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Nematode serine protease inhibitor SPI-I8
negatively regulates host NF-kB signalling
by hijacking MKRN1-mediated
polyubiquitination of RACK1
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Parasitic roundworms are remarkable for their ability to manipulate host immune systems and
ameliorate inflammatory diseases. Although much is known about the nature of nematode effectors in
immune modulation, little is known about the action mode of these molecules. Here, we report that a
serine protease inhibitor SPI-18 in the extracellular vesicles of blood-feeding nematodes like
Ancylostoma ceylanicum, Haemonchus contortus and Nippostrongylus brasiliensis, effectively halts
excessive inflammatory responses in vitro and in vivo. We demonstrate that H. contortus SPI-18
promotes the role of a negative regulator of RACK1 and enhances the effects of RACK1 on tumor
necrosis factor (TNF)-a-IkB kinases (IKKs)-nuclear factor kappa beta (NF-«kB) axis in mammalian cells,
by hijacking E3 ubiquitin protein ligase MKRN1-mediated polyubiquitination of RACK1.
Administration of recombinant N. brasiliensis SPI-18 effectively protects mice from dextran sulfate
sodium (DSS)-induced colitis and lipopolysaccharide (LPS)-induced sepsis. Considering the
structural and functional conservation of SPI-18s among Strongylida nematodes and the conservation
of interactive mediators (i.e., MKRN1 and RACK1) among mammals, our findings provide insights into
the host-parasite interface where parasitic roundworms secret molecules to suppress host
inflammatory responses. Harnessing these findings should underpin the exploitation of nematode’s
immunomodulators to relief excessive inflammation associated diseases in animals and humans.

Inflammation is often provoked by tissue damage or infection, clinically
manifests by swelling, redness, heat and/or pain, and is characterised by the
recruitment of leukocytes and soluble proteins'~. In this cellular process,
pattern recognition receptors, such as transmembrane toll-like receptors
(TLRs) and intracellular nucleotide-binding oligomerisation domain
(NOD)-like receptors (NLRs), activate the mitogen-activated protein kinase
(MAPK) and nuclear factor kappa beta (NF-kB) signalling pathways,
inducing the expression of pro-inflammatory mediators (e.g., interleukins
IL-1p and IL-18) to initiate inflammation and associated immune
responses’ . Infectious agents, such as viruses, bacteria, fungi and parasites,
are known to induce inflammatory and associated immune responses that

may lead to immunopathological disorders, such as rheumatoid arthritis,
inflammatory bowel disease, diabetes and/or heart disease®"'. However, on
the other hand, some pathogens, such as parasitic nematodes, have been
reported to suppress such responses, leading a resolution or cure of such
immunopathological diseases'*™".

In a physiological state, a body’s ability to prevent excessive inflam-
matory responses requires a rigorous control of pro-inflammatory pro-
cesses, for instance, via a negative regulation of NF-kB signalling and the
NLRP3 inflammasome'*”’. Various molecules have been described that
negatively regulate NF-kB signalling and the NLRP3 inflammasome”' ™.
For example, the receptor for activated C kinase 1 (RACK1, also known as
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Fig. 1 | Serine protease inhibitor (SPI) I8 is conserved in nematodes of animals.
a Structures of SPI-I8 orthologs identified in blood-feeding Haemonchus con-
tortus, Ancylostoma ceylanicum and Nippostrongylus brasiliensis and non-blood-
feeding Heligmosomoides polygyrus are modelled and superimposed for similarity
analysis. The sequences of SPI-I8 in nematodes were retrieved from WormBase
ParaSite (WBPS18). The structures of the nematode SPI-18s were modelled using
the program AlphaFold2 (v. 2.1.0) and visualised with UCSF ChimeraX (v.1.0).
Root-mean-square deviation (RMSD) scores are indicated. b Transcriptional
profiling of serine protease inhibitor I8 coding gene (Hc-spi-i8) among the egg,
first- (L1), second (L2), third- (L3), fourth-larval (L4), and adult stages of Hae-
monchus contortus. One-way variance analysis is used to indicate the significance
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of differential gene transcription among stages. Different letters indicate sig-
nificance p <0.05. ¢ Using a polyclonal antibodies-based immunohistochemistry
assay, SPI-I8 islocalised to the inner membrane of hypodermis (indicated by white
arrow) of female adult H. contortus. Mouse anti-Hc-SPI-I8A/ASA polyclonal
antibody and pre-immunized mouse sera (control) were used as primer anti-
bodies. Scar bars are 10 or 50 um. DAPI 4’,6-diamidino- 2-phenylindole, FITC
fluorescein 5-isothiocyanate, DIC Differential interference contrast microscopy.
d Detection of SPI-I8 (isoform A/B) in the extracellular vesicles (EVs) and EV's-
depleted excretory/secretory products (ESP*) released by the parasitic stages of H.
contortus, using liquid chromatography-tandem mass spectrometry method.
Number of proteins identified in EVs and/or ESP* is indicated.

guanine nucleotide-binding protein subunit beta-2-like 1) can inhibit tumor
necrosis factor (TNF)-triggered inflammation by interfering the activation
of IxB kinase (IKK complex, the core element of the NF-«kB cascade)”,and G
protein subunit p 1 (GNBI1) negatively regulates NLRP3 inflammasome
activation™. Finding a way of reducing inflammation via specific targets in
these processes or pathways could lead to new therapies against immuno-
pathological disorders.

Many parasitic worms (e.g., roundworms and flatworms) are masters
at maintaining a relatively long-term relationship with their mammalian
hosts by modulating/suppressing inflammatory/immune responses via
molecules in their excretory/secretory (ES) products or associated extra-
cellular vesicles™ ™. For instance, some soluble molecules released by
parasitic nematodes (i.e. anti-inflammatory protein (AIP)-1 and TGF-$
mimic (TGM)-1 from hookworms; Ts-serpin from pork worm) can sup-
press intestinal epithelial tuft cell induction in vitro or treat experimental
colitis in vivo in mice™”. However, there is limited understanding of how
these worms achieve this balanced relationship (parasitism) without causing
acute disease or exacerbating inflammatory/immune responses’”. Indeed,
little is known about whether and, if so, precisely how parasitic nematodes
negatively regulate inflammation in most host animals and humans.

