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18  Abstract

19  Regnase-1 is an endoribonuclease crucial for controlling inflammation by degrading mRNAs
20 encoding cytokines and inflammatory mediators in mammals. However, it is unclear how
21  Regnase-1-mediated mRNA decay is controlled in interleukin (IL)-1p or Toll-like receptor
22 (TLR) ligand-stimulated cells. Here, by analyzing the Regnase-1 interactome, we found that
23 IL-1B or TLR stimulus dynamically induced the formation of Regnase-1-f-transducin repeat-
24 containing protein (BTRCP) complex. Importantly, we also uncovered a novel interaction
25  between Regnase-1 and 14-3-3 in both mouse and human cells. Strikingly, both interactions
26 occur in a mutually exclusive manner, underscoring the importance of modulating Regnase-
27  1’s activity. Additionally, we show that in IL-1R/TLR-stimulated cells, the Regnase-1-14-3-
28 3 interaction is mediated by IRAKI1 through a previously uncharacterized C-terminal
29  structural domain. Phosphorylation of Regnase-1 at S494 and S513 is critical for Regnase-1-
30  14-3-3 interaction, while a different set of phosphorylation sites of Regnase-1 are known to
31  be required for the recognition by BTRCP and proteasome-mediated degradation. 14-3-3
32  stabilizes Regnase-1 but abolishes its activity by inhibiting Regnase-1-mRNA association.
33 Furthermore, nuclear-cytoplasmic shuttling of Regnase-1 is abrogated by 14-3-3 interaction.
34  Taken together, the results suggest that a novel inflammation-induced interaction of 14-3-3
35  with Regnase-1 stabilizes inflammatory mRNAs by sequestering Regnase-1 in the cytoplasm

36  to prevent mRNA recognition.
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37  Introduction

38  The expression of proinflammatory cytokines is the hallmark of innate immune responses
39  against microbial infection. Whereas inflammatory responses are critical for the elimination
40  of invading pathogens, excess and chronic inflammation can culminate in tissue destruction
41 and autoimmune diseases. When innate immune cells encounter pathogen-associated
42 molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), they are
43  sensed by pattern-recognition receptors such as Toll-like receptors (TLRs), triggering the
44  transcription of inflammatory genes (Fitzgerald & Kagan, 2020; Takeuchi & Akira, 2010).
45 The expression of inflammatory genes is also controlled by post-transcriptional
46  mechanisms to facilitate or limit inflammatory responses (Anderson, 2010; Carpenter et al.,
47  2014; Turner & Diaz-Mufioz, 2018). Regnase-1 (also referred to as Zc3h12a or Mcpipl), an
48  RNase, is a critical regulator of inflammation. Regnase-1 binds to and degrades inflammatory
49  mRNAs such as IL6 or IL12b by recognizing stem-loop structures present in the 3’
50  untranslated regions (Matsushita et al., 2009; Mino et al., 2015). Regnase-1-deficient mice
51  exhibit an autoimmune phenotype, indicating its importance as a negative regulator of
52 inflammation (Matsushita et al., 2009; Uehata et al., 2013). Regnase-1 efficiently suppresses
53  the expression of its target genes by degrading CBP80-bound mRNAs during the pioneer-
54  round of translation by associating with ribosome and a helicase protein, UPF1 (Mino et al.,
55 2015, 2019). CBP80 binds to newly synthesized mRNAs in the nucleus and is replaced by
56  elF4E after the pioneer round of translation following mRNA export from the nucleus

57 (Maquat et al., 2010; Miiller-Mcnicoll & Neugebauer, 2013). Thus, it is possible that
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58  Regnase-1 recognizes target mRNAs in the steps leading to the pioneer round of translation.
59 The stability of cytokine mRNAs is dynamically regulated in innate immune cells
60  under inflammatory conditions (Carpenter et al., 2014; Hao & Baltimore, 2009; Turner &
61  Diaz-Mufioz, 2018). Post-translational control of Regnase-1 in response to inflammatory
62  stimuli contributes to extending half-lives of inflammatory mRNAs. Stimulation of cells with
63  TLR-ligands, IL-1B, or IL-17 results in the activation of IkB kinases (IKKs), which
64  phosphorylate Regnase-1 at S435 and S439, in addition to IkBa (Iwasaki et al., 2011;
65  Kakiuchi et al., 2020; Nanki et al., 2020; Tanaka et al., 2019). Regnase-1, phosphorylated at
66  S435 and S439 is subsequently recognized by BPTRCP, one of the components in the SKP1-
67  CULI1-F-box (SCF) complex, which induces K48-linked polyubiquitination of Regnase-1,
68  followed by proteasome-mediated degradation (Iwasaki et al., 2011). On the other hand, these
69  stimuli also induce transcription of Regnase-1 (Iwasaki et al., 2011). Consequently, the
70  protein level of Regnase-1 drastically changes during these stimulations; Regnase-1 levels
71  decrease immediately after the stimulation and then increase to levels higher than its pre-
72 stimulation. However, the post-translational regulatory mechanism of Regnase-1 following
73 inflammatory stimuli is still not fully elucidated.

74 14-3-3 family proteins are conserved among species and are known to form hetero-
75  or homo-dimer (Aitken, 2006; Pennington et al., 2018). The 14-3-3 dimer binds to various
76  phosphorylated proteins using its two phosphor-S/T binding pockets which recognize unique
77  phospho-peptides (Muslin et al., 1996; Yaffe et al., 1997). Although 14-3-3 itself has no

78  enzymatic activity, 14-3-3 is known to modulate the properties of target proteins, such as
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79  protein stability or localization (Aitken, 2006; Pennington et al., 2018).

80 In this study, we utilized an interactome-based approach to isolate Regnase-1 protein
81  complexes and found that TLR-ligand, IL-1p, or IL-17 stimulation induces the formation of
82  the Regnase-1-14-3-3 or -BTRCP complex in a mutually exclusive manner. The
83  phosphorylation of Regnase-1 at S494 and S513 is responsible for binding with 14-3-3,
84  which in turn stabilizes Regnase-1 protein by excluding BTRCP competitively. However, 14-
85  3-3-bound Regnase-1 is not functional because 14-3-3 prevents Regnase-1 from recognizing
86  target mRNAs. In addition, we found that nuclear-cytoplasmic shuttling of Regnase-1 is
87  inhibited by 14-3-3’s association with Regnase-1. Collectively, we identified a novel 14-3-3-
88  mediated molecular mechanism which controls Regnase-1; a distinctly independent
89  mechanism from BPTRCP-mediated protein degradation of Regnase-1.

90
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91  Results

92  Regnase-1 interactome analysis revealed dynamic recruitment of 14-3-3 upon

93  stimulation

94  To comprehensively uncover Regnase-1-associating proteins in steady state and under

95 inflammatory conditions, we stimulated HeLa cells expressing FLAG-HA-tagged Regnase-

96 1 with or without IL-1f and immunoprecipitated Regnase-1 immediately after treatment with

97 a crosslinking reagent, Dithiobis(succinimidyl propionate) (DSP) (Figure 1A). Consistent

98  with previous reports, mass spectrometry analysis revealed that Regnase-1 interacted with

99 translation-related proteins such as ribosomal proteins in unstimulated cells (Mino et al.,
100  2015). Whereas IL-1B stimulation reduced the association between Regnase-1 and
101  translation-related proteins, the stimulation strongly induced the association between
102 Regnase-1 and SCF complex proteins such as fTRCP1/2, CULI, and SKP1 (Iwasaki et al.,
103 2011). In addition to these proteins, we identified 14-3-3 family proteins as novel Regnase-
104  l-associating proteins under IL-1B-stimulated conditions (Figure 1B). Consistently,
105  immunoprecipitation analysis revealed that endogenous Regnase-1 was co-precipitated with
106  Myc-tagged 14-3-3¢ as well as with HA-tagged BPTRCP in HeLa cells in response to IL-1
107  stimulation (Figure 1C).
108 As the 14-3-3 family consists of seven paralogs in human and mouse (Aitken, 2006),
109  we investigated the binding of these members to Regnase-1 via immunoprecipitation (Figure
110  1—figure supplement 1). Among seven of the 14-3-3 proteins, 14-3-3-B, v, and ¢ strongly

111  interacted with Regnase-1, while 14-3-3-(, n, and 0 showed weak interaction. Interestingly,
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112 Regnase-1 failed to associate with 14-3-3-c, the latter of which was reported to exclusively
113 form a homodimer but not a heterodimer with other 14-3-3 isoforms (Verdoodt et al., 2006).
114 To investigate if stimulation with TLR ligands also induces Regnase-1-14-3-3
115  binding, we stimulated RAW267.4 macrophages stably expressing Myc-14-3-3¢ with
116  Pam3CSK4 (a ligand for TLR1/2), poly I:C (a ligand for TLR3), LPS (a ligand for TLR4),
117  R848 (aligand for TLR7/8), or CpG DNA (a ligand for TLR9), and immunoprecipitated 14-
118  3-3¢ with an anti-Myc antibody. The Regnase-1-14-3-3 interaction was induced by all TLR
119  ligands tested except for poly I:C (Figure 1D). All TLRs other than TLR3 signal through
120  MyD88, while TLR3 utilizes TRIF as an adaptor to trigger intracellular signaling (Fitzgerald
121 & Kagan, 2020; O’Neill et al., 2013; Takeuchi & Akira, 2010). Considering that IL-1p signal
122 is also dependent on MyD88 (Akira et al., 2006), MyD88-dependent, but not TRIF-
123 dependent, signaling pathways trigger the Regnase-1-14-3-3 binding.

124 Collectively, these results demonstrate that IL-1R/TLR stimulation induces dynamic
125  remodeling of the Regnase-1-associating protein complex from translation machineries to

126 SCF complexes and/or 14-3-3 proteins.
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Figure 1 | IL-18 or TLR1/2/4/7/8/9-ligand stimulation induces Regnase-1-14-3-3

interaction.

