs derived from HOIL-1L ™"~
SHARPIN®“™ePdm mice is catalytically non-functional when both accessory subunits are absent,
(Fig. 5A). Our observations might be explained by a previous report showing that the N-terminal
portion of HOIP auto-inhibits its RING-IBR-RING domain, and that either HOIL-1L or
SHARPIN is required for the release of HOIP auto-inhibition to restore ligase activity (40).
Although necrostation-1 could effectively protect HOIL-1L"~ SHARPIN®?“""" MEFs from

TNF-a-mediated death, both necrostatin-1 and z-VAD were necessary for effective protection of
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HOIL-1L"" SHARPIN®¥™rdm ang HOIP4/near’Alinear \NIEES from death (Figs. 5I to K). Thus,
residual LUBAC ligase activity in HOIL-1L"~ SHARPIN®“"¥" mice might be involved in the
protection from embryonic lethality of mice by evading cells from unidentified RIP1-independent,
caspase-dependent death at least in part. Because both HOIL-1L”7~ SHARPIN®“"*%" and HOIP 4
linear/ Alinear ;e are phenotypically similar to HOIP™” mice (16), our present findings imply that
the embryonic lethality of HOIP”™ mice is provoked by the loss of LUBAC linear ubiquitination
activity. More importantly, our analyses clearly showed that the essential functional components
of LUBAC required to generate linear polyubiquitin chains are HOIL-1L, SHARPIN, and HOIP.
Structural analyses might reveal the precise stoichiometry of LUBAC, including how SHARPIN
and HOIL-1L coordinately augment complex stability.

Our intercrossing analyses of HOIL-1L KO and cpdm mice clearly showed that
SHARPIN is essential for protection against the onset of inflammatory diseases in cpdm mice,
while introduction of two HOIL-1L KO alleles into mice failed to provoke any pathological
lesions. However, HOIL-1L reduction did contribute to disease severity in mice lacking
SHARPIN, although the subunit did not exert further qualitative histological changes in the
affected organs or tissues (Fig. 3). Furthermore, no overt lesions were observed in HOIL-1L KO

mice, at least at 12 weeks of age (Fig. 2A to C). Therefore, HOIL-1L seems to mainly contribute

to the severity of inflammatory changes in mice by determining the expression level of LUBAC
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in concert with SHARPIN, but does not provoke inflammatory disease by itself. Thus, SHARPIN
deficiency causes cpdm symptoms from two aspects: attenuated protection against programmed
cell death (caused specifically by loss of SHARPIN, but not HOIL-1L), and LUBAC reduction
due to destabilization of the complex (caused by loss of either SHARPIN or HOIL-1L).

We previously observed that an interferon-mediated increase in LUBAC composed of
HOIL-1L and HOIP ameliorates, but cannot completely cure, cpdm symptoms (31). Given that
HOIP levels were lower in interferon-treated cpdm vs. WT keratinocytes, augmented activation
of anti-apoptotic NF-kB mediated by an increase in HOIL-1L/HOIP-containing LUBAC might
not be able to completely override augmented cell death caused by loss of SHARPIN. Some
humans lacking HOIL-1L, however, exhibit auto-inflammation and immunodeficiency in early
childhood in addition to amylopectinosis (30), whereas in other cases, mutations in the HOIL-1L
gene cause various degrees of myopathies without immunological symptoms beginning in
childhood or the juvenile years (39, 41). We have not observed any overt inflammatory diseases
in HOIL-1L KO or HOIL-1L”~ SHARPIN %" mice, at least by 12 weeks of age (Fig. 2A to C),
even though a recent report showed the presence of periodic acid-Schiff (PAS)-positive
cytoplasmic inclusions in the myocardium of aged HOIL-IL KO mice (42). However, the
observation that HOIL-1L contributes to the severity of inflammatory diseases provoked by

SHARPIN loss in mice (Fig. 3) implies its involvement in inflammatory diseases in humans.
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These results suggest that HOIL-1L might function differently in humans and mice. Further
analyses in mice and humans are required to clarify the precise roles of HOIL-1L in the LUBAC
complex.