Recently, we elucidated that serine protease inhibitor I8 (SPI-I8) of a
blood-feeding nematode Haemonchus contortus inhibits blood coagulation
in vitro by interacting with host thrombospondin type-1 (TSP1) domain-
containing protein®. As this protease inhibitor was shown also interact with
other host proteins, including the inflammatory regulation associated
protein RACK1, we hypothesised that this nematode SPI-I8 plays a key role
in modulating host inflammatory and immune responses. Here, we test this
hypothesis.

Results

SPI-I8 orthologs are conserved in Strongylida nematodes

First, we predicted SPI-I8 orthologs in major parasitic nematodes of ani-
mals, and candidates were predominantly related to Strongylida nematodes,
including H. contortus (barber’s pole worm), Ancylostoma ceylanicum

(hookworm of dogs, cats, and humans), Heligmosomoides polygyrus and
Nippostrongylus brasiliensis (hookworm of mice) (Supplementary Table 1).
Two distinct isoforms (A = canonical, and B = non-canonical) of SPI-I8
were identified in H. contortus™. No isoforms of SPI-I8 were predicted in
other parasitic nematodes. We showed sequence and structural conserva-
tions of those predicted SPI-I8 orthologs (overall root-mean-square
deviation: 1.46; Fig. 1a), which suggested a common immunobiological
role for this protein in these parasites. By contrast, no orthologs of SPI-I8
were predicted in clade I, ITI, or IV nematodes of animals. Our attention
turned to H. contortus as a parasite model because it is a highly significant
animal pathogen and because of the extensive resources available for in-
depth molecular studies* ™.

Nematode SPI-I8 is abundantly transcribed and expressed in
parasitic stages

For H. contortus, we demonstrated that SPI-I8 gene is significantly upre-
gulated in blood-feeding stages (i.e., both L4 and adult) compared with free-
living stages (i.e., egg, L1, L2 and L3; p < 0.0001; Fig. 1b), in accordance with
its protein expression pattern during thelife history of this parasite”. Usinga
polyclonal antibodies-based immunofluorescent histochemistry micro-
scopy, SPI-I8A/B was specifically localised to the inner plasma membrane of
the hypodermis and associated with excretory cells in both adult female and
male worms (Fig. 1¢). Both isoforms of SPI-I8 were detected in the extra-
cellular vesicles (EVs) released by H. contortus, and SPI-I8B was also
detected in the EVs depleted excretory/secretory products (ESP) from the
worm (Fig. 1d). These findings suggest that both isoforms of SPI-I8 play a
role in parasite-host interactions, including immunity and inflammation.
Indeed, we discovered a specific anti-SPI-I8 serum antibody response at
10 days after experimental oral infection of the permissive host (sheep) with
H. contortus.

Nematode SPI-I8 interacts with host MKRN1 and RACK1
Immunoprecipitation-mass spectrometry (IP-MS) revealed 537 proteins
from the stomach (abomasum) wall including epithelium, of sheep
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Fig. 2 | Interactions between nematode serine protease inhibitor I8 (SPI-18) with
host proteins. a, b Co-immunoprecipitation analysis of Flag-fused Haemonchus
contortus SPI-I8A/B with HA-fused ovine E3 ubiquitin-protein ligase makorin-1
(OaMKRN1) and/or ovine receptor of activated protein C kinase 1 (OaRACK1) in
human embryo kidney (HEK) 293 T cells. ¢ Co-immunoprecipitation analysis of
Flag-fused human MKRN1 (HsMKRN1) and Myc-fused RACK1 (HsRACK1) in
HEK 293 T cells. WCL, whole cell lysate; IP, immunoprecipitated protein. Beta-
tubulin is used as the internal control. d Molecular docking of O4RACK1 and
OaMKRNT1, Hc-SPI-I8A and OaRACK1, Hc-SPI-I8B and OaRACKI1, He-SPI-I8B
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and OaMKRN1, Hc-SPI-18B, OaRACK1 and OaMKRNT1 inssilico. It is predicted that
the binding of Hc-SPI-I8A/B and OaMKRNT1 hijacks the space for OaMKRNI1 to
bind RACK1. Hc-SPI-I8A/B is coloured in red, ovine MKRN1 in blue, and OaR-
ACKI in gold. Binding free energy (AG) of each docking was attached. Structures of
Hc-SPI-I8A/B, the ovine MKRN1 were modelled with AlphaFold2 (v. 2.1.085), and
ovine RACKI1 retrieved from AlphaFold Protein Structure Database. Molecular
docking of molecules was performed using the ClusPro and HawkDock server.
Models were displayed and superimposed using UCSF ChimeraX.

(Ovis aries). Additionally, yeast cDNA library screening identified more
than 200 proteins from ovine peripheral blood mononuclear cells (PBMCs)
that interacted with Hc-SPI-I8A (Supplementary Fig. 1a, b; Supplementary
Table 2). A detailed analysis using pairwise yeast two-hybrid verified seven
molecules (Supplementary Table 3). Co-localisation and pull-down assays
further revealed that Hc-SPI-I8A/B interact specifically with sheep E3
ubiquitin-protein ligase makorin-1 (MKRN1; UniProt W5PU93) and
receptor of activated protein C kinase 1 (RACK1; UniProt S4TZR5) in the
lung fibroblast (OAR-L1) cells (Supplementary Fig. 1c-e; Supplementary
Table 3).

Since mammalian MKRN1s and RACK1s are conserved in sequence
and structure (RMSD: 1.86 and 0.00, respectively; Supplementary Fig. 2a),
we expressed each isoform of Hc-SPI-I8 as well as human RACK1 and
MKRNI in human embryonic kidney (HEK) 293 T cells and explored
protein-protein interactions in a pairwise manner. We showed that both
isoforms (A and B) of SPI-I8 interact with mammalian RACKI1 and
MKRNT1 in HEK 293 T cells (Fig. 2a—c; Supplementary Fig. 2b). Consistent
co-localisation and interactions were observed, irrespective of SPI-I8 iso-
form and mammal species (Fig. 2¢; Supplementary Figs. le and 2b, c).
Structural modelling and molecular docking suggested that a trypsin
inhibitor-like domain is not required for the specific binding of SPI-I8A to
mammalian RACK1 or MKRN 1, but that nematode SPI-I8A/B, particularly
SPI-I8B, competes with RACK1 for MKRN1 binding (Fig. 2d; Supple-
mentary Fig. 2d). These findings indicate a role of SPI-I8 in affecting
inflammatory or immune responses.

