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SUMMARY

Nuclear factor kB (NF-kB) signaling is a central pathway regulating a plethora of cellular functions. Here, we
find that RNF32, a RING E3 ubiquitin ligase whose expression is enriched in murine intestinal stem cells, reg-
ulates the activity of the IkB kinase (IKK) complex, the signal integration hub for NF-kB activation. The E3
ligase activity of RNF32 depends on calmodulin, the primary calcium sensor in eukaryotic cells. Increased
levels of intracellular calcium ion (Ca®*) induce RNF32 binding to calmodulin, RNF32 activation, and autou-
biquitylation. In turn, polyubiquitin chains conjugated to RNF32 recruit NEMO, the regulatory subunit of
the IKK complex. Moreover, Ca®* rise triggers RNF32 phase separation, which is required for the formation
of NEMO condensates and IKK activation. Finally, we show that RNF32 is required for NF-kB activation trig-
gered by bacterial lipopolysaccharides. Collectively, our findings uncover a mechanism controlling NF-xB

signaling in the intestinal epithelium.

INTRODUCTION

In adult organisms, multiple tissues are continuously regener-
ated by resident stem cells. The intestinal epithelium is a highly
regenerative tissue, as it renews itself every 4-5 days." Although
intestinal villi constantly shed differentiated cells into the gut
lumen, adult stem cells residing at the bottom of intestinal crypts
efficiently maintain a suitably sized and diversified cell popula-
tion for tissue homeostasis in steady-state conditions or for
regeneration following tissue damage. Although recent reports
have demonstrated that nutrients and environmental factors
affect stem cell behavior,” our understanding of the underlying
molecular mechanisms and the regulatory events is still limited.

Dimeric nuclear factor kB (NF-kB) transcription factors coordi-
nate gene expression programs to control multiple key cellular
functions.>* In unstimulated cells, NF-xB dimers are sequestered
in the cytoplasm by an inhibitory protein of the kB family.>® In
response to a great diversity of stimuli, which include endogenous
and exogenous ligands as well as many physical and chemical

stresses, IkBs are phosphorylated by the IkB kinase (IKK) com-
plex, polyubiquitylated by the SCFPT™P ubiquitin ligase, and
degraded by the proteasome.” kB proteolysis frees NF-xB di-
mers, which translocate into the nucleus, where they drive the
expression of a plethora of genes implicated in diverse cellular
processes.” Despite recent biochemical, genetic, and structural
data having provided important insights into IKK structure, func-
tion, and regulation, including the crucial role of several types of
polyubiquitylation chains,®® our knowledge of how different stim-
uli specifically converge into IKK activation is still incomplete.
Here, we identify RNF32, an uncharacterized RING-type E3
ubiquitin ligase specifically expressed in intestinal stem cells
(ISCs), as a regulator of the IKK complex and NF-kB signaling.
We show that the ligase activity of RNF32 depends on Ca**
and calmodulin (CaM), which stimulate the Lys63-linked autou-
biquitylation of RNF32 and recruitment of NEMO via its ubiqui-
tin-binding domains. RNF32 is required for NF-«xB signaling acti-
vation upon stimuli, such as bacterial lipopolysaccharides
(LPSs), that result in increased levels of intracellular Ca*.
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RESULTS

Expression profile of E3 ubiquitin ligases in ISCs
To uncover additional roles of ubiquitylation in the regulation of
intestinal epithelium homeostasis, we mined gene expression
profile data of murine ISCs. Koo and colleagues sorted intestinal
crypt cells based on the expression of LGRS (leucine-rich repeat-
containing G-protein-coupled receptor 5), a well-established
adult stem cell marker of the intestinal epithelium,9 and conduct-
ed genome-wide transcription profiling.'® We focused our atten-
tion on the gene expression profile of 655 E3 ubiquitin ligases
belonging to various E3 classes (Figure S1A) and found that
the expression of several E3s is enriched in LGR5-positive intes-
tinal crypt cells (Figure S1B). Among them, RNF32, a poorly char-
acterized RING ubiquitin ligase, displays an expression profile
similar to well-known ISC genes (Figure 1A). Analysis of addi-
tional transcriptional profiling databases confirmed that RNF32
expression is enriched in LGR5-positive ISCs.'" To validate
that RNF32 is expressed in ISCs, we performed in situ hybridiza-
tion of murine intestinal and colonic epithelia. We found that the
RNF32 mRNA is mainly expressed at the base of intestinal and
colonic crypts where stem cells reside (Figure 1B).
Interestingly, TCGA (The Cancer Genome Atlas Program) hu-
man cancer transcriptomic RNA sequencing (RNA-seq) and mi-
croarray data indicate that expression of RNF32 is elevated
mainly in primary colorectal tumors (Figures S2A-S2F). When
RNF32 expression is dichotomized into low versus high expres-
sion groups of colorectal cancer patients, a significant associa-
tion between high RNF32 expression and decreased overall sur-
vival (OS) was observed (Figure S2G). Moreover, a multivariate
analysis of OS adjusted for other prognostic factors revealed
that RNF32H19" is an independent prognostic predictor in pa-
tients with colon cancer (Figure S2H).