The identified major functions of LUBAC are canonical NF-kB activation and
protection against programmed cell death. HOIL-1L and SHARPIN, the two regulatory subunits
of LUBAC, are involved in the former (9, 13). However, SHARPIN, but not HOIL-1L,
effectively protects cells against programmed death (Fig. 6E and F). Therefore, we turned our
focus to dissection of the SHARPIN domains responsible for cell death protection (Fig. 6 and Fig.
7). To our surprise, the SHARPIN UBL and NZF domains, both of which are highly homologous
to the HOIL-1L UBL and NZF domains, are contributors to this process (Fig. 6 and Fig. 7).
Deletion of SHARPIN UBL exhibited a more profound effect than deletion of SHARPIN NZF,
mainly by increasing the amount of LUBAC (Fig. 6B and C). Nevertheless, although HOIL-1L
increased LUBAC to a far greater extent than SHARPIN when introduced into HOIL-1L™""
SHARPIN®“™<dm NEFs, SHARPIN protected cells against TNF-o-mediated death much more
effectively than HOIL-1L (Fig. 6D to G). Introduction of WT SHARPIN and its mutant
(AN-term) containing the SHARPIN NZF domain likewise protected cpdm MEFs more
effectively than introduction of SHARPIN mutants lacking the NZF domain (UBL, ANZF),

although the effect mediated by NZF seemed less drastic than that mediated by UBL (Fig. 6B, H
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and I).

Next, introduction of HOIL-1L or SHARPIN mutants with interchanged NZFs into
HOIL-1L"~ SHARPIN®“"<4m MEFs revealed that the SHARPIN NZF more effectively
safeguarded against TNF-a-mediated cell death than the HOIL-1L NZF (Fig. 7). As the NZF
domain is known as the ubiquitin-binding domain, we speculated that the functional differences
between the SHARPIN and HOIL-1L NZFs might arise from differential affinities for ubiquitin
chains with different linkages. In support of this hypothesis, the SHARPIN NZF, but not the
HOIL-1L NZF, bound to K63-linked ubiquitin chains, while both NZFs bound to linear ubiquitin
chains (Fig. 8A). We further demonstrated that recognition of K63-linked ubiquitin chains via the
SHARPIN NZF, but not the HOIL-1L NZF, was indispensable for the effective recruitment of
LUBAC to the activated TNFR complex, which mediates activation of canonical NF-kB (Fig. 8B,
C and D), as well as protection against programmed cell death (Fig. 8E and F).

K63-linked ubiquitin chains generated by ubiquitin E3 ligases, including the cIAP
ligases, are necessary for the recruitment of LUBAC to the activated receptor complex since
deletion of cIAPs inhibits recruitment of LUBAC to the activated TNF receptor complex (10).
Also, we previously showed that the recruitment-promoting HOIP NZF1 domain recognizes
K63-linked chains (11). Our present results suggest that the SHARPIN NZF functions in concert

with the HOIP NZF1 to direct LUBAC to the TNFR complex. Because recognition of K63-linked
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chains by the SHARPIN NZF does not seem to be particularly robust via pull-down assay (Fig.

8A), the two domains might function in coordination to increase the affinity for K63-linked

ubiquitin chains. Furthermore, the affinity of the HOIL-1L NZF for K63-linked chains is much

weaker than that of the SHARPIN NZF (Fig. 8A). Accordingly, LUBAC composed of HOIL-1L

and HOIP, which exists in cpdm cells, might be recruited to the TNFR complex less effectively

than LUBAC composed of SHARPIN and HOIP, which is found in HOIL-1L KO cells upon

stimulation with TNF-a. Therefore, the loss of SHARPIN likely may sensitize cells to

programmed cell death to a greater extent than the loss of HOIL-1L due to impaired recruitment

of LUBAC to the complex.

It has been suggested that ubiquitin ligase activity of LUBAC is prerequisite for the

retention of LUBAC to the activated receptor complex (10). LUBAC is, so far, believed to be the

only E3 ligase that specifically generates M1-linked linear ubiquitin chains. Therefore, the NZF

domain of HOIL-1L, which specifically recognizes M1-linked ubiquitin, might be important for

LUBAC retention by recognizing linear ubiquitin chains attached to substrates, such as RIP1, in

concert with the SHARPIN NZF, which can also bind to linear chains (15, 19).