Nematode SPI-I8 inhibits host NF-kB signalling

As Hc-SPI-I8A/B interacts with mammalian RACK1—the negative reg-
ulator of NF-kB that mediates inflammatory responses”***—we hypo-
thesised that nematode SPI-I8 supresses host inflammation via the NF-xB
pathway. To test this hypothesis, we first explored the relationship between
RACKI and NF-«B signalling in mammalian cells by measuring the level of
the p65 protein within nuclei (Fig. 3a). It was showed that the over-
expression of RACKI1 significantly decreased p65 expression in both ovine

(OAR-L1; p=0.0001) and HEK 293 T (p =0.0004) cells (Supplementary
Fig. 3). Subsequently, we investigated the relationship of Hc-SPI-I8, RACK1
and NF-xB activity in HEK 293 T cells. Although there was no evidence that
either isoform (A or B) of SPI-I8 influences rack1 gene transcription in HEK
293 T cells (Fig. 3b), both isoforms of Hc-SPI-18 decreased the transcription
factor activity of NF-xB (p = 0.0002 for A; p < 0.0001 for B; Fig. 3¢) as well as
the abundance of the nuclear p65 protein (p < 0.0001; Fig. 3d, e). In parti-
cular, the non-canonical isoform of SPI-I8 (SPI-I8B) rather than the
canonical isoform (SPI-I8A) was shown to induce decreased mRNA levels
of the genes encoding A20 (p = 0.0062), IL-8 (p = 0.0303), IxBa (p = 0.0014)
and TNF-a (p = 0.2754) (Fig. 3f-i), which accords with the effects of RACK1
in HEK 293 T cells (Fig. 3c-i). Co-expression of Hc-SPI-I8B and RACKI in
HEK 293 T cells led to decreased NF-«B activity (p < 0.0001) compared with
cells expressing Hc-SPI-I8B alone but not compared with cells over-
expressing RACK1 alone (Fig. 4a). These results imply that nematode SPI-I8
represses NF-kB cascade indirectly in mammalian cells.

Nematode SPI-I8 enhances the inhibitory activity of RACK1 in NF-
kB signalling

Compared with RACK]1, little is known about the role of the E3 ubiquitin
protein ligase MKRN1—the other protein shown to interact with Hc-SPI-
I8A/B in NF-kB signalling (cf. Figure 3)°'~. Heterologous expression of
mammalian MKRNI1 in HEK 293 T cells significantly increased the activity
of NF-«B (p < 0.0001), the level of nuclear protein p65 protein (p < 0.0001),
and the transcription of genes encoding A20 (p = 0.0479), IL-8 (p = 0.0074),
IxkBa (p =0.0018) and TNF-a (p =0.1051) in these cells (Fig. 3c-i). These
results show that MKRN, in contrast to RACK1 and SPI-I8A/B, promotes
NE-kB signal transduction in HEK 293 T cells.

Although the overexpression of MKRN1 did not affect the mRNA
transcription of rackl gene in HEK 293 T cells (Fig. 3b), it decreased the
inhibitory effects of RACKI on NF-kB activity (p <0.0001; Fig. 4b),
implying an MKRN1-associated negative regulation of RACK1 at the
protein level. This negative regulatory effect was also observed in cells co-
expressing both human MKRN1 and nematode SPI-I8B (Fig. 4c).
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Fig. 3 | The effects of RACK1, MKRN1 and nematode SPI-I8 on NF-kB signalling
in HEK 293 T cells. a Schematic diagram of NF-«B signalling cascade and the
negative regulation of the TRAF2/IKKs/NF-kB signalling by RACK1. Cytoplasmic
RACKI1 binds IKK complex (IKKa and IKKp), interfering with the recruitment of
the IKK complex to TRAF2, which hinders the activation of NF-kB, nuclear import
of p65 and subsequent transcription of downstream genes, including A20, IL-8, IkBa
and TNF-a. b The effects of H. contoruts SPI-I8A/B, Ovis aries MKRN1, or human
MKRNI protein expression on the relative mRNA level of RACK1 in human embryo
kidney (HEK) 293 T cells. ¢ The effects of H. contoruts SPI-I8A/B, Ovis aries

MKRN], or human MKRNT1 protein expression on the relative luciferase activity of
NF-«B in HEK 293 T cells. d, e The effects of H. contoruts SPI-I8A/B, Ovis aries
MKRN], or human MKRNI1 protein expression on the nuclear import of p65 in
HEK293T cells, determined using western blot. f-i The effects of H. contoruts SPI-
I8A/B, Ovis aries MKRN1, or human MKRN1 protein expression on the relative
mRNA level of A20, IL-8, IxBa and TNF-a in HEK293T cells. Cells expressing
OaRACK1 and empty vector are used as positive and negative control, respectively.
* p<0.05 ** p < 0.01; ¥***p < 0.0001; ns, not significant.
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enhances the negative effect of HSRACK1 on the relative luciferase activity of NF-«xB
in HEK 293 T cells. b Human MKRN1 increases the relative luciferase activity of NF-
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Interestingly, Hc-SPI-I8B relieved the MKRN1-associated suppression of
RACKI in cells expressing all three molecules (Fig. 4d). The perturbation of
mkrnl gene transcription (Fig. 4e) significantly decreased the mRNA level
of rackl (p = 0.0022) (Fig. 4f), and of genes encoding A20 (p = 0.0001), IL-8

(p=0.0007), IxkBa (p=0.0027) and TNF-a (p=0.0020) in RNAj-treated
cells (Fig. 4g). Taken together, SPI-I8B did not increase the suppressive effect
of RACK1 on NF-«B signalling, but reduced RACK1’s negative regulation
of, possibly by interrupting MKRNI-mediated polyubiquitination of
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Fig. 5 | Human MKRN1-mediated polyubiquitination of RACK1 and nematode
SPI-I8B in HEK 293 T cells. a The effect of HSMKRN1 overexpression on RACK1
polyubiquitination is determined by immunoblot analysis, using commercial

antibodies anti-HA, anti-Flag, anti-Myc and anti-B-tubulin. b The relative ubi-
quitination levels of RACK1 in HEK293T cells (gray scale of anti-HA/anti-Flag)
are analysed using an Image J software (NIH Image, Bethesda, MD). Error bars
are shown as mean * standard error of mean (SEM). ¢, d Expression of Hae-

monchus contortus SPI-I8B decreases the relative ubiquitination level of RACK1

in HEK293T cells. e, f HsSMKRN1-mediated polyubiquitination of Hc-SPI-I8 in
HEK293T cells. Tubulin or Ub is used as an internal control. *** p <0.001.

g Schematic diagram showing RACK1 domain architecture truncation strategy.
WD40 domains/repeats are indicated with black blocks. h, i HSMKRN1- or
OaMKRN1-mediated interaction of truncated RACKI retaining the WD40-

1 ~2, WD40-3 ~ 4, WD40-5 ~ 6, or WD40-6 ~ 7. Tubulin is used as an internal
control.