(A) Schematic illustration of the DSP-crosslinking workflow. (B) Protein-protein interaction

of the Regnase-1 (Regl)-associating proteins. Each node represents Regnase-1 associating

protein. The proteins whose association with Regnase-1 is weakened or enhanced in IL-1p-
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stimulated cells are colored in blue or red, respectively. (C) Immunoblot analysis of
immunoprecipitates (IP: Myc or IP: HA) and WCL (whole cell lysates) from HeLa cells
transiently expressing Myc-14-3-3¢ and HA-BTRCP1 stimulated with IL-1B (10 ng/ml) for
indicated time. (D) Immunoblot analysis of immunoprecipitates (IP: Myc) and WCL from
RAW264.7 or RAW264.7 stably expressing Myc-14-3-3¢ stimulated with Pam3CSK4 (10
ng/ml), poly I:C (100 pg/ml), LPS (100 ng/ml), R848 (100 nM), or CpG DNA (1 uM) for 4
hours.
127
128  Phosphorylation of Regnase-1 at S494 and S513 is necessary for Regnase-1-14-3-3
129  binding
130  Since 14-3-3 proteins are known to recognize phosphorylated proteins (Muslin et al., 1996),
131  we investigated if 14-3-3-bound Regnase-1 is phosphorylated by inflammatory stimuli. SDS-
132 PAGE analysis revealed that Regnase-1 band migration was slower in samples stimulated
133 with IL-1B or TLR ligands - a hallmark of Regnase-1 phosphorylation (Figure 1C-D, 2A,
134 and Figure 2—figure supplement 1) (Iwasaki et al., 2011; Tanaka et al., 2019). Indeed, the
135  mobility change of Regnase-1 was abolished when the cell lysates were treated with A-protein
136  phosphatase (APP) (Figure 2A—B). Furthermore, the Regnase-1 band in the 14-3-3-precipitate
137  migrated slower; APP treatment of the 14-3-3-precipitate abolished this phenomenon (Figure
138  2A-B). Thus, 14-3-3 specifically binds to phosphorylated Regnase-1.
139 We next scrutinized Regnase-1 phosphorylation sites induced by IL-1 stimulation to

140  identify phosphorylation sites critical for the Regnase-1-14-3-3 interaction. We purified
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141 FLAG-HA-Regnase-1 from HeLa cells stimulated with or without IL-1p and identified IL-
142 1B-inducible phosphorylation sites by LC-MS/MS (Figure 2C and Figure 2—figure
143 supplement 1). We found that the phosphorylation at S21, S61, S62, S362, S439, S470, S494,
144  and S513 of Regnase-1 was increased in response to IL-1f stimulation. To identify Regnase-
145 1 phosphorylation sites responsible for binding with 14-3-3, we mutated serine residues on
146  Regnase-1 phosphorylation sites into alanine and probed its association with 14-3-3. Among
147  the Regnase-1-SA mutants, S494A and S513 A mutants failed to be co-precipitated with 14-
148  3-3 (Figure 2D), indicating that phosphorylation at both of S494 and S513 is necessary for
149  the Regnase-1-14-3-3 interaction. Both phosphorylation sites harbor a pSxP sequence, which
150  shows similarity with a known 14-3-3 binding motif, RxxpSxP, mode 1 (Yafte et al., 1997).
151  Noteworthy, amino acid sequences surrounding S494 and S513 are highly conserved among
152  many species (Figure 2E—F).

153 We next investigated the mechanism of how Regnase-1 phosphorylation is regulated
154 by inflammatory stimuli. In response to IL-1 or TLR ligands stimulation, MyD88 associates
155  with IRAK kinases, IRAK1 and IRAK?2, via the death domain (Gottipati et al., 2008; Wesche
156  etal, 1997). A part of C-terminal region of IRAKSs in turn interacts with TRAF6 to activate
157 NF-xB (Ye et al., 2002). We found that overexpression of IRAK1 and IRAK2 induced
158  Regnase-1-14-3-3 binding (Figure 2G). In contrast, the interaction between Regnase-1 and
159  14-3-3 was not induced by the expression of a kinase-inactive mutant (T209A) IRAK1
160  (Kollewe et al., 2004) or a deletion mutant lacking death domain (A1-103) of IRAKI,

161  indicating that the Regnase-1-14-3-3 binding requires the IRAK1 kinase activity as well as

10
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162 recruitment to MyD88 (Figure 2H-I). Although the C-terminal 619-710 portion of IRAK1
163  was also required for Regnase-1-14-3-3 binding, point mutations in TRAF6 binding sites
164  (E541/E584/E704A) (Ye et al., 2002) did not abolish the Regnase-1-14-3-3 binding (Figure
165  2H-I). In silico prediction suggested the presence of a C-terminal structural domain (CSD)
166  in the 619-710 of IRAKI1 (Figure 2—figure supplement 3). In the CSD of IRAKI, highly
167  conserved amino acids, R663 and K665, are critical for the Regnase-1-14-3-3 binding (Figure
168  2I), suggesting that the CSD of IRAK controls Reganse-1-14-3-3 interaction irrespective of
169  the recruitment of TRAF6. Of note, the R663/K665A mutant IRAK1 was capable of
170  activating NF-kB (Figure 2—figure supplement 4), indicating that the IRAK1 C-terminal
171  region has two distinct functions: NF-kB activation through TRAF6 binding sites and the
172 induction of Regnase-1-14-3-3 interaction through the CSD.

173 S494 and S513 of Regnase-1 are also reported to be phosphorylated by
174 overexpression of Actl together with TANK-binding kinase 1 (TBK1) or IKK-i/e, which
175  mimics IL-17 signaling (Tanaka et al., 2019). We detected phosphorylation at S494 and S513
176  of Regnase-1 in IL-17A-stimulated cells as well as IL-1B-stimulated cells by LC-MS/MS
177  (Figure 2—figure supplement 5, 6). Furthermore, we found that IL-17A stimulation also
178  induced Regnase-1-14-3-3 binding (Figure 2—figure supplement 7).

179 Collectively, these data demonstrate that the IRAK-dependent phosphorylation of

180  Regnase-1 at S494 and S513 is necessary for the association between Regnase-1 and 14-3-3.

11
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Figure 2 | IL-1B-induced phosphorylation of Regnase-1 at S494 and S513 is necessary
for Regnase-1-14-3-3 binding.

(A) Immunoblot analysis of APP-treated immunoprecipitates (IP: HA) and WCL from HeLa
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cells transiently expressing HA-14-3-3¢ stimulated with IL-1p (10 ng/ml) for 4 hours. S.E.:
short exposure, L.E.: long exposure. (B) The intensity of Regnase-1-bands in (A). (C)
Quantitation of phosphosites on Regnase-1 in HeLa cells stimulated with or without IL-1f3
(10 ng/ml) for 4 hours. Each dot shows phosphosite quantitative ratio between IL-1p + and
IL-1p -. Phosphosites with log> ratio > 1 were colored with red. Black horizontal line shows
Regnase-1 protein quantitative ratio derived from the average of non-phosphopeptide
quantitative ratios, and its error bars show the standard deviation. (D) Immunoblot analysis
of immunoprecipitates (IP: HA) and WCL from HeLa cells transiently expressing HA-14-3-
3¢ and FLAG-Regnase-1-WT or indicated mutants stimulated with IL-1 for 4 hours. (E)
Schematic illustration of Regnase-1 protein. The amino acid sequence including S494 and
S513 shown in (E) is highlighted in green. NTD: N-terminal domain, ZF: Zinc finger domain,
CTD: C-terminal domain. (F) The amino acid sequences including S494 and S513 of
Regnase-1 from mouse and other indicated vertebrates. (G) Immunoblot analysis of
immunoprecipitates (IP: Myc) and WCL from HeLa cells transiently expressing Myc-14-3-
3¢ and HA-Regnase-1-WT or indicated mutants stimulated with IL-1p (10 ng/ml) for 4 hours.
(H) Schematic illustration of IRAK1 protein. The amino acid sequence in CSD of IRAK1
and IRAK?2 from mouse and other indicated vertebrates are also shown. DD: Death domain,
CSD: C-terminal structural domain. (I) Immunoblot analysis of immunoprecipitates (IP: HA)
and WCL from HeLa cells transiently expressing FLAG-Regnase-1-WT, HA-14-3-3¢, and
Myc-IRAK1-WT or indicated mutants.

181
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182  The binding of 14-3-3 and BTRCP to Regnase-1 is mutually exclusive

183  MyD88-dependent signaling also induces IKK-mediated phosphorylation of Regnase-1 at
184  S435 and S439, which allows recognition of Regnase-1 by PTRCP (Iwasaki et al., 2011).
185  With this, we examined the relationship between the association of Regnase-1 to 14-3-3 and
186 to PTRCP. We found that Regnase-1 harboring S435A and S439A mutations permitted
187  interaction with 14-3-3 but failed to recruit BTRCP (Figure 3A-B). Reciprocally, the S494A
188  or S513A mutation of Regnase-1 did not inhibit the association between Regnase-1 and
189  BTRCP (Figure 2B), indicating that the phosphorylation of Regnase-1 at S494 or S513 or the
190  Regnase-1-14-3-3 binding is dispensable for the Regnase-1-BTRCP association. We next
191  checked the phosphorylation status of PTRCP-bound and 14-3-3-bound Regnase-1. Since
192  BTRCP-mediated polyubiquitination potentially alters the molecular weight of Regnase-1,
193  we utilized a BTRCP mutant which is unable to induce polyubiquitination due to the lack of
194  the F-box domain (BTRCP-AF). Interestingly, the SDS-PAGE analysis revealed that fFTRCP-
195  AF-bound Regnase-1 migrated faster than 14-3-3-bound Regnase-1 (Figure 2C-D),
196  indicating that BTRCP likely binds to 14-3-3-free Regnase-1.

197 These results demonstrate that the binding of Regnase-1 to 14-3-3 and BTRCP is a
198  mutually exclusive event, although IL-I1 stimulation simultaneously induces

199  phosphorylation of Regnase-1 at S494 and S513 as well as S435 and S439.

14


https://doi.org/10.1101/2021.07.15.452458
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.15.452458; this version posted July 15, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

200

201

202

203

HA-Reg1
Myc-14-3-3¢
IL-1B (4 h)

_ | 1B:HA
28| ean
o E 1B: Myc

(14-33¢)
1B: HA
(Reg)
3 1B: Myc
Q
= (14-33¢)
1B: Actin

+ S435/439A
+  S494A
+ S513A

+
+
+

IP: FLAG
(BTRCP1)

H

Input
(WCL)

m |

IB: FLAG

(BTRCP1)

IB: HA

(Reg1)

IB: FLAG Y ] |
(BTRCP1) A

available under aCC-BY 4.0 International license.

K. Akaki et al.

< HA-14-3-3s + + - + + -
8 . . FLAGHTROPAF + + - + + -
83 2 LB 4 h) - + - s .
HA-Reg1 -5EE P83 -
o o o
FLAG-BTRCP1 - + + + + + 5 5 5 T T« I <«
a o o L I oL T o T
IL-1B (4 h) - - £EEf s i aaoaa
1B: HA . -
(Reg1) - 5 SE
o
a |LE -

IB: FLAG
(BTRCP-AF)

IB: HA
A ‘— - - ‘

Reg1 (input)
= 14-3-3-bound Reg1
== BTRCP-bound Reg1

Band
intensity

Slow (upper) Migration Fast (lower)

Figure 3 | The binding of 14-3-3 and PTRCP to Regnase-1 is mutually exclusive.