RNF32 is a Ca?*-CaM-dependent E3 ubiquitin ligase
RNF32 contains two evolutionarily conserved RING domains'?
and one 1Q (Ile193-GIn194) motif,"*'* an amphiphilic seven-turn
a-helix present in CaM binding proteins (Figure 1C). To identify
RNF32 interactors, we carried out mass spectrometry analysis of
RNF32 immunocomplexes purified from HEK293T cells. CaM
was the most represented protein recovered in the RNF32 immu-
nocomplex (Figure 1D). The RNF32-CaM interaction in cultured
cells was confirmed by affinity purification of His-tagged CaM fol-
lowed by immunoblotting (Figure 1E). Moreover, immunoprecipi-
tation of FLAG-tagged RNF32 followed by immunoblotting
demonstrated that wild-type RNF32, but not the RNF32(1193E/
Q194A) mutant (RNF32-1Q,,), coimmunoprecipitated with CaM
(Figure 1F). Treatment of cells with thapsigargin, an inhibitor of
the sarco/endoplasmic reticulum Ca2* ATPase pumps that in-
creases cytosolic calcium levels, stimulated RNF32 binding to
CaM (Figure 1G). Accordingly, in vitro translated RNF32 interacted
with purified recombinant CaM only in the presence of CaCl,
(Figure 1H). Moreover, the RNF32-CaM binding was prevented
by EGTA, a calcium ion chelator (Figure S3A).

We then examined the ability of a synthetic peptide (RNF32p)
encompassing the IQ domain of RNF32 ("®KCVTRIQAYWRGCV
VRKWYRNLR?") (Figure S3B) to bind purified recombinant
CaM. Complex formation between RNF32p and CaM was first
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demonstrated through gel shift experiments (Figure S3C). Incu-
bating RNF32p with CaM in the presence of Ca®* resulted in the
appearance of a slower-migrating band likely representing the
CaM-RNF32p complex and the disappearance of the free Ca*-
CaM band. Since CaM lacks tryptophan residues, we utilized Trp
fluorescence in RNF32p to directly monitor peptide binding to
CaM. The Trp indole ring emission is environment-sensitive, emit-
ting around 355 nm in water but showing a blue shift and increased
intensity when buried in a hydrophobic region upon binding to
CaM. Adding CaM to RNF32p in the presence of Ca* resulted in
increased fluorescence quantum yield and a 22 nm blue shift
(Figure S3D), confirming the binding of RNF32p to Ca?*-CaM.

Next, we characterized the ubiquitin ligase activity of RNF32 in
cultured cells. Wild-type RNF32, but not the RNF32(C127A/
C130A/C293A/C296A) mutant (RNF32-R1R2,) in which the
conserved cysteine residues within each of the two RING domains
have been replaced by alanine, displayed autoubiquitylation activ-
ity (Figure 11). Moreover, the RNF32-1Q,,, mutant, which is unable
to bind CaM, displayed reduced autoubiquitylation when
compared with wild-type RNF32. To rule out that mutations in
the zinc-binding cysteine residues may perturb the overall RING
domain structures, we mutated the conserved isoleucine residue
that is known to mediate E2 binding in other RING E3 ubiquitin li-
gases.'? The RNF32 (1129A/1295A) mutant, in which both Iso129
(in RING1) and 1s0295 (in RING2) were replaced by alanine, dis-
played decreased binding to UBCHS5 (Figure S3E) and ubiquityla-
tion (Figure S3F) when compared with wild-type RNF32. These re-
sults demonstrate that efficient synthesis of polyubiquitin chains
by RNF32 requires intact RING and IQ domains. In agreement
with these experiments carried out in cultured cells, in vitro ubig-
uitylation reactions demonstrated that purified recombinant CaM
stimulates, and the RNF32 RING domains are indispensable for,
RNF32 ligase activity (Figures 1J and S3G).

To rule out that CaM is a substrate of RNF32, we examined
whether RNF32 promotes CaM ubiquitylation in cultured cells.
As shown in Figure S3H, ectopic expression of RNF32 does not
induce CaM ubiquitylation. Moreover, immunopurified RNF32
does not promote CaM ubiquitylation in vitro (Figure S3lI). Finally,
mass spectrometry analysis of the RNF32-bound CaM did not
reveal CaM ubiquitylation, whereas RNF32 is highly modified by
ubiquitin (Table S1). These results suggest that CaM is not a sub-
strate of RNF32. Rather, it is a regulator controlling RNF32 activity
in response to an increase in intracellular calcium.