RACK1 (Fig. 4h), as the RING finger domain and zinc finger motif-
containing MKRNT is a known E3 ubiquitin ligase™.

Nematode SPI-I8B hijacks MKRN1-mediated polyubiquitination
of RACK1

Subsequently, we assessed whether RACK1 is ubiquitinated in HEK
293 T cells overexpressing mammalian (sheep or human) MKRNI1. The
results showed that RACK1 is indeed ubiquitinated in a MKRN1-mediated
manner (Fig. 5a, b; Supplementary Fig. 4a, b), under the influence of Hc-SPI-
I8A/B. Surprisingly, MKRN1-mediated polyubiquitination was also detec-
ted for SPI-I8B in HEK 293 T cells (Fig. 5c-f; Supplementary Fig. 4c, d).
Supported by the evidence from a three-dimensional model of the RACK1-
SPI-I8-MKRN1 complex (Fig. 2d), we proposed that nematode SPI-I8
highjacks MKRN1-mediated polyubiquitination.

To test this hypothesis, we studied the region of RACK1 suggested to be
involved in MKRN1-RACK1 and SPI-I8B-RACKI interactions. Co-
immunoprecipitation experiments using a truncated domain architecture of
RACKI (Fig. 5g) showed that human MKRN1 interacts with the first four
WDA40 repeats of RACK1 like SPI-I8B (Fig. 5h; Supplementary Fig. 5a—c),
and sheep MKRNI1 interacts with the first two WD40 repeats of this
molecule (Fig. 51). These findings provide experimental evidence that SPI-
I8B binds to RACK1, WD40 repeats in MKRN1 (cf. Fig. 2d) and blocks
RACKI from polyubiquitination.

As lysine (K) residues are required for ubiquitination, we screened K
residues that are crucial for the MKRN1-mediated polyubiquitination of
RACKI. Polyubiquitination was detected on lysine residues near the fifth
WD40 domain of RACK1 (Supplementary Fig. 5d—g). This region (con-
taining K183, K185, K212 and K225) was also shown to be central to the
inhibition of polyubiquitination of RACK1 by Hc-SPI-I8B (Supplementary
Fig. 5Sh-k; Supplementary Fig. 6a). By mutating all these lysine residues into
arginine (R) and then reverting R183/185 back to K183/185, we showed that
K183 and K185 of RACKI are essential for the polyubiquitination by
human MKRNI1L (Fig. 6a, b). Polyubiquitination was reduced by Hc-SPI-
I8B on the two sites (K183 and K185) of RACK1 in HEK 293 T cells
(Fig. 6, d).

Subsequently, we determined the involvement of K48- (targeting
proteins for proteasomal degradation) or K63-linked polyubiquitin chains
(targeting proteins for signal production) in this process, which usually
participate in proteolysis mediated by 26S proteasomes or the signal
transduction™ . By mutating lysine of ubiquitin at K48 to K48R or at K63
to K63R, we showed in HEK 293 T cells that human MKRN1 promotes
K63-dominant polyubiquitination of RACK1 while Hc-SPI-I8A/B inhibits
K63-dominant polyubiquitination of RACK1 (Fig. 6e-h; Supplementary
Fig. 4e, f). These results reveal that MKRN1 facilitates RACKI
polyubiquitination-associated signalling (i.e. NF-kB signalling) and that
nematode SPI-I8 inhibits this signal transduction.

Decreased polyubiquitination of RACK1 upregulates NF-kB
signalling

Having shown that K183 and K185 residues of RACK]1 are essential for the
MKRN1-mediated polyubiquitination, we confirmed that these residues are
also crucial for regulating NF-«B signalling in HEK 293 T cells. To do this,
we mutated K183, K185, K183 or/and K185 residues of RACK1. With
reference to wildtype RACK1, the mutation of all residues (lysine to argi-
nine; RACK1-AM) resulted in a significant increase in nuclear protein p65
(p <0.0001), NF-kB activity (p=0.0128, p=0.0212 or p =0.0065), tran-
scription levels of genes encoding A20 (p = 0.0059), IL-8 (p = 0.0010), IxBa
(p=0.0471) and TNF-a (p =0.0002) in HEK 293 T cells (Fig. 7a—d; Sup-
plementary Fig. 6b—d). Specifically, the mutations at K183, K185 or both
K183 and K185 of RACK1 (K183R, K185R and K183R + K185R) sig-
nificantly increased the nuclear abundance of p65 (p <0.0001, p < 0.0001
and p<0.0001, respectively) and the activity of NF-xB (p=0.0001,
p=0.0002 and p < 0.0001, respectively) in HEK 293 T cells, compared with
the non-mutated controls (Fig. 7a-d). Compared with the RACK1-AM
control, the mutations at R183 or/and R185 of RACK1-AM (R183K,
R185K, R183K + R185K) led to a resumption of inhibitory role on the entry
of p65 protein into the nucleus, the activity of NF-«B, and the transcription
of genes encoding A20, IL-8, IxkBa and TNF-a in HEK 293 T cells
(Fig. 7e-h). These results demonstrate that SPI-I8B protects the negative
regulator RACK1 from MKRNI1-mediated polyubiquitination in
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length of mice administrated with dextran sulfate sodium (DSS)-induced colitis.
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indicate the significance of difference. ** p < 0.01; **** p < 0.0001; ns, not sig-
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as positive control.

mammalian cells, supressing host NF-kB signalling and subsequent
inflammation.