(A) Immunoblot analysis of immunoprecipitates (IP: Myc) and WCL from HeLa cells

transiently expressing Myc-14-3-3¢ and HA-Regnase-1-WT or indicated mutant stimulated

with IL-1B (10 ng/ml) for 4 hours. (B) Immunoblot analysis of immunoprecipitates (IP:

FLAG) and WCL from HeLa cells transiently expressing FLAG-BTRCP1 and HA-Regnase-

I-WT or indicated mutant stimulated with IL-1p (10 ng/ml) for 4 hours. (C) Immunoblot

analysis of immunoprecipitates (IP: FLAG or HA) and WCL from HeLa cells transiently

expressing FLAG-BTRCP-AF and HA-14-3-3¢ stimulated with IL-1f (10 ng/ml) for 4 hours.

S.E.: short exposure, L.E.: long exposure. (D) The intensity of Regnase-1-bands in (C).
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The S513A mutation destabilizes Regnase-1 protein without affecting target mRNA

To evaluate the functional roles of Regnase-1-14-3-3 interaction, we generated Regnase-
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204  [SSBASSBA knock-in mice (Figure 4—figure supplement 1). Regnase-15313453134 mice did
205  not show gross abnormality, nor did they exhibit alteration in the numbers of T, B cells or

206  macrophages (data not shown). We stimulated mouse embryonic fibroblasts (MEFs) derived

IWT/WT ISSI3A/SSI3A

207  from Regnase- and Regnase- mice with IL-1p and checked Regnase-1
208  expression (Figure 4A). Immunoblot analysis revealed that Regnase-1 was degraded 30 min
209  after stimulation in both WT and S513A mutant MEFs. Following this, Regnase-1 levels
210  increased in WT MEFs at 2 and 4 hours after stimulation (Figure 4A). Notably, most of the
211  newly synthesized Regnase-1 showed slow migration and was able to associate with 14-3-3.
212 On the other hand, the slowly migrating Regnase-1 band did not appear in Regnase-
213 [SSBASSBA MEFs after IL-1B stimulation. Interestingly, the amount of Regnase-1 not
214  interacting with 14-3-3 (lower bands) was comparable between WT and Regnase- 1513455134
215  atcorresponding time points. Consequently, total Regnase-1 protein expression was severely
216  reduced in Regnase-1313AS13A MEFs compared with WT after IL-1B stimulation (Figure
217  4A). Similar results were also obtained when bone marrow-derived macrophages (BMDMs)

] WT/WT and

218  and thioglycollate-elicited peritoneal exudate cells (PECs) derived from Regnase-
219 Regnase-153134S513A mice were stimulated with LPS (Figure 4B—C). Nevertheless, Regnase-
220 1 mRNA levels were comparable between Regnase-1VTVT and Regnase-1313AS513A cells
221  (Figure 4D-F), suggesting that S513 A mutation affects protein stability of Regnase-1. Indeed,
222 treatment of Regnase-153134/8313A PECs with MG-132, a proteasome inhibitor, resulted in the

223  increase of smearing in the band patterns of Regnase-1 in LPS-stimulated cells (Figure 4C),

224 possibly due to the inhibition of degradation of polyubiquitinated Regnase-1. These data
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225  indicate that the phosphorylation of Regnase-1 at S513 stabilizes Regnase-1 protein after IL-
226 1P or LPS stimulation by binding with 14-3-3.

227 We next checked whether the altered Regnase-1 expression by the S513A mutation
228  affects Regnase-1-mediated mRNA decay. Despite the huge difference in Regnase-1

229  expression, the expression of //6, a transcript degraded by Regnase-1 (Figure 4—figure

]WT/WT ]SSl3A/SSl3A

230  supplement 2), was comparable between Regnase- and Regnase- cells
231  (Figure 3D-I). Even when we analyzed gene expression profile comparing Regnase-1VTWT
232 and Regnase-15°"3SS13A macrophages by an RNA-seq analysis (Figure 4—figure

233 supplement 3), we did not identify any differentially expressed genes (adj P<0.05) between

234 Regnase-1V"VT and Regnase-15313~513A macrophages irrespective of the stimulation with
235 LPS.
236 To examine the mechanisms underlying these observations, we developed two

237  mathematical models based on our previous studies (see Materials and Methods) (Iwasaki et
238 al., 2011; Mino et al., 2019). The first model (Model 1) assumes that 14-3-3-bound Regnase-
239 1 is unable to degrade its target mRNAs (Figure 4J). The second model (Model 2) assumes
240  that Regnase-1 binding with 14-3-3 maintains its ability to degrade its target mRNAs to a
241  certain extent (Figure 4K). Mathematical analysis showed that in Model 2, the abundance of
242 the 716 mRNAs should be different between Regnase-1""VT and Regnase-1313AS513A cells
243 under the condition that the amount of 14-3-3-free Regnase-1 protein (lower bands in Figure
244  4A-C) is comparable between them. Our observations that the abundance of the target

245  mRNAs did not differ between Regnase-1V"VT and Regnase-15313453134 cells in the late
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phase of stimulation is inconsistent with Model 2, suggesting that Reganse-1 is inactivated
upon binding to 14-3-3.

These results suggest that the phosphorylation at S513 and the following association
with 14-3-3 nullifies Regnase-1’s ability in degrading target mRNAs, although it stabilizes

and significantly upregulates the abundance of Regnase-1.

18
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Figure 4 | The S513A mutation destabilizes Regnase-1 protein but does not affect target
mRNA abundance.

(A)-(C) Immunoblot analysis of Regnase-1V"VT and Regnase-1513~513A MEFs stimulated
with IL-1B (10 ng/ml) (A), BMDMs stimulated with LPS (100 ng/ml) (B), and thioglycollate-
elicited PECs stimulated with LPS (100 ng/ml) (C) for indicated time. PECs were pretreated

with MG-132 (5 uM) 2 hours before the stimulation. (D)-(F) mRNA expression of Regnase-
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1 and 116 in Regnase-1V""VT and Regnase-15°13~5513A MEFs stimulated with IL-1p (10 ng/ml)
for 4 hours (D), BMDMs stimulated with LPS (100 ng/ml) for 4 hours (E), and thioglycollate-
elicited PECs stimulated with LPS (100 ng/ml) for indicated time (F). (G)-(I) IL-6 secretion
in Regnase-1V""VT and Regnase-15°'3*5313A MEFs stimulated with IL-1B (10 ng/ml), IL-17A
(50 ng/ml), or TNF (10 ng/ml) for 24 hours (G), BMDMs stimulated with Pam3CSK4 (1 or
10 ng/ml), poly I:C (10 or 100 ng/ml), LPS (10 or 100 ng/ml), R848 (10 or 100 nM), or CpG
DNA (0.1 or 1 uM) for 24 hours (H), and thioglycollate-elicited PECs stimulated with LPS
(100 ng/ml), R848 (100 nM), or IL-1f (10 ng/ml) for 24 hours (I). (J) Schematic
representation of Model 1 in which 14-3-3-bound Reganse-1 does not have the function of
degrading its target mRNAs This model could explain the experimental observations. (K)
Schematic representation of Model 2 in which 14-3-3-bound Reganse-1 maintains some
ability to degrade its target mRNAs This model is not consistent with the experimental
observations.
In (D)-(1), bars represent mean values of biological replicates (n = 3), and error bars represent
standard deviation. Similar results were obtained from at least two independent experiments.

251

252 14-3-3 inactivates Regnase-1 by inhibiting Regnase-1-RNA binding

253  The mathematical analysis suggests that 14-3-3-bound Regnase-1 is inactive as the S513A

254  mutation failed to affect 7/6 expression in MEFs or macrophages. To examine if this

255  comparable /6 expression was due to increased degradation of Regnase-1-S513A protein via

256  BTRCP, we further mutated PTRCP-recognition sites, S435 and S439, to alanine in Regnase-
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257  1-S513A (Regnase-1-S435/439/513A). As shown in Figure 5A, Regnase-1-S435/439/513A
258  was more potent in suppressing //6 expression compared to WT or other SA mutants,
259  S435/439A and S513A, in response to IL-1P stimulation. These results indicate that IL-13
260  stimulation regulates Regnase-1 by two independent mechanisms via 14-3-3 and BTRCP,
261  respectively.

262 To further examine the mechanism of how 14-3-3 inactivates Regnase-1, we
263  attempted to generate a Regnase-1 mutant which constitutively binds to 14-3-3 even without
264  stimulation. We generated a phospho-mimic mutant of Regnase-1 (S494D/S513D). However,
265  this mutant failed to bind 14-3-3 (Figure 5B), indicating that the phosphate moiety, but not
266  negative charge, is recognized by 14-3-3. Then we utilized a sequence of Exoenzyme S
267  (ExoS), which is a bacterial protein derived from Pseudomonas aeruginosa and is known to
268  bind to 14-3-3 without phosphorylation (Fu et al., 1993; Karlberg et al., 2018; Masters et al.,
269  1999). The 22 amino acids of Regnase-1 covering S494 and S513 were substituted with two
270  ExoS (419-429) sequences (Figure 5C). As a control, we additionally mutated Regnase-1-
271  ExoSx2 by substituting its core sequences for 14-3-3 binding (L426, D427, and L428) with
272  alanine residues (Regnase-1-ExoSAAAx2) (Ottmann et al., 2007; Yasmin et al., 2006). We
273  observed that Regnase-1-ExoSx2, but not Regnase-1-ExoSAAAXx2, interacted with
274  endogenous 14-3-3 without any stimulation (Figure 5B). Using these mutants, we
275 investigated whether 14-3-3 binding alters the activity of Regnase-1 to suppress /6
276  expression. Consistent with its 14-3-3 binding capacity, Regnase-1-ExoSx2, but not

277  Regnase-1-ExoSAAAx2 and -S494D/S513D, lost the activity to inhibit //6 expression
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278  (Figure 5D). Furthermore, the production of IL-6 protein was similarly inhibited depending
279  on the capacity of Regnase-1 to bind 14-3-3 (Figure 5E). In addition, Regnase-1-mediated
280  suppression of [l6 expression was impaired by the overexpression of IRAKI1-WT and
281  E541/E584/E704A mutants, both of which induce Regnase-1-14-3-3 association (Figure 5F).
282  On the other hand, IRAK1 mutants that failed to induce Regnase-1-14-3-3 association
283  (T209A, A1-103, A619-710, and R663/K665A) did not affect the activity of Regnase-1.