As noted above, we showed that the SHARPIN NZF functions to recruit LUBAC to the

activated receptor complex, possibly in concert with HOIP NZF1. Because LUBAC reportedly

has a catalytic-independent role in NF-kB activation via antigen receptor signaling in
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lymphocytes (43), it might act as a scaffold protein complex as well as a ubiquitin ligase to
specifically conjugate linear ubiquitin chains onto putative substrates, thereby regulating
programmed cell death. Either way, as many as four types of NZF domains in the LUBAC
ubiquitin ligase complex potentially contribute to the sophisticated regulation of LUBAC
function by virtue of their diverse ubiquitin recognition modes. It will be extremely important to
identify how this exquisite ubiquitin recognition system contributes to LUBAC-mediated actions

in the context of the TNFR complex, including protection against programmed cell death.
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FIGURE LEGENDS

FIGURE 1. HOIL-1L"~ SHARPIN?#"/dm apnd HOIPAmear' Alinear mice exhibit embryonic
lethality at identical gestational stages due to augmented cell death.

(A,C) Quantification of genotypes of animals obtained after crossing HOIL-1L"~ SHARPIN"#%"
(A) and HOIP" 2/ mjce (C). Expected values according to Mendelian frequencies are
indicated. (B,D) Numbers of embryos obtained at each embryonic stage (E9.5, 10.5, 11.5, and
12.5) after crossing HOIL-1L”~ SHARPIN"?*" (B) and HOIP"4"*" (D) mice are shown. (E)
Representative images of TUNEL staining of paraffin-sectioned embryos of the indicated
genotypes at E10.5. Scale bar, 200 um. (F) Quantification of TUNEL-positive cells at embryonic
day 10.5 from paraffin-embedded sections with the indicated genotypes (n = 3). Data are given as

the mean =+ standard error of the mean (SEM). (Significance: **, p < 0.01).

FIGURE 2. Reduction of SHARPIN in HOIL-1L"" mice does not induce abnormal glycogen
storage diseases or sensitize MEFs to TNF-a-induced cell death. (A) Representative images
of HOIL-IL” SHARPIN"" and HOIL-1L”" SHARPIN"#"" mice with their littermates at 12
weeks of age. (B,C) Histological analyses of the organs commonly affected by glycogen storage
diseases in human patients using (B) H&E or (C) PAS staining of mouse tissue sections of the

indicated genotypes from 12-week-old animals. Representative sections (n > 3 mice) from each
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genotype are shown. (D) Viability of MEFs obtained from mice of the indicated genotypes was
continuously measured with the iCELLigence system upon stimulation with TNF-a (10 ng/ml)

(n=3). Data are given as the mean = SEM.

FIGURE 3. Deletion of one allele of HOIL-1L in cpdm mice exacerbates cpdm-related
disease symptoms without inducing additional phenotypes.

(A) Macroscopic appearance of mice of the indicated genotypes at 5 weeks of age. (B)
Percentage of severely affected epidermal surface area of mice of the indicated genotypes (n=7
-10) was measured weekly. Data are given as the mean = SEM. (C) Histological analysis using
H&E staining of skin, lung, liver and spleen sections of mice of the HOIL-1L"~ SHARPIN /"
and HOIL-1L""~ SHARPIN®“""%" mice at 5 weeks of age (left two panels) and SHARPIN™" and
SHARPIN®“™eP4m mice at 12 weeks of age (right two panels). Representative sections (n > 3
mice) for each genotype are shown. (D) RT-PCR analysis of the expression levels of
inflammatory cytokines (TNF-a, interleukin (IL)-13, IL-33, and thymic stromal lymphopoietin
(TSLP)) in samples of dorsal skin from mice of the indicated genotypes and ages are shown (n=
5-6). p-actin was used as an internal control. Data are given as the mean + SEM. (Significance: *,
p < 0.05; ** p < 0.01; *** p < 0.001). (E) Immunohistochemical analyses for TNF-a and

phospho-p65 component of NF-kB from the sample of dorsal skin derived from the mice of the
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indicated genotypes and ages. Nuclei are stained with DAPI (blue), and TNF-a and phospho-p65

are shown in red. Scale bar, 20um.