Nematode SPI-I8 reduces DSS-induced colitis and LPS-induced
systemic inflammation in mice

Based on the predicted complex of RACK1-MKRN1, MKRN1 might
promote the polyubiquitination of RACK1 through amino acid con-
nections (K183-Y174, within 8 A; K185-K8, within 12 A), which was
found to be changed in the RACKI1-Hc-SPI-I8B-MKRN1 complex
(K183-F93, within 12 A; K185-F93, within 20 A) (Fig. 8a). More
complicated structure and greater distance further indicate the possi-
bility of SPI-I8 inhibiting NF-xB signalling cascade through a
mechanism of competitive inhibition. Hence, we expanded our findings
that Hc-SPI-18 suppresses NF-kB signalling cascade in host cells in vitro
to animal experiments in vivo.

Using mouse models for inflammatory bowel disease (IBD; i.e.
dextran sulfate sodium-induced colitis) and lethal sepsis (endotoxic
lipopolysaccharide-induced systemic inflammation), we determined
the immuno-modulatory role of SPI-I8 from another parasitic nema-
tode N. brasiliensis, the hookworm of mice. Compared with controls,
administration of recombinant N. brasiliensis SPI-18 (Nb-SPI-18; 50 pg
p..) significantly reduced the impact of colitis on colon length
(p=0.0026), with no side effects detected (Fig. 8b). Additionally,
treatment with recombinant Nb-SPI-I8 (50 ug p.i.) significantly
increased the probability of survival of mice from lethal sepsis (Fig. 8c).
These results show that SPI-I8 from a parasitic nematode suppresses
both local and systemic inflammation and disease progression in these
mouse models.

Discussion

The phylum Nematoda (nematodes) represents one of the most abundant
metazoans on Earth. Extensive research has been conducted on the parasitic
species, some of which are usually known by such common names as eye-
worm, hookworm, lungworm, pinworm, threadworm, and whipworm, due
to their medical, veterinary, and/or economic importance. Not only are these
parasites interesting from a pathogenic perspective, and with these pathogens
maintaining a very intricate relationship with their hosts, within that they
find ways of acquiring nutrients to support their survival and development,
and of neutralising direct defences from the host immune system. Effectors
released by parasitic nematodes to modify host immune cells have been the
subject of intensive investigation, and those present in the previously known
excretory/secretory products (ESP) or recently refined extracellular vesicles
represent the major repertoire of weapons to undermine the innate and
acquired immune responses of humans and animals™**"*-%,

Compared with nematode infection, significant advantage would be
expected in therapies using nematode effectors with immunomodulatory
properties. Therefore, the use of nematodes and their effectors in treating
autoimmune and allergic diseases has been proposed over the past
decades” ™. Particularly, selected ESP molecules released by parasitic nema-
todes have been demonstrated to manipulate inflammation and immune
responses in cell lines and in mouse models™”"””. For instance, the role of a
serpin secreted by Trichinella spiralis (pork worm) in modulating murine
macrophage activation and polarisation has been tested in vitro and in vivo”™”*.
However, little is known about the action mode of a specific family of
nematode protein effectors””". Clearly, a better understanding of host-parasite
interactions at molecular level should underpin the research and development
of “worm therapy” against inflammation- and immune-associated diseases.
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On the previous studies, several helminth-derived molecules exhibit
the therapeutic features in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-, DSS-
, or LPS-induced mice models. Grown evidence suggest the involvement of
these bioactive components in suppressing type-1 or type-2 inflammation
through the cyclooxygenase (COX) pathway, STAT6, p38 mitogen-
activated protein kinase (MAPK), Toll-like receptor 4 (TLR4), MyD88,
and NF-«B signalling™*, and multiple inflammation-related cytokines are
included (i.e. TNF-a and IL-1B). However, the detailed signal transduction
process remains unclear, though the helminth-derived products have been
tested in treating animal inflammatory diseases. In the current work, the
RACKI1-TNF-a-IKKs-NF-kB axis is initially introduced into the demon-
stration and illustration of the mechanism underline “worm therapy” using
a nematode protein (SPI-I8).

The nematode SPI-I8 studied in this work is a trypsin (a proteolytic
enzyme that helps with digestion) inhibitor like molecule. Recently, we have
demonstrated that the canonical form (SPI-I8A) of this inhibitor in a blood-
feeding nematode plays a role in anticoagulation through interacting with a
sheep TSP1 domain-containing protein using the trypsin inhibitor-like (TIL)
domain, rather than exhibit a trypsin inhibitor activity”, but had no idea
about the role of the noncanonical form, a TIL domain-missing small peptide
(SPI-I8B). Surprisingly, orthologs (containing a typical TIL domain) were
only predicted in the Strongylida nematodes and the noncanonical isoform
SPI-I8B (without TIL) was only identified in H. contortus. This is very likely a
consequent of the draft genome assemblies and limited bioinformatic
resources for most parasitic nematodes of animals, hindering genetic and
functional interpretation of nematode SPI-I8 protein. Here, we report that
SPI-18, particularly the non-canonical isoform, exhibits a surprising potency
in halting excessive inflammation in both an inflammatory bowel disease
model (phenotype of contracted colon length) and a lethal sepsis model
(phenotype of reduced survival); and elucidated a mechanism underlying
this inflammation inhibition in mammalian cell lines—SPI-I8B competes a
E3 ubiquitin-protein ligase (MKRN1) with a negative regulator of NF-«kB
signalling (i.e, RACK1”) in mammalian cells, protecting RACK1 from
ubiquitination-mediated degradation, which suppressed inflammation
initiated by NF-kB signalling. Although it has not been tested in MKRN1
and/or RACK1 knockout mice, the findings provide insights into the nature
and mode of action of small serine inhibitors released by nematode in
modulating host immune responses. Further investigations of these nema-
tode effectors in aspects of delivery, absorption, distribution, metabolism,
and elimination in the endogenous level are warranted. Besides, SPI-I8B that
consist of disordered regions with no identifiable annotations in various
widely used databases, exhibit a better potency in suppressing the NF-kB
signalling pathway, which hints less relationship between the protease
inhibitory activity and inflammation inhibition of SPI-18. However, whether
the unidentified elements/domains or specific sequences in SPI-I8B pose an
anti-protease activity or contribute to its role in a NF-xB signalling depen-
dent inflammation warrants further investigation. Furthermore, tuft cells
have been reported to play crucial roles in mucosal immunity to gastro-
intestinal helminths and in colitis™”"”’. Investigation of the roles of nema-
tode SPI-I8s in modulating specific immune cells like tuft cells during
helminth infection should provide more information on the potential of
these small serine inhibitors as host immunomodulators.