284 We next examined how 14-3-3 inhibits the activity of Regnase-1 by investigating
285  Regnase-1-mRNA binding activity using various Regnase-1 mutants. To stabilize Regnase-
286  1-RNA binding, we generated a nuclease inactive version of Regnase-1 by introducing the
287  DI141N mutation to each of Regnase-1 mutant (Matsushita et al., 2009) (Figure 5S—figure
288  supplement 1). As shown in Figure 5G, forced interaction of Regnase-1-D141N with 14-3-3
289 by the ExoSx2 mutation abrogated the binding with /L6 mRNA, whereas IL6 was co-
290  precipitated with Regnase-1-D141IN, -ExoSAAAx2-DI14IN and -S494D/S513D-D141N
291  (Figure 5G). Collectively, these data demonstrate that 14-3-3 inhibits Regnase-1-mRNA

292  binding, thereby abrogating Regnase-1-mediated mRNA degradation.
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Figure 5 | 14-3-3 bound to phospho-S494 and S513 inactivates Regnase-1 by inhibiting
Regnase-1-mRNA binding.

(A) mRNA expression of 7/6 in HeLa cells transiently expressing Regnase-1-WT or indicated
mutants together with 116. Cells were stimulated with IL-1B (10 ng/ml) for indicated time.
(B) Immunoblot analysis of immunoprecipitates (IP: FLAG) and WCL from HeLa cells

transiently expressing FLAG-Regnase-1-WT or indicated mutants. For the IL-1f stimulation,
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cells were stimulated with IL-1B (10 ng/ml) for 4 hours. L.C.: light chain. (C) Schematic
illustration of Regnase-1 and the amino acid sequences of Regnase-1-WT, -ExoSx2, and
ExoSAAAx2. NTD: N-terminal domain, ZF: Zinc finger domain, CTD: C-terminal domain.
(D) mRNA expression of 7/6 in HeLa cells transiently expressing Regnase-1-WT or indicated
mutants together with 116. (E) Secreted IL6 concentration in (D). (F) mRNA expression of
116 in HeLa cells transiently expressing Regnase-1-WT and IRAK1-WT or indicated mutants
together with 7/6. (G) The amount of /L6 mRNAs immunoprecipitated with FLAG-Regnase-
1-D141N or other indicated mutants in HeLa cells.
In (A), (D)-(G), bars represent mean values of biological replicates (n = 3), and error bars
represent standard deviation. P-values were calculated using unpaired, two-sided t-test.
Similar results were obtained from at least two independent experiments.

293

294 14-3-3 inhibits nuclear import of Regnase-1

295  We have previously shown that Regnase-1 interacts with CBP80-bound, but not eI[F4E-bound,

296  mRNAs (Mino et al., 2019), indicating that Regnase-1 degrades mRNAs immediately after

297  the export from the nucleus to the cytoplasm (Maquat et al., 2010; Miiller-Mcnicoll &

298  Neugebauer, 2013). Although Regnase-1 mainly localizes in the cytoplasm (Mino et al.,

299  2015), we hypothesized Regnase-1 shuttles between the nucleus and the cytoplasm to

300 recognize its target mRNAs in association with their nuclear export. To test this hypothesis,

301 we examined the subcellular localization of Regnase-1 following the treatment with

302  Leptomycin B (LMB), which inhibits CRM1 (also known as Exportin-1)-mediated protein
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303  export from the nucleus to the cytoplasm (Yashiroda & Yoshida, 2005). Whereas Regnase-1
304 localized in the cytoplasm in the steady state condition, LMB treatment induced rapid
305 accumulation of Regnase-1 in the nucleus within 30 minutes (Figure 6A). These results
306  suggest that Regnase-1 dynamically changes its localization between the cytoplasm and the
307 nucleus. Given that Regnase-1 dominantly localizes in the cytoplasm in the steady state
308  conditions, the frequency of its nuclear export seems to be higher than its nuclear import.
309 CRM1 is known to recognize a nuclear export signal (NES) of a cargo protein for the
310  protein export (Hutten & Kehlenbach, 2007). Thus, we investigated if Regnase-1 harbors a
311  NES. In silico prediction deduced amino acids 433-447 of Regnase-1 as a potential NES with
312 high probability (Xu et al., 2015) (Figure 6B-D). Indeed, Regnase-1 lacking 422-451
313 spontaneously accumulated in nucleus (Figure 6E). Since NESs are characterized by
314 hydrophobic residues (la Cour et al., 2003), we also inspected which hydrophobic resides of
315 Regnase-1 were important for efficient nuclear export of Regnase-1. We found that 1440,
316 M444, L1447, and W448 of Regnase-1 were critical for the nuclear export of Regnase-1
317  (Figure 5E). Noteworthy, all the residues are highly conserved among species (Figure 5D).
318 We next examined whether 14-3-3 binding controls the localization of Regnase-1.
319  Interestingly, Regnase-1-ExoSx2 failed to accumulate in the nucleus even after LMB
320  treatment while Regnase-1-WT and -ExoSAAAx2 accumulated in the nucleus by LMB
321  treatment (Figure 6F). This result indicates that Regnase-1-ExoSx2 is unable to translocate
322 into the nucleus like Regnase-1-WT. Taken together, 14-3-3 inhibits the nuclear import of

323  Regnase-1 as well as its binding to target mRNAs.

25


https://doi.org/10.1101/2021.07.15.452458
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.15.452458; this version posted July 15, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A LMB

K. Akaki et al.

0 min

30 min

60 min 120 min

FLAG-Reg1 Hoschst Mouse Reg1 o
N NTD RNase domain ~ ZF U 2% CTD ¢
B 1 . 598
Position Sequence Score
40-54 AKEAPTSELQMKVDF 0.004 D
4155 KEAPTSELQMKVDFF 0,016 preskicosins o
Bos taurus LWGVRGGE -
60-74 YSSSEIHSVLQKLGY 0.038 Carts upus familiaris LwavREGG -
Loxodonta africana LWGEVREGS -
433-447 LDSGIGSLESQMSEL 0.208 Monodslphis domestica LWGBRESS -
Gallus gallus N MWP YRSTS -
481-495 FSPFRPAMGAGHFSV 0.011 Ccoie pags e e
562-576  PPHLVEAVMRRFPQL 0.098 il e e
Lepisosteus osulatus -
Poecilia reticulata H
Danio rerio F8EQSQsSFDELH
CGallorhinchus milii IWLsBHTEAMSN
E FLAG-Reg1
wWT N422-451 L433A 1437A L440A Md44A L447A W448A V450A
Q
5
w
E
5
@
o
=
FLAG-Reg1
wT ExoSx2 ExoSAAAX2 L ete L6 ot
P YU NS
=
(=]
= T x x
=
— P
3
Regnase-1 1433
= u x
[as]
E AN

FLAG

Hoechst

Figure 6 | 14-3-3 inhibit nuclear-cytoplasmic shuttling of Regnase-1.

(A) Immunofluorescence analysis of HeLa cells transiently expressing FLAG-Regnase-1-
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WT treated with Leptomycin B (LMB) (10 ng/ml) for indicated time. (B) The result of NES
prediction of Regnase-1 by LocNES. Higher score indicates higher probability. (C)
Schematic illustration of Regnase-1. The amino acid sequence shown in (D) is highlighted in
blue. NTD: N-terminal domain, ZF: Zinc finger domain, CTD: C-terminal domain. (D) The
amino acid sequences including S435/S439 and NES of Regnase-1 from mouse and other
indicated vertebrates. (E) Immunofluorescence analysis of HeLa cells transiently expressing
FLAG-Regnase-1-WT or indicated mutants. (F) Immunofluorescence analysis of HeLa cells
transiently expressing FLAG-Regnase-1-WT or indicated mutants treated with LMB (10
ng/ml) for 1 hour. (G) Model of 14-3-3 and BPTRCP-mediated regulation of Regnase-1. In the
steady state, Regnase-1 shuttles between the nucleus and the cytoplasm and degrades target
mRNAs such as 7/6. Under IL-1p or TLR-ligands stimulation, two different regulatory
mechanisms suppress the activity of Regnase-1 not to disturb proper expression of
inflammatory genes; BPTRCP induces protein degradation of Regnase-1 and 14-3-3 inhibits
nuclear-cytoplasmic shuttling and mRNA recognition of Regnase-1.

324
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325  Discussion

326 In the present study, we discovered that IL-1p and TLR stimulation dynamically
327  changes protein-protein interaction of Regnase-1. Particularly, these stimuli trigger the
328  interaction of Regnase-1 with 14-3-3 as well as BTRCP via phosphorylation at distinct amino
329  acids. Whereas phosphorylation of Regnase-1 at S494 and S513 is recognized by 14-3-3,
330  BTRCP associates with Regnase-1 phosphorylated at S435 and S439. We demonstrated that
331 Regnase-1-14-3-3 and Regnase-1-BTRCP binding are not sequential but mutually exclusive
332 events (Figure 3A-B).

333 14-3-3 and PTRCP inhibit Regnase-1-mediated mRNA decay via distinct
334  mechanisms; 14-3-3 prevents Regnase-1-mRNA binding while BPTRCP induces protein
335  degradation of Regnase-1. Analysis of Regnase-15°13%5513A mice revealed that 14-3-3-
336  mediated abrogation of Regnase-1 can be compensated by the degradation of Regnase-1. The
337  presence of this dual regulatory system underscores the importance of restricting the activity
338  of Regnase-1 to ensure proper inflammatory gene expression when cells encounter PAMPs
339  or DAMPs (Figure 6G).

340 Notably, exome sequence analysis of the colon samples from ulcerative colitis
341  patients discovered mutations in the PTRCP binding site of Regnase-1 (Kakiuchi et al., 2020;
342  Nanki et al., 2020). Furthermore, a previous report showed that Regnase-1 S435/S439A
343  mutant mice were resistant to experimental autoimmune encephalomyelitis (EAE) (Tanaka
344 et al., 2019). All these mutations abolish BTRCP-mediated degradation of Regnase-1.