FIGURE 4. Loss of SHARPIN induces both apoptosis and necroptosis upon TNF-a
stimulation. (A) The epidermis of cpdm mice at 8 weeks of age was inspected by using
transmission electron microscope (TEM). The arrowheads indicate keratinocytes displaying the
characteristic morphology of necroptosis (left panel) and apoptosis (right panel). Scale bar, 2 um.
Representative data (n > 3 mice) are shown. (B) Immunohistochemical analysis for the
phosphorylated form of mixed lineage kinase domain-like (pMLKL) and cleaved caspase 3 on
the epidermis of cpdm mice at 12 weeks of age. Scale bar, 10um. Nuclei are stained with DAPI
(blue), and pMLKL and cleaved caspase 3 are shown in red. (C) Morphological changes of cpdm
MEFs were inspected by TEM following stimulation with TNF-a (10 ng/ml). Scale bar, 3 um.
(D) Immunocytochemical analyses for pMLKL and cleaved caspase 3 on cpdm MEFs stimulated
with TNF-a (10 ng/ml) for 8 hours. Nuclei are stained with DAPI (blue), and cleaved caspase 3
or phospho-MLKL are shown in red. Scale bar, 10 um. (E) Viability of MEFs obtained from
cpdm mice was continuously measured with the iCELLigence system upon treatment with

TNF-a (10 ng/ml), necrostatin-1 (50 uM), and/or z-VAD (20 uM), as indicated (n=3). Data are

given as the mean = SEM.
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FIGURE 5. HOIL-1L reduction in SHARPIN?“"?" MEFs results in impaired stability of
HOIP, NF-x B activation, and sensitization to programmed cell death.

(A) Immunoblot analysis of the LUBAC components in whole cell lysates (WCL) from MEFs
with the indicated genotypes. (B,C) Immunoblot analysis of the indicated proteins in WCL from
MEFs with the indicated genotypes following TNF-a stimulation (10 ng/ml) for various periods
of time (min). (D,F) Viability of MEFs obtained from mice with the indicated genotypes was
continuously measured with the iCELLigence system by using a Real-Time Cell Analyzer upon
stimulation with TNF-a (10 ng/ml) (n=3). Data are given as the mean £ SEM. (E,G) Immunoblot
analysis of the indicated proteins in WCL from MEFs with the indicated genotypes following
stimulation with TNF-a (10 ng/ml). (H) Immunocytochemical analyses for cleaved caspase 3 on
MEFs with the indicated genotypes upon TNF-a stimulation (10 ng/ml) for the indicated time
period. Nuclei are stained with DAPI (blue) and cleaved caspase 3 is shown in red. Scale bar,
50um. (I-K) Viability of MEFs obtained from HOIL-1L"~ SHARPIN®"% mijce was
continuously measured with the iCELLigence system upon treatment with TNF-a (10 ng/ml),
necrostatin-1 (50 uM), and/or z-VAD (20 uM), as indicated (n=3). Data are given as the mean +

SEM.
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FIGURE 6. Restoration of HOIP levels through the SHARPIN UBL domain antagonizes
programmed cell death in cpdm MEFs upon TNF-a stimulation.

(A) Schematic representation of WT SHARPIN and SHARPIN mutants (CC, coiled-coil; UBL,
ubiquitin-like; NZF, Npl4 zinc finger). (B) cpdm MEFs expressing the indicated proteins were
treated with TNF-o (10 ng/ml). Viability of the MEFs was continuously measured with the
iCELLigence system (n=2). Data are given as the means of duplicate samples. (C) Immunoblot
analysis of LUBAC components in WCL from cpdm MEFs infected with the indicated
FLAG-tagged SHARPIN mutants. (D) Immunoblot analysis of LUBAC components in WCL
from HOIL-1L"" SHARPIN®“"*" MEFs infected with FLAG-tagged SHARPIN, HOIL-1L, or
empty vector. (E) Viability of HOIL-1L™~ SHARPIN®“"*%" MEFs infected with the indicated
proteins or empty vector was continuously measured with the iCELLigence system following
stimulation with 10 ng/ml TNF-a (n=3). Data are given as the mean + SEM. (F,H) Immunoblot
analysis of the indicated proteins in WCL from (F) WT MEFs or HOIL-1L"~ SHARPIN®“"/xdm
MEFs infected with HOIL-1L, SHARPIN, or empty vector and (H) HOIL-1L™""
SHARPIN?“"4" MEFs infected with WT SHARPIN, SHARPIN mutants (ANZF and AN-term),
or empty vector following stimulation with TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml).
(G,]) Immunocytochemical analyses for cleaved caspase 3 on (G) WT MEFs or HOIL-1L"~