Taken together, we identified a conserved nematode small serine
protease inhibitor that potently halts both local and systemic inflammation
in mice models and elucidated its action mode in hijacking the poly-
ubiquitination of a NF-kB signalling negative regulator. The findings pro-
vide insights into the immunomodulators of parasitic nematodes, and
provide prospects for nematode therapies to relief excessive inflammation
associated diseases in humans.

Materials and methods

Ethics statement

We have complied with all relevant ethical regulations for animal use. The
use of sheep (Ovis aries, Hu sheep, male, six months old) and mice (Mus
musculus, C57BL/6 or ICR, male, 2 weeks old) in this study was approved by

the Experimental Animal Ethics Committee of Zhejiang University (permit
no. 20170177 and ZJU201308-1-10-072). Blood, parasitic nematode, and
abomasum were collected from naturally infected sheep by trained per-
sonnel in the Animal Hospital affiliated to the College of Animal Sciences,
Zhejiang University. Handling of mice was strictly followed the Guidelines
for the Use of Experimental Animals of the People’s Republic of China.

Cell lines and nematodes

Ovis aries lung fibroblast (OAR-L1, cat no. IM-C034), THP-1 (cat no. IM-
H260) and HEK 293 T (cat no. IM-H371) cell lines were purchased from
IMMOCELL (Kunming, China), and maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Biological Industries, Beit Haemek, Israel) with
10% (v/v) foetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and
Penicillin-Streptomycin (Gibco), at 37 °C and 5% CO, atmosphere. Eggs,
L1s, L2s, L3s, L4s and adults (female and male) of H. contortus (Z] strain)
were prepared using a well-established method”’. N. brasiliensis was
obtained from naturally infected mouse and stored at —80 °C.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from worms or cells using TRIzol reagent (cat no.
15596026, ThermoFisher Scientific), and reversely transcribed into com-
plementary DNA (cDNA) using the HiScript III 1st Strand cDNA Synthesis
Kit (cat no. R312-01, Vazyme Biotechnology Ltd., Nanjing, China) in
accordance with the manufacturer’s instructions. DNA fragment was
amplified in a 20 pL volume of the AceQ® Universal SYBR qPCR Master
Mix (cat no. Q711, Vazyme Biotechnology) on a LightCycler® 480 Instru-
ment II (Roche Diagnostics Ltd., Basel, Switzerland) following the manu-
facturer’s instructions. All samples were analysed in triplicate. The relative
mRNA levels of target genes were determined by using the 27**“ method”’.
B-tubulin gene was used as an internal reference for mRNA levels in H.
contortus, and gapdh as the internal control in cell lines. Primer sets are
shown in Supplementary Table 4.

Prokaryotic expression

Recombinant SPI-I8 of H. contortus (rHc-SPI-18) or N. brasiliensis (rNb-
SPI-I8) were produced in Escherichia coli BL21 (DE3). The coding sequence
of Hc-SPI-18B (without signal peptide and TIL domain) was PCR amplified
from H. contortus cDNA and inserted into pET32a plasmids (cat no.
A339132, Sangon Biotech), whereas the coding sequence of Nb-SPI-18 was
cloned into pET30a plasmids (cat no. B540185, Sangon Biotech). Recom-
binant plasmids were transformed into competent cells to express rHc-SPI-
I8 or rNb-SPI-18, induced by 1 mM isopropylthio-f-galactoside (IPTG) at
16 °C for 24 h. Recombinant protein was isolated from bacteria using a
sonication method, then purified using Ni-NTA agarose column (cat no.
30250, Qiagen, Shanghai, China) according to the manufacturer’s instruc-
tions. Purified protein was treated using a Protein Endotoxin Removal Kit
(cat no. C0268, Beyotime, Shanghai, China) and quantified using a Bradford
Protein Assay Kit (cat no. P0006, Beyotime) following the manufacturer’s
instructions. Primers used in protein expression are shown in Supple-
mentary Table 4.

Immunohistochemistry assay

Tissue expression of SPI-I8A/B in H. contortus was determined by a
fluorescent immunohistochemistry using a well-established method™®. 5 um
thick sections of adult worms were prepared, blocked with 10% donkey
serum (cat no. abs935, Absin, Shanghai, China), incubated with mouse anti-
Hc-SPI-I8A/ASA polyclonal antibody (1:200) and then green fluorescein-
conjugated secondary antibody (1:500; cat no. A32731, ThermoFisher Sci-
entific). 4’,6-diamidino-2-phenylindole (DAPI; cat no. D9542, Sigma-
Aldrich, Shanghai, China) was used to stain the nuclei. Fluorescence was
scanned using a confocal microscope (Zeiss LSM 780, Jena, Germany).

EV preparation and LC-MS/MS
Excretory/secretory products (ESP) of H. contortus L4 stage were obtained
from culture medium®. EV's were further isolated from the ESP samples of
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H. contortus using an ultracentrifugation method as described recently’®.
Proteins in the ESP or EVs were extracted, 150 pg of which was digested with
trypsin, reduced with 10 mM dithiothreitol (DTT), alkylated with 20 mM
indoleacetic acid (IAA), desalted with trifluoroacetic acid (TFA), and sub-
jected to a Q-Exactive Orbitrap (Thermo Fisher Scientific). Peptides were
identified using the Proteome Discoverer 2.1 software (Thermo Fisher
Scientific).

Structural modelling and molecular docking

The 1-to-1 orthologs of H. contortus SPI-I8 in other parasitic nematodes
were predicted and retrieved from WormBase ParaSite (WBPS18). Multiple
sequence alignment of orthologous sequences was performed using the
program Clustal Omega online server””. Structures of the nematode SPI-I8s,
the ovine MKRN1 were modelled using the program AlphaFold2 v. 2.1.0°,
and human RACK1 and MKRN1 retrieved from AlphaFold Protein
Structure Databas***". Molecular docking of molecules was performed using
the ClusPro and HawkDock server ™. Models were displayed and super-
imposed using UCSF ChimeraX v.1.0%, and structural similarities between
query and template sequences were measured using root-mean-square
deviation (RMSD).