345 However, genetic association between the 14-3-3-binding site of Regnase-1 and
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346  inflammatory diseases has not been identified so far. This is possibly because of the
347  compensation by BTRCP-mediated regulation, which we observed in Regnase-153134/55134
348  mice. Previous studies have shown that viral proteins or IncRNAs inhibit BTRCP-mediated
349  protein degradation (Guo et al., 2020; Neidel et al., 2019; van Buuren et al., 2014; Yang et
350 al., 2020). 14-3-3-mediated regulation of Regnase-1 may serve as a backup mechanism to
351  control the activity of Regnase-1 when PTRCP-mediated protein degradation is dysregulated.
352 While BTRCP regulates the abundance of Regnase-1 through protein degradation, 14-
353 3-3 regulates the activity of Regnase-1. We found that 14-3-3-bound Regnase-1 failed to
354  associate with mRNAs, indicating that 14-3-3 prevents Regnase-1 from recognizing target
355 mRNA. We have previously shown that an RNase domain and an adjacent zinc finger domain
356  play an important role in Regnase-1-RNA binding (Yokogawa et al., 2016). However, the 14-
357  3-3-binding site of Regnase-1 is in the C-terminal part of Regnase-1, which is distant from
358  RNase and zinc finger domains. Therefore, 14-3-3 is unlikely to inhibit Regnase-1-mRNA
359  binding by simple competition between 14-3-3 and mRNAs for the RNA binding domain of
360 Regnase-1. We have previously reported that Regnase-1 interacts with CBP80-bound, but not
361  elF4E-bound, mRNAs, indicating that Regnase-1 recognizes its target mRNA before or
362  immediately after the nuclear export of the mRNA (Mino et al., 2019). In this study, we found
363  that Regnase-1 shuttles between the nucleus and the cytoplasm while 14-3-3-bound Regnase-
364 1 cannot enter the nucleus. Thus, it is tempting to speculate that Regnase-1 recognizes mRNA

365 in the nucleus and induce mRNA decay during pioneer rounds of translation immediately

366 after the nuclear export (Maquat et al., 2010; Miiller-Mcnicoll & Neugebauer, 2013).
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367  Nevertheless, further investigation is required to clarify the mechanisms of Regnase-1-
368 mediated mRNA decay depending on its nuclear-cytoplasmic shuttling.

369 BTRCP is likely to recognize 14-3-3-free Regnase-1, indicating that 14-3-3 inhibits
370  Regnase-1-BTRCP interaction. There are two possible mechanisms to explain this. One posits
371  that 14-3-3 bound to phosphorylated S494 and S513 of Regnase-1 conceals fTRCP-binding
372 site (pS435 and pS439), although the 14-3-3-binding site does not overlap with fTRCP-
373 binding site completely. The other possible explanation is that 14-3-3-mediated inhibition of
374  nuclear-cytoplasmic shuttling of Regnase-1 controls BTRCP-mediated Regnase-1
375  degradation. Indeed, PTRCP localizes not only in the cytoplasm, but also in the nucleus
376  (Davis et al., 2002). It is plausible that 14-3-3 prevents Regnase-1-BTRCP interaction in the
377  nucleus, by inhibiting nuclear-cytoplasmic shuttling of Regnase-1. Of note, the NES of
378  Regnase-1 is located just adjacent to PBTRCP-binding site (Figure 6C-D), implying
379  possibility of competitive binding of BTRCP and CRM1 to Regnase-1.

380 Among the molecules involved in MyD88-dependent signaling, we found that
381 IRAKI1/2 are potent inducers of the interaction between Regnase-1 and 14-3-3, thereby
382  abrogating Regnase-1-mediated mRNA decay. IRAKs are involved in stabilization of
383  inflammatory mRNAs as well as NF-kB activation (Flannery et al., 2011; Hartupee et al.,
384  2008; Wan et al., 2009). A previous study showed that IRAK1-mediated mRNA stabilization
385 does not require IRAKI1-TRAF6 association (Hartupee et al., 2008). Interestingly, the
386 IRAKI1-TRAF6 association is also dispensable for the Regnase-1-14-3-3 binding. Instead,

387  other evolutionally conserved amino acids in the C-terminal structural domain (CSD) of
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IRAKI1, R663 and K665, are critical for Regnase-1-14-3-3 binding. Considering 14-3-3-
mediated inactivation of Regnase-1, it is plausible that the CSD of IRAKI is the key for
stabilization of inflammatory mRNAs.

In summary, Regnase-1 interactome analysis revealed dynamic 14-3-3-mediated
regulation of Regnase-1 in response to IL-1J and TLR stimuli. Since recent studies identified
Regnase-1 as a high-potential therapeutic target in various diseases (Kakiuchi et al., 2020;
Nanki et al., 2020; Wei et al., 2019), our findings may help maximize the effect of Regnase-

1 modulation or provide an alternative way to control the activity of Regnase-1.
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397  Materials and Methods

398  Mice

399  Regnase-I-deficient mice have been described previously (Matsushita et al., 2009). Regnase-
400  [SSBASSBA knock-in mice were generated using CRISPR/Cas9-mediated genome-editing
401  technology as previously described (Fujihara & Ikawa, 2014). Briefly, a pair of
402  complementary DNA oligos was annealed and inserted into pX330 (Addgene plasmid #
403  42230) (Cong et al., 2013). The plasmid was injected together with the donor single strand
404  oligo into fertilized eggs of C57BL/6J mice. Successful insertion was confirmed by direct
405  sequencing.

406 All mice were grown under specific pathogen-free environments. All animal
407  experiments were conducted in compliance with the guidelines of the Kyoto University
408  animal experimentation committee.

409  Reagents

410  Recombinant cytokines, TLR ligands, and chemical compounds were listed in the key
411  resources table.

412 Cell culture

413  HelLa cells, HEK293T cells, and MEFs were maintained in DMEM (nacalai tesque) with
414 10 % fetal bovine serum (FBS), 1 % Penicillin/Streptomycin (nacalai tesque), and 100 uM
415  2-Mercaptoethanol (nacalai tesque).

416 For the preparation of bone marrow-derived macrophages (BMDMs), bone marrow

417  cells were cultured in RPMI-1640 (nacalai tesque) with 10 % FBS, 1 %
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418  Penicillin/Streptomycin, 100 uM 2-mercaptoethanol, and 20 ng/ml of macrophage colony-
419  stimulating factor (M-CSF) (BioLegend) for 6 days.

420 For the preparation of thioglycolate-elicited peritoneal exudate cells (PECs), mice
421  were intraperitoneally injected with 2 ml of 4% (w/v) Brewer’s thioglycollate medium. 3.5
422  days after the injection, peritoneal macrophages were collected and cultured in RPMI-1640
423 with 10 % FBS, 1 % Penicillin/Streptomycin, and 100 uM 2-mercaptoethanol.

424  Plasmids

425  For the expression of FLAG-tagged proteins, pFLAG-CMV2 (Sigma) was used as a
426  backbone. For the expression of HA- or Myc-tagged proteins, the FLAG sequence of
427 pFLAG-CMV2 was replaced by HA- or Myc-sequence. Mouse Regnase-1 cDNA was
428 inserted into these vectors as previously described (Matsushita et al., 2009). The coding
429  sequences of 14-3-3 and BTRCP were amplified by using cDNAs derived from HeLa cell as
430 templates and inserted into vectors above using In-Fusion HD Cloning Kit (Takara Bio). For
431  Myc-IRAKI1 expression vector, coding sequence of IRAKI1 derived from HA-IRAKI1
432 expression vector (Iwasaki et al., 2011) was used. For the mouse //6 expression vector, the
433  EGFP sequence in pEGFP-C1 was replaced with /6 gene.

434 Deletions or point mutations were introduced using the QuikChange Lightning Site-
435  Directed Mutagenesis Kit (Agilent) or In-Fusion HD Cloning Kit.

436 For the lentiviral packaging vectors, pInducer20 (Addgene plasmid # 44012)
437  (Meerbrey et al., 2011) was modified to generate pInducer20-puro. FLAG-HA-Regnase-1

438  sequence was inserted into pInducer20-puro using In-Fusion HD Cloning Kit.
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439  Plasmid transfection

440  Plasmids were transfected to HeLa cells or HEK293T cells using Lipofectamine 2000
441  (Invitrogen) or PEI max (Polysciences) respectively according to manufacturer's instructions.
442 Generation of doxycycline-inducible FLAG-HA-Regnase-1-expressing HeLa cells

443  HeLa cells expressing FLAG-HA-Regnase-1 in a doxycycline-dependent manner were
444  generated by lentiviral transduction. To produce lentivirus, HEK293T cells were transfected
445  with pInducer20-puro-FLAG-HA-Regnasel together with third generation lentiviral
446  packaging vectors. 6 hours after the transfection, the medium was changed to fresh medium
447  and then the cells were incubated at 37 °C for 48 hours. After the incubation, the medium
448  containing lentivirus was harvested and filtrated through 0.45 pm filter. HeLa cells were
449  incubated with the virus-containing medium at 37 °C for 24 hours, followed by 48-hour-
450  incubation with fresh medium. The transduced cells were selected by 0.5 pg/mL of
451  puromycin (InvivoGen). Single clones were picked and evaluated for their expression of
452  FLAG-HA-Regnase-1 in a dox-dependent manner by immunoblotting.

453  DSP-crosslinking

454  Doxycycline-inducible FLAG-HA-Regnase-1-expressing HelLa cells were treated with
455  doxycycline (1 pug/mL, Sigma) and incubated at 37 °C for 4 hours before the DSP-
456  crosslinking. As a negative control, cells were incubated without doxycycline, and for the IL-
457  1pB-stimulated sample, cells were stimulated with human IL-1B (10 ng/mL, R&D Systems) 2
458  hours before the crosslinking. After the incubation, cells were washed twice with pre-warmed

459  PBS, and then incubated in PBS containing 0.1 mM DSP (TCI) at 37 °C for 30 minutes. After
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460  crosslinking, cells were washed once with pre-warmed PBS and incubated in STOP solution
461  (PBS containing 1 M Tris-HCI pH 7.4) at room temperature for 15 minutes. Cells were then
462  washed with ice-cold PBS twice, followed by cell lysis and immunoprecipitation.

463 Immunoprecipitation

464  Before immunoprecipitation, pre-washed Dynabeads Protein G (Invitrogen) were incubated
465  with either anti-FLAG antibody (Sigma), anti-HA antibody (Sigma), or anti-Myc antibody
466  (Sigma) at 4 °C with rotation for 1 hour.