SHARPINP“"4" MEFs infected with HOIL-1L, SHARPIN, or empty vector and (I) HOIL-1L ™"
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SHARPIN?“"4" MEFs infected with WT SHARPIN, SHARPIN mutants (ANZF and AN-term),
or empty vector following stimulation with TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml).

Nuclei are stained with DAPI (blue) and cleaved caspase 3 is shown in red. Scale bar, 50um.

FIGURE 7. The SHARPIN NZF domain is required for effective protection against
TNF-a-induced programmed cell death.

(A) Schematic representation of SHARPIN, HOIL-1L, and SHARPIN or HOIL-1L mutants in
which the NZF domains were exchanged. (B) Viability of HOIL-1L”~ SHARPIN®“"4" MEFs
expressing the indicated proteins (constructs introduced by retroviral infection) was continuously
measured with the iCELLigence system following stimulation with TNF-a (10 ng/ml) (n=3). (C)
Viability of SHARPIN?*"P¥" MEFs expressing the indicated proteins (constructs introduced by
retroviral infection) was continuously measured with the iCELLigence system following
stimulation with TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml) (n=3). Data are given as
the mean + SEM. (D) Immunoblot analysis of the indicated proteins in WCL from HOIL-1L""
SHARPIN?“™#dm  MEFs expressing HOIL-1L, SHARPIN, HOIL-1L-SHARPIN NZF,
SHARPIN-HOIL-1L NZF, or empty vector following stimulation with TNF-a (3 ng/ml) in the
presence of CHX (20 ug/ml). (E) Immunoblot analysis of LUBAC components in WCL from

HOIL-1L™~ SHARPIN®“"4m MEFs infected with FLAG-tagged SHARPIN, HOIL-IL,
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HOIL-1L-SHARPIN NZF, SHARPIN-HOIL-1L NZF or empty vector.

FIGURE 8. SHARPIN NZF domain-mediated recognition of K63-linked ubiquitin chains
contributes to the recruitment of LUBAC to the activated TNFR complex to activate
canonical NF-k B and protect against programmed cell death.

(A) The purified NZF protein of GST-fused HOIL-1L, SHARPIN, and the SHARPIN
T351L/F352V mutant was incubated with ubiquitin chains with the indicated linkages, followed
by pull-down with glutathione-Sepharose beads. Ubiquitin or GST was immunoblotted as
indicated. (B,C) SHARPIN®“"“P4" NEFs expressing the indicated myc-tagged-constructs (ANZF,
SHARPIN-HOIL-1L NZF, SHARPIN T351L/F352V, or empty vector) were stimulated with
FLAG-tagged TNF-a (1 pg/ml) for the indicated period of time. WCL were immunoprecipitated
with anti-FLAG antibody and immunoblotted as indicated. (D) The purified His¢Halo-tagged
TAB2 NZF protein was incubated with immunoprecipitated TNFR complex, followed by
pull-down with Magne™HaloTag Beads. The precipitate was immunoblotted as indicated. (E)
Viability of SHARPIN®“"<%" MEFs expressing the indicated proteins was continuously
measured with the iCELLigence system following stimulation with TNF-a (1 ng/ml) in the
presence of CHX (20 ug/ml) (n=3). Data are given as the mean £ SEM. (F) Immunoblot analysis