IP-MS

The abomasum was freshly collected from a slaughtered sheep with the
contents rinsed. The inner surface tissue of the abomasum was sampled, cut
into pieces (10 g/piece) and thoroughly washed with sterilized PBS. Freshly
collected abomasum tissue of the naturally infected sheep was ground,
filtered, and centrifuged at 3000 x g at 4 °C for cell collection. The collected
cells were lysed in NP-40 lysis buffer (cat no. D9542, P0013F, Beyotime) for
0.5 h with shaking, then centrifuged at 12000 x g at 4 °C for supernatant
collection. Coding sequence of He-spi-i8 (HCON_00067680) was amplified
and inserted into pcDNA3.1(+) vector (cat no. V79020, Thermo Fisher
Scientific) to produce FLAG-tagged Hc-SPI-I8 in HEK 293 T cells. The
recombinant Hc-SPI-I8-FLAG protein was isolated from lysed cells using
anti-FLAG-conjugated magnetic beads (cat no. B26101, Bimake, Shanghai,
China), and used to isolate and concentrate interactive proteins from the
ovine tissue lysis. The isolated proteins were boiled, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), from
which proteins within a range of molecular weights from 30 to 45 kDa were
subjected to digestion with trypsin (Promega), desalination with a sep-Pak
C18 (Waters) and LC-MS/MS analysis with a Q-Exactive Orbitrap Mass
Spectrometer (Thermo Fisher Scientific). Peptides were identified and
annotated using Proteome Discoverer v.2.1.

cDNA yeast library and yeast two-hybrid screening

A cDNA library of Ovis aries peripheral blood mononuclear cells was
constructed using the Make Your Own “Mate & Plate” Library System
(cat no. 630490, Clontech, Takara Bio, USA) following the manu-
facturer’s protocol. Total RNA was extracted from the blood-feeding
L4s of H. contortus using TriZol reagent, reversely transcribed into the
first-strand complementary DNA (¢cDNA), amplified by long-distance
polymerase chain reaction (PCR), then processed with duplex-specific
nuclease with reagents provided in the kit. Y187 yeast cells were
transformed with purified nematode cDNA and pGADT7-Rec plas-
mids, plated onto SD/-Leu plates, and cultured at 30°C for 3-6 days,
then identified with PCR.

The Matchmaker Gold Yeast Two-Hybrid System (cat no. 630489,
Takara Biomedical Technology, Beijing, China) was used to identify Hc-
SPI-8 interacting proteins, using an established method”®. Recombinant
PGBKT?7 vector was used as a bait to screen the Ovis aries cDNA yeast
library, and the selection of colonies containing interactive protein candi-
dates was carried out by plating on to synthetic ‘dropout’ medium following
the manufacturer’s instructions. Positives were picked for sequencing and
plasmid DNA extraction. The prey and bait vectors were co-transformed
into Y2HGold (Takara Biomedical Technology) and then plated on to
synthetic ‘dropout’ medium for pairwise verification.

Co-expression and co-localization

Coding sequence of genes coding for SPI-18 (HCON_00067680), Ovis aries
RACK! (NP_001268408.1) or MKRN1 (XP_027824674.2), or human
MKRN1 (NP_038474.2) were cloned into pLenti CMV GFP Puro (Addgene
ID: 17448) or/and pLenti CMV mCherry Puro (Addgene ID: 234407). The
recombinant plasmid (2 pg) was pair wisely mixed with psPAX2 (Addgene
ID: 12260) and pMD2.G (Addgene ID: 12259) plasmids (2pg) then
introduced into HEK 293 T cells using polyethyleneimine (cat no. 23966,
Polysciences, Warrington, PA, USA) for lentivirus packaging. The produced
lentivirus was used to integrate coding sequences into the genome of OAR-
L1 cells using an established method*. Co-localization analyses of Hc-SPI-I8
and OaRACKI1, Hc-SPI-I8 and OaMKRN1, OaRACK1 and OaMKRN1
were conducted in both OAR-L1 cells and HEK 293 T cells using a confocal
microscope (LSM780, Carl Zeiss). Cell nuclei were stained using DAPI
(Beyotime Biotechnology).

Pull-down

The coding sequence (CDS) of Hc-SPI-I8A/B and OaMKRN1 were inserted
into pGEX-4 T-1 vector to generate recombinant plasmids which poses a
GST at the N-terminal of target genes. Then, GST (as negative control) and
GST-fused proteins (GST-Hc-SPI-ISA/B and GST-OaMKRN1) were
expressed via Escherichia coli BL21 (DE3) expression system after 1 mM
IPTG inducing for 24 h at 16 °C. The induced bacteria were lysed in 50 mM
PBS (pH 7.4) and the supernatant were collected after centrifugation. The
WCL of HEK 293 T that overexpressed fused RACK1-HA was used as input
protein. The further in vitro pull-down assay, including WCL preparation,
binding, washing and subsequent blotting, was abided by our previous
protocols'10 and the instructions of GST-Sefinose resins (cat no. C600031,
Sangon Biotech Co., Ltd., Shanghai, China) which was used to bind GST or
GST fusion proteins.

Western blot

For blotting, cells, which were harvested at least 24 h post transfecting, were
lysed in NP-40 Lysis Buffer (Beyotime Biotechnology). The whole cell
lysates were mixed with 5x SDS loading buffer (cat no. FD002, Hangzhou
Fude Biological Technology CO., LTD., Hangzhou, China) in a dilution of
4:1 and boiled in boiling water for 10 min to prepare samples. Proteins in the
samples were subsequent separated via SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA, USA), which followed by blocking in
5% (v/v) skim milk. Then the target proteins were detected on a Bio-Rad
ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Hercules, CA,
USA) using FDbio-Femto ECL kit (cat no. FD8030, Hangzhou Fude Bio-
logical Technology) after commercial primary and secondary antibodies
incubation. The primary and secondary antibodies used in this study were
purchased from Cell Signaling Technology, Inc. (including HA-Tag
(C29F4; cat no. 11846S), DYKDDDDK Tag (D6W5B; cat no. 15008S)
and Myc-Tag (71D10; cat no. 2278S) rabbit mAb) (Danvers, MA, USA),
Abways Technology (including RACK1 (cat no. CY8667), Lamin B1 (cat no.
AB0054), NF-kB p65 (cat no. CY5034) Rabbit mAb) (Shanghai, China),
TransGen Biotech Co., Ltd (B-Tubulin (cat no. HC101) mouse mAb)
(Beijing, China), Beyotime Biotechnology (GST (cat no. AF0174) mouse
mAb) (Shanghai, China) or Hangzhou Fude Biological Technology CO.,
LTD. (HRP AffiniPure Goat Anti-Mouse (cat no. FDM007) IgG and Anti-
Rabbit (cat no. FDR007) IgG).