467 For DSP-crosslinked samples, cells were lysed in IP buffer (20 mM Tris-HCI pH 7.4,
468 150 mM NacCl, and 0.5 % (vol/vol) NP-40) with cOmplete Mini EDTA-free (Sigma),
469  PhosSTOP (Sigma), and 200 U/mL of Benzonase (Millipore) and incubated on ice for 10
470  minutes. The lysates were centrifuged at 15,000 rpm for 5 minutes and the supernatants were
471  incubated with anti-FLAG-antibody-bound Dynabeads at 4 °C with rotation for 2 hours. The
472  beads were then washed with IP buffer three times and incubated in FLAG-elution buffer
473 (100 pg/mL FLAG peptides (Sigma), 50 mM Tris-HCI pH7.4, and 150 mM NaCl) at 4 °C
474  with rotation for 10 minutes twice. Eluted proteins were then immunoprecipitated using anti-
475  HA-antibody-bound Dynabeads at 4 °C with rotation for 2 hours. After the second
476  immunoprecipitation, the beads were washed three times with IP buffer and the proteins were
477  eluted in Urea elution buffer (8 M Urea and 50 mM Tris-HCI pH 8.0). The samples were
478  stored at -80 °C until trypsin digestion. Proteins were reduced with 10 mM dithiothreitol
479  (Fujifilm Wako) for 30 min, alkylated with 50 mM iodoacetamide (Fujifilm Wako) for 30

480  min in the dark, diluted 4-fold with 50 mM ammonium bicarbonate (ABC) buffer, and then
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481  trypsin digestion was performed. After overnight incubation, digestion was stopped by
482  adding trifluoroacetic acid (TFA) (Fujifilm Wako) to a final concentration of 0.5%. The
483  peptide mixture solution was desalted with SDB-XC StageTips (Rappsilber et al., 2007). The
484  ecluates were dried and resuspended in 200 mM 2-[4-2(2-hydroxyethyl)-1-
485  piperazine]ethanesulfonic acid (HEPES) pH 8.5, mixed with 0.1 mg of TMT10-plex labeling
486  reagents (Thermo Fisher Scientific) dissolved in 5 pL acetonitrile (ACN), and incubated for
487 1 h at room temperature. The reaction mixtures were quenched by adding hydroxylamine
488  (Sigma) to give a final concentration of 0.33%. After 15 minutes incubation, the samples
489  were acidified with trifluoroacetic acid, diluted to 5% ACN, and desalted using SDB-XC
490  StageTips. Peptides were dried, resolved in 5 mM ABC buffer and fractionated with a C18-
491  StageTip. Peptides were eluted with 5 mM ABC containing acetonitrile (12.5%, 15%, 17.5%
492 20%, 22.5% and 80%) in step gradient manner. Totally 6 fractions were obtained and
493  analyzed by LC/MS/MS.

494 For the identification of phosphorylation sites of Regnase-1, HeLa cells expressing
495  FLAG-HA-Regnase-1 or FLAG-Regnase-1 were stimulated with IL-1B (10 ng/mL) or IL-
496  17A (50 ng/mL) respectively for 4 hours. The cells were washed with ice-cold PBS twice
497  and lysed in IP buffer with cOmplete Mini EDTA-free and PhosSTOP. Regnase-1 was
498  immunoprecipitated using anti FLAG antibody as described above and eluted from
499  Dynabeads in SDS sample buffer (50 mM Tris—HCI pH 6.8, 2% (wt/vol) SDS, 15% (vol/vol)
500  2-mercaptoethanol, 10% (vol/vol) glycerol and bromophenol blue), followed by incubation

501  at 95°C for 5 minutes. Regnase-1was isolated by electrophoresis and the pieces of the gel
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502  containing Regnase-1 was stored at 4 °C until trypsin digestion. The gels were de-stained for
503 30 min with 200 pL of 50 mM ABC / 50% ACN. Then the gels were dehydrated by the
504  addition of 100% ACN. Proteins were reduced with 500 puL of 10 mM dithiothreitol / 50 mM
505  ABC for 30 min, alkylated with 50 mM iodoacetamide / 50 mM ABC for 30 min in the dark.
506  The gels were washed two times with 200 pL of 0.5% acetic acid / 50% methanol. After
507  washing, gels were re-equilibrated with 50 mM ABC, and subsequently dehydrated by the
508  addition of 100% ACN. 10 pL of trypsin solution (10 ng/uL in 50 mM ABC) was added to
509  gel pieces and incubated for 5 min. Another 50 puL of 50 mM ABC buffer was added to gel
510  samples and incubated at 37 °C for overnight. After that, elastase (Promega) (150 ng/uL in
511  water) was added to the final concentration of 7.5 ng/uL and incubated for 30 min at 37 °C
512 (Dau et al., 2020). Digestion was stopped by the addition of 5 puL of 10% TFA. The
513  supernatants were recovered into fresh Eppendorf tubes, and two additional extraction steps
514  were performed with 50% ACN / 0.1% TFA and 80% ACN / 0.1% TFA. The peptides in the
515  supernatants were dried, resuspended in 0.1% TFA, and desalted using SDB-XC StageTips.
516 For detecting protein-protein binding, cells were lysed in IP Buffer with cOmplete
517  Mini EDTA-free and PhosSTOP and immunoprecipitated as described above using indicated
518 antibodies. The proteins were eluted in the mixture of [P Buffer and SDS sample bufter (2:1)
519  and incubated at 95°C for 5 minutes.

520 For detecting protein-RNA binding, cells were lysed in IP Buffer with cOmplete Mini
521  EDTA-free and RNaseOut (Invitrogen) and immunoprecipitated as described above using

522  indicated antibodies. Some of the precipitates were eluted in the mixture of IP Buffer and
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523  SDS sample buffer (2:1) to elute proteins and the others were eluted in TRIzol Reagent
524  (Invitrogen) for RNA isolation.

525 LC-MS/MS

526 LC/MS/MS analyses were performed with an Orbitrap Fusion Lumos (Thermo Fisher
527  Scientific) connected to an Ultimate 3000 pump (Thermo Fisher Scientific) and an HTC-PAL
528  autosampler (CTC analytics). Peptides were separated by a self-pulled needle column (150
529  mm length, 100 pum ID, 6 um needle opening) packed with Reprosil-Pur 120 C18-AQ 3 um
530  reversed-phase material (Dr. Maisch GmbH), using a 20 min or 65 min gradient of 5-40% B
531  (mobile phase A: 0.5% acetic acid, mobile phase B: 0.5% acetic acid / 80% acetonitrile) at a
532 flow rate of 500 nL/min. The applied ESI voltage was 2.4 kV. For TMT labeled samples, the
533  following parameters were applied: MS scan range of 375-1500, MS1 orbitrap resolution of
534 120,000, quadrupole isolation window of 0.7, HCD (higher-energy collision dissociation)
535  collision energy of 38%, MS2 orbitrap resolution of 50,000, AGC target value of 50000. For
536  non-labeled samples, the following parameters were applied: MS scan range of 300—1500,
537  MSI orbitrap resolution of 120,000, quadrupole isolation window of 1.6, HCD collision
538  energy of 30%, MS2 orbitrap resolution of 15,000, MS2 AGC target value of 50000.

539  Database searching and data processing

540  For DSP-crosslinked samples, peptides were identified with Mascot version 2.6.1 (Matrix
541  Science) against the sequence of Mouse Regnase-1 in addition to the human database from
542 UniprotKB/Swiss-Prot release 2017/04 and with a precursor ion mass tolerance of 5 ppm and

543  a product ion mass tolerance of 20 ppm. Carbamidomethyl (C), TMT6plex (K) and
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544  TMTé6plex (N-term) were set as a fixed modification, oxidation (M) was allowed as a variable
545  modification, and up to 2 missed cleavages are allowed with strict Trypsin/P specificity.
546  Identified peptides were rejected if the Mascot score was below the 95% confidence limit
547  based on the identity score of each peptide. The quantification of peptides was based on the
548  TMT reporter ion intensities in MS2 spectra. Protein quantitative values were calculated by
549  summing the corresponding peptide intensity values. Only proteins with at least two unique
550  peptides were used for further analysis.

551 For the identification of phosphorylation sites of Regnase-1, peptides were identified
552 with Mascot version 2.7.0 against the sequence of mouse Regnase-1 with a precursor ion
553  mass tolerance of 5 ppm and a product ion mass tolerance of 20 ppm. Carbamidomethyl (C)
554  was set as a fixed modification, oxidation (M) and phosphorylation (STY) were allowed as
555  variable modifications, and up to 2 missed cleavages are allowed with semitrypsin specificity.
556  Identified peptides were rejected if the Mascot score was below the 99% confidence limit
557  based on the identity score of each peptide. The label-free quantification of peptides was
558 based on the peak area in the extracted ion chromatograms using Skyline-daily software
559  wversion 21.0.9.118 (MacLean et al., 2010). The peak area ratios between stimulated and non-
560 stimulated samples were calculated, log-scaled, and normalized by the median. For
561  quantitation of phosphosites, the peak area ratios of all monophosphopeptides containing the
562  phosphosites of interest were averaged. Phosphosite localization was evaluated with a site-
563  determining ion combination method based on the presence of site-determining y- or b-ions

564 in the peak lists of the fragment ions, which supported the phosphosites unambiguously
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565  (Nakagami et al., 2010).

566 Protein-protein interaction network of the Regnase-1-associating proteins (Log> fold
567  change over negative control > 2) was analyzed using STRING database (Szklarczyk et al.,
568 2019) and visualized in Cytoscape (Shannon et al., 2003). Keratins contaminated in the
569  samples were omitted from the analysis.

570  RNAisolation and RT-qPCR

571  Cells were lysed in TRIzol Reagent, and the RNA was isolated according to manufacturer's
572  instructions. For the isolation of the RNA precipitated with Regnase-1, RNA was isolated
573  using RNA Clean & Concentrator-5 (Zymo Research). RNA was reverse transcribed by using
574  ReverTra Ace (TOYOBO). cDNA was amplified by using PowerUp SYBR Green Master
575 Mix (Applied Biosystems) and measured with StepOnePlus Real-Time PCR System
576  (Applied Biosystems). To analyze mRNA expression, each RNA level was normalized with
577  18S or ACTB. The primers used in qPCR were listed in Supplementary Table.

578  RNA Sequencing

579  PECs were harvested from Regnase-1V"VT and Regnase-15°"3~513A mice as described
580 above. PECs were stimulated with LPS (100 ng/ml) for indicated time and the RNA was
581  collected and isolated using TRIzol Reagent. cDNA library was prepared using NEBNext
582  Ultra RNA Library Prep Kit for Illumina (NEB) and sequenced on NextSeq 500 System
583  (Illumina) according to the manufacturer’s instructions. Acquired data was analyzed using
584  Galaxy (Afgan et al., 2018). Briefly, identified reads were mapped on the murine genome

585 (mml0) using HISAT2 (paired end, unstranded) (Galaxy Version 2.1.0), and the mapped
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586  reads were counted using featureCounts (Galaxy Version 1.6.3).