RNF32 interacts with the IKK complex and controls NF-
kB signaling

Mass spectrometry analysis of endogenous proteins copurifying
with FLAG-tagged RNF32 revealed the presence of IKKa, IKKB,
and IKKy/NEMO (Figure 1D), components of the IKK complex
that controls nuclear factor kappa B (NF-kB) signaling.>* The inter-
action of ectopically expressed FLAG-HA-tagged RNF32 with
endogenous IKKa, IKK, and IKKy/NEMO was confirmed by coim-
munoprecipitation (Figure 2A). Notably, the inactive RNF32-
R1R2,, and RNF32-1Q,,, mutants, which display a defective ubiqui-
tylation activity (Figure 11), did not coimmunoprecipitate with IKKa,
IKKB, and IKKy/NEMO (Figure 2B), suggesting that the IKK com-
plex may associate with RNF32 via its self-ligated polyubiquitin
chains. Indeed, NEMO, the regulatory subunit of the IKK complex,
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Figure 1. RNF32 is a Ca%*-CaM-dependent ubiquitin ligase expressed in ISCs

(A) Graph of the expression profile of RNF32 and known stem cell genes. Crypt cells were sorted on the basis of LGR5-GFP expression into five fractions (highest
in fraction 5+), and microarray expression profiling was performed.'’ Each sample was compared with sample 5+.

(B) In situ hybridization showing Rnf32 and Lgr5 expression in the mouse small intestine (top) and colon (bottom). Scale bar, 20 pm.

(C) Schematic representation of RNF32 orthologs with the indicated domains.

(D) Identification of RNF32 interactors by affinity purification and mass spectrometry analysis as described in STAR Methods.

(E) HEK293T cells were transfected with HA-tagged RNF32 and either His-tagged CaM or an empty vector (EV). Whole-cell extracts (WCEs) were subjected to
nickel-IMAC (immobilized metal affinity chromatography) affinity purification. Purified complexes were analyzed by immunoblotting.

(F) HEK293T cells were transfected with an EV, FLAG-HA-tagged wild-type (WT) RNF32, or the RNF32(1193E/Q194A) mutant (RNF32-1Q,,,). WCEs were subjected
to immunoprecipitation using anti-FLAG resin. Immunocomplexes were analyzed by immunoblotting.

(G) HEK293T cells were transfected with an EV or FLAG-HA-tagged WT RNF32 and treated with thapsigargin. WCEs were subjected to immunoprecipitation
using anti-FLAG resin. Immunocomplexes were analyzed by immunoblotting.

(H) HA-RNF32 was transcribed/translated in vitro and incubated with Sepharose-4B beads coupled to human CaM with or without CaCl,. After washing, the
beads were analyzed by immunoblotting.

(I) HEK293T cells were transfected with FLAG-HA-tagged WT RNF32, RNF32(C127A/C130A/C293A/C296A) (RNF32-R1R2,, C/A), RNF32(1193E/Q194A) (RNF32-
1Qn), or an EV together with MYC-tagged ubiquitin (WT or lysine-less [K-less]). Cells were lysed, and the bulk of ubiquitylated proteins was immunoprecipitated
with an anti-MYC antibody. Immunoprecipitates were analyzed by immunoblotting.

(J) In vitro ubiquitin ligation assay of immunopurified FLAG-HA-tagged RNF32 (WT or RNF32-R1R2,,, C/A) was carried out in the presence of purified recombinant
E1, UBCH5B (E2), with or without purified recombinant CaM, WT ubiquitin, Lys-less (K-less), or methylated ubiquitin (Ub-CH3) as indicated. Samples were
resolved by SDS-PAGE and probed with anti-HA antibodies.

See also Figures S1, S2, and S3.

has been shown to interact with polyubiquitin chains via its ubiqui-  S4G) and interleukin (IL)-1p (Figure S4H). However, cell treatment
tin-binding domain.” As shown in Figure 2C, the NEMO (F312A)  with the Ca®* ionophore ionomycin (I0) in conjunction with the
mutant defective for ubiquitin binding’>~"" failed to coimmunopre-  phorbol ester 12-myristate 13-acetate (PMA), which are known
cipitate with wild-type RNF32. to increase intracellular Ca2* levels (Figure 2D) and induce NF-kB