Co-IP

To perform Co-IP, tag protein (Myc, HA or Flag) was fused with target
genes (HsMKRN1S/L, OaRACK1 and He-SPI-I8A/B) followed by inserting
into pcDNA3.1(+) vector. EGFP, mCherry and HA was fused to the
C-terminal of RACKI1 to construct the recombinant plasmid based on the
parental vector pLenti CMV Puro (A vector, without EGFP, which was
modified from pLenti CMV GFP Puro) for generating stably transfected cell
line (293 T:RACKI1-EGFP, 293 T:RACK1-mCherry and 293 T:RACK1-
HA). These three cell lines were separately paired with HSMKRN1S/L-Flag,
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OaMKRNI1-HA was paired with Hc-SPI-I8A/B-Flag and OaRACK1-HA
was respectively paired with Hc-SPI-I8A/B-Flag and OaMKRN1-Flag for
Co-IP analysis using anti-FLAG-conjugated magnetic beads (Bimake,
Shanghai, China). HsSMKRN1L-Flag was paired with OaRACKI-Myc or
Hec-SPI-I8A/B-Myc followed by Co-IP via anti-Myc-conjugated magnetic
beads (cat no. B26301, Bimake). Subsequent co-transfection, whole cellular
lysates (WCL) preparation and Co-IP were carried out following the pre-
vious study and the supplier’s instructions’.

Nuclear and cytoplasmic protein extraction

For analysing the nuclear p65 protein level, the Flag tag was fused to RACK1
and its mutants, and the Myc tag was fused to HSMKRN1L, OaMKRN1 and
Hc-SPI-I8A/B. The separation of nuclear and cytoplasmic proteins was
performed based on the publication®”. The HEK 293 T cells, transfected with
the above vectors, were collected by centrifugation, and then washed by
phosphate buffered saline (PBS) for at least three times. After several times
of centrifuging and washing using 1:10 diluted NP-40 Lysis Buffer (Beyo-
time Biotechnology), the proteins in nuclear and cytoplasmic proteins were
obtained from the sediments and supernatants, respectively. And the
nuclear p65 protein level was examined through immunoblotting after
sample preparation. Tubulin and Lamin B1 were used as internal control of
cytoplasmic and nuclear proteins.

Luciferase reporter assay

The HsMKRN1L, OaMKRN1, He-SPI-I8A/B and RACKI1 were respectively
constructed into pcDNA3.1(+) and transfected in HEK 293 T cells, for NF-
kB activity detection via luciferase reporter assays. The pNFkB-TA-luc (cat
no. D2207, Beyotime Biotechnology Ltd., Shanghai, China) and Renilla
luciferase pRL-TK (cat no. D2760, Beyotime Biotechnology) were used as a
reporter plasmid and an internal control, respectively. About 5 x 10° HEK
293 T cells were seeded in a 24-well plate and maintained in a suitable
atmosphere for 24 h. The co-transfection of reporter, control and target gene
plasmids mixture were performed as above described. The cell lysates were
prepared by passive lysis buffer (cat no. E1941, Promega Corporation,
Madison, W1, USA) and detected using a Dual Luciferase Reporter Gene
Assay Kit (cat no. 11405ES60, Yeason Biotechnology Ltd., Shanghai, China).
Each transfection and testing were repeated three times.

Lentivirus-based RNA interference

Gene knockdown of HSMKRN1L and OaMKRNI1 were performed in HEK
293 T cells with shRNAs (5-GCGAGGGTACTGTATTTATGG-3 and 5-
GGAGCTGCCCATTTGGAGGGA-3, respectively), which were designed
by BLOCK-iT RNAi Designer of Thermo Fisher Scientific (https://
rnaidesigner.thermofisher.com/rnaiexpress/setOption.do?designOption=
shrna&pid=8881051661280476335). Lentivirus-mediated shRNA delivery
system, functioned by pLKO.1 (cat no. 8453, Addgene), psPAX2 and
pMD2.G vectors, was used to knockdown the target genes according to the
description of previous study™ and the above protocols (OAR-LI cells
transduction), including virus packaging and transduction. The treated
HEK 293 T cells were collected 48-72 h after plating for RNA isolation and
subsequent transcriptional level analysis of target genes via RT-qPCR.

Inflammatory bowel disease model

Inflammatory bowel disease was conducted in mice by DSS®. C57BL/6 mice
(n =20) were randomly separated into four groups, with group 1 provided
with fresh water, group 2 provided with fresh water containing 2.5% DSS
(cat no. 02160110, MP Biomedicals), group 3 intraperitoneally injected with
50 pg recombinant SPI-I8, and group 4 provided with fresh water con-
taining 2.5% DSS and injected with 50 pg recombinant SPI-I8. After seven
days of treatment, the mice were sacrificed by cervical dislocation and the
length of the colon of each mouse was measured at autopsy.

Lethal sepsis model
The induction of sepsis was conducted on mice by injection with LPS as
described elsewhere™. C57BL/6 (n =20) were separated into two groups,

with group 1 pre-treated with 50 pg SPI-18 by intraperitoneal injection every
day for three days, then treated with 150 ug SPI-I8 and 50 mg LPS (cat no.
L4391, Sigma-Aldrich) by tail vein injection on day 4, and group 2 treated
with the same volume of PBS and 50 mg LPS on day 4. Death of treated mice
were observed every 24 hours until all the mice of control group died.

Statistics and reproducibility

At least three biological or technical replicates were included, and data were
presented as mean * standard deviation (SD) or mean + standard error of
mean (SEM). The difference of relative mRNA, luciferase activity and nuclear
P65 (gray value) level was analysed by Student’s ¢ test (comparation between
two groups) or one-way analysis of variance (ANOVA) (comparation among
three or more groups). P < 0.05 was regarded as statistically significant.

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

Data availability

All data have been provided in the manuscript or supplementary infor-
mation files (Supplementary Figs. 1-7, Supplementary Data 1/Supple-
mentary Tables 1-4 and Supplementary Data 2). The source data in the
current study are available from the corresponding author upon reasonable
request. The raw data of IP-MS have been submitted to iProX (https://www.
iprox.cn/page/home.html) under ProteomeXchange ID PXD055614. The
newly generated plasmids in this study (pLenti CMV mCherry Puro,
Addgene ID: 234407) has been deposited in Addgene.
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