587  Data availability

588 Mass spectrometry data have been deposited to the ProteomeXchange Consortium
589  (http://proteomecentral.proteomexchange.org) via the jJPOST partner repository (Moriya et
590 al., 2019; Okuda et al., 2017) (http://jpostdb.org) with the data set identifier PXD026561.
591 RNA sequencing data have been deposited to GEO (Accession code: GSE180028).
592  Immunoblotting

593  Cells were lysed in IP Buffer or RIPA buffer (1% (vol/vol) NP-40, 0.1% (wt/vol) SDS, 1%
594  (wt/vol) sodium deoxycholate, 150 mM NaCl, 20 mM Tris-HCI pH 8.0, and 10 mM EDTA)
595  with cOmplete Mini EDTA-free and PhosSTOP. The lysates were incubated on ice for 5
596  minutes and centrifuged at 15,000 rpm for 5 minutes. The supernatants were mixed with SDS

597  sample buffer (2:1) and incubated at 95°C for 5 minutes. SDS-PAGE was performed using

598  e-PAGEL 7.5% or 5~20% (ATTO) and the proteins were transferred onto 0.2 pm pore size

599  Immun-Blot PVDF membranes (Bio-Rad), followed by blocking with 5 % skim milk. The
600 antibodies used in immunoblotting were listed in the key resources table. Luminescence was
601  detected with Amersham Imager 600 (cytiva) and the images were analyzed with Fiji
602  (Schindelin et al., 2012).

603  A-protein phosphatase (APP) treatment

604  HeLa cells transiently expressing HA-14-3-3¢ were stimulated with or without IL-1 (10
605 ng/mL) for 4 hours and lysed in IP Buffer. Some of the lysates were used in
606  immunoprecipitation as described above. The proteins were eluted using 250 pg/mL of HA
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607  peptides as described above. The lysate and the precipitates were treated with Lambda
608  Protein Phosphatase (NEB) according to manufacturer's instructions. For the APP negative
609  samples, the same amount of IP Buffer was added instead of APP.

610 ELISA

611  Cytokine concentration was measured by using IL-6 Mouse Uncoated ELISA Kit
612  (Invitrogen) according to manufacturer's instructions. Luminescence was detected with
613  iMark Microplate Reader (Bio-Rad).

614  Luciferase assay

615  5xNF-«B firefly luciferase reporter vector, Renilla luciferase vector, and IRAK1-expressing
616  vector were transfected in HeLa cells and the luciferase activity was measured by using
617 PicaGene Dual Sea Pansy Luminescence Kit (TOYO B-Net). NF-xB activation was
618 calculated by normalizing Firefly luciferase activity with Renilla luciferase activity.

619  Mathematical model

620  We developed two dynamical models for the inflammation system regulated by Regnase-1
621  based on different assumptions of the functions of 14-3-3-bound Regnase-1.

622

623 Model 1

624  In the first model, we assumed that the 14-3-3-bound Regnase-1 does not have the function
625  of degrading its target mRNAs (Figure 4])). The ordinary differential equations are given as

626  follows:
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dd—X;l = klslgnal(t) - d1x1x3 — d4x1
de .
- k,signal(t) — dyx,x3 — dsx;
(1.1)
% = k3xz — (d; + dgsignal(t) + dzsignal(t))x3 + dgx4
dX'4 = dosi It EPTRNP
W_ 7signal(t)xs ( 8 9)x4

627  where xq, X, X3, and x4 is the abundance of 7/6 mRNA, Reg/ mRNA, Regl Protein, and
628  14-3-3-bound Regl Protein, respectively; ki and k, is the transcription rate constant of
629 116, and Regl, respectively; ks is the translation rate constant of Reg/; d; and d; is the
630  Regl-induced degradation rate constant of //6 mRNA and Reg/ mRNA, respectively; ds,
631 d4,and ds is the Regl-independent degradation rate constant of Regl protein, 7/6 mRNA,
632  and Regl mRNA, respectively; dg is the ubiquitin-dependent degradation rate constant of
633  Regl protein; d; is the binding rate constant of Regl protein to 14-3-3; dg is the natural
634  degradation rate constant of 14-3-3-bound Regl protein; dg is the dissociation rate
635  constant of Regl from 14-3-3. signal(t) is the strength of TLR stimulation, which is
636  given as the following form (Mino et al., 2019):

signal(t)
Spase (if 0 <t < taeiay)s

t t— tdelay) + Shase (lf tdelay St< tdelay + traise)'
raise (12)

= Sinput (lf tdelay + traise <t< tdelay + traise + tpulse)'

t— (tdelay + traise + tpulse)
+ input

Sinput — Sbase (

(Sinput - Sbase) X exp <_ t
delay

\ (lf t> tdelay + traise + tpulse)

637
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Model 2
We also developed an alternative model in which the 14-3-3-bound Regnase-1 maintains
functions of degrading its target mRNAs (Figure 4J). The ordinary differential equations

are given as follows:

% = klsignal(t) - dlflxg - d1 / 2124, - d421
dx, , ~ A PPN
P kysignal(t) — dyX, X3 —dy XpX4 — dsx;
(1.3)
% = k3xp — (d; + dgsignal(t) + dzsignal(t))x3 + doX4
dx, . ~ -
G d7signal(©)x3 — (dg + dg)X4

where X;, X, X3, and X, is the abundance of 7/6 mRNA, Reg/ mRNA, Regl Protein, 14-

3-3-bound Regl Protein, respectively; d; " and d; " is the 14-3-3-bound Regl-induced
degradation rate constant of //6 mRNA and Reg/ mRNA, respectively. The other
parameters are defined in the same way as Model 1.

To determine which model is consistent with the experimental observations, we
focus on the experimental findings that there was no difference in the abundance of 7/6
mRNA, Regl mRNA, and Regl- protein (without 14-3-3 bound) between Regnase-1""WT
and Regnase- 15313453134 cels in the late phase of stimulation (Figure 4A, B, D, and E). We

will show that in Model 2 (1.3), the abundance of the //6 mRNAs should be different

IWT/WT ]SS]SA/SSBA

between Regnase- and Regnase- cells under the condition that amount of

the 14-3-3-free Regl protein is comparable between them.
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654 Analysis of the equilibrium

)i WT/WT

655 Lemma 1. For Regnase- cells, there exists only one nonnegative (biologically

656  meaningful) equilibrium of the system (1.3) if and only if d3 + deSinpur + d7Sinpur —

d7d9Sinput d7doSinput . il
657 ——2=>0.1If d; + dgs; + d;s; — ————— < 0, there 1s no equilibrium.
d75input+d9 3 6°input 7°input d75input+d9 B q

658  For Regnase-1513V55134 cells, there always exists only one nonnegative (biologically
659  meaningful) equilibrium.
660  Proof of lemma 1:

661  Setting all the derivatives of (1.3) equal to zero yields
0= klsinput - dl)?XVTXgVT - dl/ X{/VTXJLA/T - d4X¥VT

0 = kySimpue — Ao XV TRYT —dy RWTRYT — d YT
(1.4)
0= k3XgVT —(ds+ d65input + d7Sinput)XgVT + d9XJ}A/T

0= d7Sinput)?g‘/T —(dg + d9)XZ|/T

SWT  SWT  SWT <WT . ~ o~ A - :
662 where X1 , X, , X3 ,and X, are fixed points of X1, X,, X3, and X4, respectively.

663  Given that signal(t) = Sippye as t — o, we assume signal(t) = Sippye at the
664  equilibrium.

665 It follows from (1.4) that
d7Sinpuc , - PWTy2 PWT
dz + —dz K(X3 ) + dsKX3 - kZSinput =0 (153)
dg + dg

666
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SWT _ d7Sinpus SWT

1.5b
4 d8+d9 3 ( )
2 =kxy’ (1.5¢)
SWT k1Sinput
X1 T (1.5d)

A1 Xy +d, Xy +d,

where

d7d95input )

1
K:=— d3+d65‘ +d S; -
( input 79input d7sinput + d,

ks
It is easy to see that the quadratic equation (1.5a) has a nonnegative solution if K > 0, i.e.

d7d95input

ds + dgSimpue + A7Simpue — —mmi
3 6°input 7°input d7Simpue+do

> 0. If K <0, (1.52) has no nonnegative solution. If

24" >0, it follows from (1.5b), (1.5¢), and (1.5d) that Xy ', Xy ', %' = 0.

For Regnase-15"13AS513A cells, we assume that d; = dg = dg = 0. Substituting this
equation into (1.4) yields
0= klsinput - dl)?fA)?gA - d4)?igA
0= kzsinput - dZXZSA)?gA - dSXZSA
(1.6)
0= k3X§A —(ds + d6sinput)X?§A

0=X34

oSA  oSA  oSSA >SA . s & = &
where X , X, , X3 ,and X, are fixed points of X, X,, X3, and X, in Regnase-
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678  ISSASSIIA cells, respectively.

679 It follows from (1.6) that

k SA 2 ~SA
dzdg+d—Zs-t X2 ) +dsXy —kaSinpue = 0 (1.72)
inpu
680
k
= — R 1.7b
’ d3 + d65input 2 ( )
681
o klsin ut
= — g — 1.7
1 d1X§A+d4 ( C)

682 It is easy to see that the quadratic equation (1.7a) has a nonnegative solution. If X ‘§A > 0,1t

A

683  follows from (1.7b) and (1.7c) that Xy X" > 0.

684

685  Lemma 2. There exists only one nonnegative (biologically meaningful) equilibrium of the

686 system (1.1) if and only if ds + dgSimpuc + @ Simpue — ——BPU > 0 If dy +

d7Sinputtdo

d7d9Sinput JSSI13A/S513A

687  deSinput + d7Sinpur — < 0, there is no equilibrium. For Regnase-

d7Sinputtdo
688  cells, there always exists only one nonnegative (biologically meaningful) equilibrium.

689  Proof of lemma2:

690  With dl/ = dz, =0 in lemma 1, we get the same conclusion.
691
692 Consistency with the experiments
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The experimental observation shows that there was no difference in the abundance of Regl

protein between Regnase-I1VTWT and Regnase-15°3AS313A cells at the late phase of

stimulation (Figure 4A—C), which implies

ngr < X.;A
, based on the alternative model (1.3).
From (1.4) and (1.6), we get
XI{VT _ . klsirfputWT
diX3 +d; Xy +da
XS/T _ kZSinput

~SA kqs;

Xl — jsznput

oS4 kZSinput

2 T _SA
d,X3 +ds

By (1.8), (1.9a), and (1.9b), we obtain

<WT <SA
X, <X,

d, X5 +dy Ry +ds

(1.8)

(1.9a)

(1.9b)

(1.10a)

(1.10b)

(1.10a) and (1.10b) implies that in Model 2, the abundance of //6 and Regnase-1 mRNA in

Regnase-1"TWT cells should be smaller than that in Regnase-153134/53134 cells at the late
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704  phase under the condition that amount of the Reg1 protein is comparable (1.8) between

705  these two cells. It contradicts experimental observation that the abundance of the 7/6 and

706  Regnase-1 mRNAs did not differ between Regnase-1V"VT and Regnase-15313V5134 cells

707  (Figure 4D-I). Thus, Model 2 (1.3) is not consistent with the experimental findings.