of the indicated proteins in WCL from SHARPIN®*"#* MEFs expressing WT SHARPIN,
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FIG 2. Reduction of SHARPIN in HOIL-1L”" mice does not induce abnormal glycogen storage diseases or
sensitize MEFs to TNF-a-induced cell death. (A) Representative images of HOIL-1L”~ SHARPIN™" and HOIL-1L™"
SHARPIN"" mice with their littermates at 12 weeks of age. (B,C) Histological analyses of the organs commonly
affected by glycogen storage diseases in human patients using (B) H&E or (C) PAS staining of mouse tissue sections of
the indicated genotypes from 12-week-old animals. Representative sections (n > 3 mice) from each genotype are shown.
(D) Viability of MEFs obtained from mice of the indicated genotypes was continuously measured with the iCELLigence
system upon stimulation with TNF-a (10 ng/ml) (n=3). Data are given as the mean = SEM.
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FIG 4. Loss of SHARPIN induces both apoptosis and necroptosis upon TNF-a stimulation. (A) The epidermis of cpdm mice at
8 weeks of age was inspected by using transmission electron microscope (TEM). The arrowheads indicate keratinocytes displaying
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mice) are shown. (B) Immunohistochemical analysis for the phosphorylated form of mixed lineage kinase domain-like (pMLKL) and
cleaved caspase 3 on the epidermis of cpdm mice at 12 weeks of age. Scale bar, 10um. Nuclei are stained with DAPI (blue), and
pMLKL and cleaved caspase 3 are shown in red. (C) Morphological changes of cpdm MEFs were inspected by TEM following
stimulation with TNF-a (10 ng/ml). Scale bar, 3 um. (D) Immunocytochemical analyses for pMLKL and cleaved caspase 3 on cpdm
MEFs stimulated with TNF-a (10 ng/ml) for 8 hours. Nuclei are stained with DAPI (blue), and cleaved caspase 3 or phospho-MLKL
are shown in red. Scale bar, 10 um. (E) Viability of MEFs obtained from cpdm mice was continuously measured with the

iICELLigence system upon treatment with TNF-a (10 ng/ml), necrostatin-1 (50 uM), and/or z-VAD (20 uM), as indicated (n=3).
Data are given as the mean £ SEM.
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FIG 5. HOIL-1L reduction in SHARPIN?*" MEFs results in impaired stability of HOIP, NF-xB activation, and
(A) Immunoblot analysis of the LUBAC components in whole cell lysates (WCL) from
MEFs with the indicated genotypes. (B,C) Immunoblot analysis of the indicated proteins in WCL from MEFs with the indicated
genotypes following TNF-a stimulation (10 ng/ml) for various periods of time (min). (D,F) Viability of MEFs obtained from mice
with the indicated genotypes was continuously measured with the iCELLigence system by using a Real-Time Cell Analyzer upon
stimulation with TNF-a (10 ng/ml) (n=3). Data are given as the mean £ SEM. (E,G) Immunoblot analysis of the indicated proteins in
WCL from MEFs with the indicated genotypes following stimulation with TNF-a (10 ng/ml). (H) Immunocytochemical analyses for
d genotypes upon TNF-a stimulation (10 ng/ml) for the indicated time period. Nuclei
are stained with DAPI (blue) and cleaved caspase 3 is shown in red. Scale bar, 50um. (I-K) Viability of MEFs obtained from
HOIL-1L"" SHARPIN®"* mijce was continuously measured with the iCELLigence system upon treatment with TNF-a (10

sensitization to programmed cell death.
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ng/ml), necrostatin-1 (50 uM), and/or z-VAD