708 In contrast, in Model 1 (1.1), we assume from experimental findings that
x94T ~ x34 (1.11)

709 , justlike (1.8), where X IéVTis the fixed point of x3 in Regnase-1""WT cells and X ‘§A is the

710  fixed point of x3 in Regnase-153134S313A cells based on the model (1.1).

711 By substituting d; = dg = dg = 0 into (1.9a) and (1.9b), we obtain

XI{VT — klsinput
diX¥T +dy
(1.12a)
Xg/T _ kys input
d2 X3+ ds
712
XSA — klsinput
diX3% + dy
(1.12b)
X%‘A _ kys input
doX3% + ds
713 where XV" and X% are fixed points of x; and x,, respectively in Regnase-1VT7VT cells
714  and X3* and X3" are fixed points of x; and x,, respectively in Regnase-15313A53134 cells,
715 By (1.11), (1.12a), and (1.12b), we obtain
XV~ x34 (1.13a)

716
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X7~ x34 (1.13b)
717  In this case, (1.13a) and (1.13b) are in agreement with the experimental facts that that the
718  abundance of the target mRNAs did not differ between Regnase-1VTVT and Regnase-
719  SSIBASSI3A Lo||s.
720 These mathematical analyses indicate that Model 1 (1.1), but not Model 2 (1.3), is
721  consistent with the experimental findings.
722
723  Immunofluorescence
724 Cells were cultured on cover glass, fixed with 4%-Paraformaldehyde Phosphate Buffer
725  Solution (nacalai tesque), and permeabilized with 0.5 % (vol/vol) Triton X-100 (nacalai
726  tesque) in PBS, followed by incubation in blocking solution (2 % (vol/vol) goat serum
727  (FUJIFILM Wako Pure Chemical) and 0.1 % (wt/vol) gelatin in PBS). The antibodies used
728  in Immunofluorescence were listed in the key resources table. DNA was stained with Hoechst
729 33342 (Invitrogen). Fluorescence was detected with TCS SPE (Leica). Acquired images were
730  analyzed with Fiji (Schindelin et al., 2012).
731  Amino acid sequence analysis
732 Amino acid sequence of each protein was obtained from NCBI. The results of T-coffee
733 alignment (Notredame et al., 2000) were visualized by using Jalview (Waterhouse et al.,

734 2009). Secondary structure was predicted by using PSIPRED 4.0 (Buchan & Jones, 2019;

735  Jones, 1999). NES prediction was performed by using LocNES (Xu et al., 2015).
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991  Figure Legends (Figure Supplements)
992  Figure 1—figure supplement 1
993  Regnase-1 binds to 14-3-3p/y/¢/{/n/0 but not 14-3-3¢
994  Immunoblot analysis of immunoprecipitates (IP: HA) and WCL from HeLa cells transiently
995  expressing HA-14-3-3B, v, €, {, 1, 0, or ¢ stimulated with IL-1p (10 ng/ml) for 4 hours.
996  Figure 2—figure supplement 1
997  Regnase-1 bands migrate slower in LPS-stimulated samples
998  Immunoblot analysis of Regnase-IV"W' and Regnase-1"~ thioglycollate-elicited PECs
999  stimulated with LPS (100 ng/ml) for indicated time.
1000  Figure 2—figure supplement 2
1001  Candidate spectra of Regnase-1 phosphopeptides with confident site localization.
1002  Only quantitatively altered phosphopeptides are shown. Fragment ions containing the N-(b-
1003 type ions) or C-(y-type ions) terminus are labeled with red (without neutral loss) or orange
1004  (with neutral-loss).
1005  Figure 2—figure supplement 3
1006  Schematic illustration of IRAK1
1007  The result of secondary structure prediction is shown below. DD: Death domain, CSD: C-
1008  terminal structural domain.
1009  Figure 2—figure supplement 4
1010 R663/K665A mutation does not abrogate IRAK1-mediated NF-kB activation
1011  Luciferase activity of HeLa cells transiently transfected with NF-«B luciferase reporter
1012 plasmid together with expression plasmids of IRAK1-WT or indicated mutants.
1013 Figure 2—figure supplement 5

1014  IL-17A stimulation induces phosphorylation at S494 and S513 of Regnase-1
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1015  Quantitation of phosphosites on Regnase-1 in HeLa cells stimulated with or without IL-17A
1016 (50 ng/ml) for 4 hours. Each dot shows phosphosite quantitative ratio between IL-17A+ and
1017  IL-17A-. Phosphosites with logs ratio > 1 were colored with red. Black horizontal line shows
1018  Regnase-1 protein quantitative ratio derived from the average of non-phosphopeptide
1019  quantitative ratios, and its error bars show the standard deviation.

1020  Figure 2—figure supplement 6

1021  Candidate spectra of Regnase-1 phosphopeptides with confident site localization

1022 Only quantitatively altered phosphopeptides are shown. Fragment ions containing the N-(b-
1023 type ions) or C-(y-type ions) terminus are labeled with red (without neutral loss) or orange
1024  (with neutral-loss).

1025  Figure 2—figure supplement 7

1026  IL-17A stimulation induces Regnase-1-14-3-3 association

1027  Immunoblot analysis of immunoprecipitates (IP: HA) and WCL from HeLa cells transiently
1028  expressing HA-14-3-3y and FLAG-Regnase-1-WT or indicated mutants stimulated with IL-
1029  17A (50 ng/ml) for 4 hours.

1030  Figure 4—figure supplement 1

1031  Schematic illustration of Regnase-1 gene in mice

1032 The result of Sanger sequencing around S513 of Regnase-1 are shown below.

1033  Figure 4—figure supplement 2

1034 116 expression in Regnase-1"- PECs

1035 mRNA expression of /6 and Regnase-1 in Regnase-1""VT and Regnase-1"'" thioglycollate-
1036  elicited PECs stimulated with LPS (100 ng/ml) for indicated time.

1037  Bars represent mean values of biological replicates (rn = 3), and error bars represent standard

1038  deviation.
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Figure 4—figure supplement 3

S513A mutation of Regnase-1 does not affect gene expression

Transcriptome analysis of Regnase-1V"VT and Regnase-153"3453134 thioglycollate-elicited
PECs stimulated with LPS (100 ng/ml) for indicated time. Several known Regnase-1 target
transcripts are annotated. None of transcripts shows significant (adjusted p value < 0.05)
difference between Regnase-1""VT and Regnase- 1513453134,

Figure 5S—figure supplement 1

Regnase-1-ExoSx2-D141N binds to 14-3-3

Immunoblot analysis of immunoprecipitates (IP: FLAG) and WCL from HeLa cells
transiently expressing FLAG-Regnase-1-D141N or indicated mutants. L.C.: light chain.
Source Data Files

Raw data of the results of immunoblotting are zipped in Source Data Files.
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Regnase-1 binds to 14-3-3/y/e/{/n/6 but
not 14-3-30

Immunoblot analysis of immunoprecipitates
(IP: HA) and WCL from HelLa cells transiently
expressing HA-14-3-38,v,¢,¢,n, 6, oro
stimulated with IL-18 (10 ng/ml) for 4 hours.
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Candidate spectra of Regnase-1 phosphopeptides with confident site localization.
Only quantitatively altered phosphopeptides are shown. Fragment ions containing the N-(b-
type ions) or C-(y-type ions) terminus are labeled with red (without neutral loss) or orange
(with neutral-loss).
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Schematic illustration of IRAK1

The result of secondary structure prediction
is shown below. DD: Death domain, CSD:
C-terminal structural domain.
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R663/K665A mutation does not abrogate
IRAK1-mediated NF-kB activation
Luciferase activity of HeLa cells transiently
transfected with NF-kB luciferase reporter
plasmid together with expression plasmids
of IRAK1-WT or indicated mutants.
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IL-17A stimulation induces phosphorylation
at S494 and S513 of Regnase-1

Quantitation of phosphosites on Regnase-1 in
Hela cells stimulated with or without IL-17A (50
ng/ml) for 4 hours. Each dot shows phosphosite
quantitative ratio between IL-17A+ and IL-17A-.
Phosphosites with log, ratio > 1 were colored
with red. Black horizontal line shows Regnase-1
protein quantitative ratio derived from the
average of non-phosphopeptide quantitative
ratios, and its error bars show the standard
deviation.
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IL-17A stimulation induces Regnase-1-14-3-3
association

Immunoblot analysis of immunoprecipitates (IP:
HA) and WCL from Hela cells transiently
expressing HA-14-3-3y and FLAG-Regnase-1-
WT or indicated mutants stimulated with IL-17A
(50 ng/ml) for 4 hours.
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Candidate spectra of Regnase-1
phosphopeptides with confident site
localization

Only quantitatively altered phosphopeptides
are shown. Fragment ions containing the N-(b-
type ions) or C-(y-type ions) terminus are
labeled with red (without neutral loss) or
orange (with neutral-loss).
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Schematic illustration of Regnase-71 gene in mice
The result of Sanger sequencing around S513 of Regnase-1 are
shown below.

Figure 4—figure supplement 2
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mRNA expression of //6 and Regnase-1 in Regnase-1VTWT and
Regnase-1-"- thioglycollate-elicited PECs stimulated with LPS (100
ng/ml) for indicated time.

Bars represent mean values of biological replicates (n = 3), and
error bars represent standard deviation.
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S513A mutation of Regnase-1 does not affect gene expression
Transcriptome analysis of Regnase-1WTWT and Regnase-1S513A/S513A
thioglycollate-elicited PECs stimulated with LPS (100 ng/ml) for
indicated time. Several known Regnase-1 target transcripts are
annotated. None of transcripts shows significant (adjusted p value <
0.05) difference between Regnase-1WTWT and Regnase-1S513A/S513A,
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Regnase-1-ExoSx2-D141N binds to 14-3-3

Immunoblot analysis of immunoprecipitates (IP: FLAG) and WCL
from HeLa cells transiently expressing FLAG-Regnase-1-D141N or
indicated mutants. L.C.: light chain.
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