(20 uM), as indicated (n=3). Data are given as the mean = SEM.
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FIG 6. Restoration of HOIP levels through the SHARPIN UBL domain antagonizes programmed cell death in cpdm MEFs upon TNF-a
stimulation. (A) Schematic representation of WT SHARPIN and SHARPIN mutants (CC, coiled-coil; UBL, ubiquitin-like; NZF, Npl4 zinc
finger). (B) cpdm MEFs expressing the indicated proteins were treated with TNF-a (10 ng/ml). Viability of the MEFs was continuously measured
with the iCELLigence system (n=2). Data are given as the means of duplicate samples. (C) Immunoblot analysis of LUBAC components in WCL
from cpdm MEFs infected with the indicated FLAG-tagged SHARPIN mutants. (D) Immunoblot analysis of LUBAC components in WCL from
HOIL-1L™"" SHARPIN®“"#4m MEFs infected with FLAG-tagged SHARPIN, HOIL-1L, or empty vector. (E) Viability of HOIL-1L™
SHARPIN®“"dm NEFs infected with the indicated proteins or empty vector was continuously measured with the iCELLigence system following
stimulation with 10 ng/ml TNF-a (n=3). Data are given as the mean =+ SEM. (F,H) Immunoblot analysis of the indicated proteins in WCL from
(F) WT MEFs or HOIL-1L"~ SHARPIN®*"“**" MEFs infected with HOIL-1L, SHARPIN, or empty vector and (H) HOIL-1L~~ SHARPIN®“"d
MEFs infected with WT SHARPIN, SHARPIN mutants (ANZF and AN-term), or empty vector following stimulation with TNF-a (10 ng/ml) in
the presence of CHX (20 ug/ml). (G,I) Inmunocytochemical analyses for cleaved caspase 3 on (G) WT MEFs or HOIL-1L”~ SHARPIN®"/#?"
MEFs infected with HOIL-1L, SHARPIN, or empty vector and (I) HOIL-1L" SHARPIN®“"»*" MEFs infected with WT SHARPIN, SHARPIN
mutants (ANZF and AN-term), or empty vector following stimulation with TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml). Nuclei are
stained with DAPI (blue) and cleaved caspase 3 is shown in red. Scale bar, 50um.
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FIG 7. The SHARPIN NZF domain is required for effective protection against TNF-a-induced programmed cell death. (A)
Schematic representation of SHARPIN, HOIL-1L, and SHARPIN or HOIL-1L mutants in which the NZF domains were exchanged.
(B) Viability of HOIL-1L"~ SHARPIN?“"“*" MEFs expressing the indicated proteins (constructs introduced by retroviral infection)
was continuously measured with the iCELLigence system following stimulation with TNF-a (10 ng/ml) (n=3). (C) Viability of
SHARPIN®“"?" MEFs expressing the indicated proteins (constructs introduced by retroviral infection) was continuously measured
with the iCELLigence system following stimulation with TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml) (n=3). Data are
given as the mean + SEM. (D) Immunoblot analysis of the indicated proteins in WCL from HOIL-1L"" SHARPIN?“"*" MEFs
expressing HOIL-1L, SHARPIN, HOIL-1L-SHARPIN NZF, SHARPIN-HOIL-1L NZF, or empty vector following stimulation with
TNF-o. (3 ng/ml) in the presence of CHX (20 ug/ml). (E) Immunoblot analysis of LUBAC components in WCL from HOIL-1L™"
SHARPIN®“"¥" MEFs infected with FLAG-tagged SHARPIN, HOIL-1L, HOIL-1L-SHARPIN NZF, SHARPIN-HOIL-1L NZF or
empty vector.
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FIG 8. SHARPIN NZF domain-mediated recognition of Ké63-linked ubiquitin chains contributes to the recruitment of
LUBAC to the activated TNFR complex to activate canonical NF-k B and protect against programmed cell death. (A) The
purified NZF protein of GST-fused HOIL-1L, SHARPIN, and the SHARPIN T351L/F352V mutant was incubated with ubiquitin
chains with the indicated linkages, followed by pull-down with glutathione-Sepharose beads. Ubiquitin or GST was immunoblotted
as indicated. (B,C) SHARPIN®*"*" MEFs expressing the indicated myc-tagged-constructs (ANZF, SHARPIN-HOIL-1L NZF,
SHARPIN T351L/F352V, or empty vector) were stimulated with FLAG-tagged TNF-a (1 pg/ml) for the indicated period of time.
WCL were immunoprecipitated with anti-FLAG antibody and immunoblotted as indicated. (D) The purified His¢Halo-tagged TAB2
NZF protein was incubated with immunoprecipitated TNFR complex, followed by pull-down with Magne ""HaloTag Beads. The
precipitate was immunoblotted as indicated. (E) Viability of SHARPIN?“"*" MEFs expressing the indicated proteins was
continuously measured with the iCELLigence system following stimulation with TNF-a (1 ng/ml) in the presence of CHX (20
ug/ml) (n=3). Data are given as the mean + SEM. (F) Immunoblot analysis of the indicated proteins in WCL from SHARPIN®“"/#"
MEFs expressing WT SHARPIN, SHARPIN mutants (T351L/F352V and ANZF), or empty vector following stimulation with
TNF-a (10 ng/ml) in the presence of CHX (20 ug/ml).
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