Next, we asked whether RNF32 controls NF-kB signaling. We  signaling in a variety of cells, failed to activate NF-xB signaling in
generated RNF32—/— HCT116 cells by CRISPR genome editing  RNF32-deficient cells (Figure 2E). Moreover, RNF32 was required
(Figures S4A-S4D) and examined NF-kB signaling by assessing  for the expression of an NF-kB luciferase reporter in response to
phosphorylation and degradation of its cytoplasmic inhibitor 10 and PMA (Figure 2F). Rescue experiments, in which the expres-
IkBa as well as the activating phosphorylation of IKKa and IKKp  sion of RNF32 was reconstituted by lentiviral transduction of
in response to several stimuli. RNF32 seemed to be dispensable = RNF32—/— HCT116 cells, demonstrated that wild-type RNF32,
for the activation of NF-xB signaling in response to the inflamma-  but not the RNF32-R1R2,,, or RNF32-1Q,, mutant, stimulated the
tory cytokines tumor necrosis factor alpha (TNF-o) (Figures S4E-  expression of the NF-kB reporter (Figure 2G). Next, we examined
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Figure 2. RNF32 interacts with the IKK complex and is required for NF-kB signaling activation

(A) FLAG-HA-tagged RNF32 was expressed in HEK293T cells and immunoprecipitated (IP). FLAG-RNF32 immunocomplexes were analyzed by immunoblotting.
(B) HEK293T cells were transfected with FLAG-HA-tagged WT RNF32, the RNF32(C127A/C130A/C293A/C296A) mutant (RNF32-R1R2,,), the RNF32(1193E/
Q194A) mutant (RNF32-1Q,,), or an empty vector (EV). Whole-cell extracts (WCE) were then IP with anti-FLAG resin. Immunocomplexes were analyzed by
immunoblotting.

(C) HEK293T cells were transfected with an EV, FLAG-tagged NEMO (WT or the F312A mutant), and HA-tagged RNF32. WCEs were IP with anti-FLAG resin, and
immunocomplexes were analyzed by immunoblotting.

(D) HCT116 cells were treated with the live cell red fluorescent calcium indicator Biotracker 609 Red Ca®* AM Dye and stimulated with 10 ng/ml phorbol-12-
myristate-13-acetate (PMA) and 950 nM ionomycin (I0) for the indicated times. The probe fluorescence intensity was measured by fluorescence microscopy. The
mean + SEM (n = 10 cells) is shown.

(E) Parental or RNF32—/— HCT116 cells (two different clones: sgRNA (single-guide RNA) #1/2 and sgRNA #1/3) were treated with PMA and 1O for the indicated
times. Cells were lysed, and WCEs were analyzed by immunoblotting.

(F) Parental or RNF32—/— HCT116 cells were transfected with a luciferase reporter linked to an NF-kB response element (pNF-kB-luc) and treated as in (E) for 6 h.
Cells were collected, and the relative luciferase signal was quantified. The value given for luciferase activity in untreated WT cells was set at 1. Means + SEM (n = 3)
*p < 0.05, unpaired Student’s t test.

(G) Parental or RNF32—/— HCT116 cells re-expressing RNF32 (WT or mutants) were transfected with a luciferase reporter linked to an NF-kB response element
and treated as in (F). Cells were collected, and the relative luciferase signal was quantified as in (F). Means + SEM (n = 3) *p < 0.05, unpaired Student’s t test.
(H) Scatter plot of transcriptome-wide log: fold changes between RNF32—/— and WT cells treated with PMA and 10 for 90 min. Each dot represents a single NF-
kB target gene. Gene expression was quantified by RNA-seq and normalized to TPM. A linear regression line (red) with a 95% confidence interval is shown. The
observed correlation (R? = 0.7457, p < 0.0001) indicates consistent transcriptomic trends across conditions.

(legend continued on next page)
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whether RNF32 deficiency affects the NF-xB transcriptional pro-
gram. We analyzed differential gene expression in wild-type and
RNF32—/— HCT116 cells upon treatment with PMA and 10 by
RNA-seq. We found that the expression of 621 genes is altered
in stimulated RNF32-deficient cells when compared with wild-
type cells. Of these, 48 are known NF-xB target genes
(Figure 2H; Table S2). The defective upregulation of the NF-xB
target gene NFKBIA (nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha) in RNF32 knockout cells
was confirmed by gRT-PCR (Figure 2l). Notably, the treatment of
cells with 10 and PMA stimulated the interaction of RNF32 with
the exogenous and endogenous IKK complex (Figures 2J-2M).
The RNF32-bound IKK complex was active, as shown by its phos-
phorylation on Ser176 and Ser177 of IKKa and IKKp, respectively
(Figure 2N). Furthermore, the CaM inhibitors W-7 and Calmidazo-
lium reduced the binding of RNF32 to the IKK complex in cells
treated with PMA and IO (Figure 20).

Modulation of RNF32 expression does not affect the levels of
intracellular calcium in untreated cells or the kinetics of calcium
increase upon treatment with PMA and IO (Figures S41-S4L),
excluding the possibility that RNF32 might regulate intracellular
calcium levels and thus indirectly control NF-xB activity. To
rule out that RNF32 may mediate ubiquitin conjugation of the
IKKs, we modulated RNF32 expression in cultured cells and
examined IKKa, IKK, or IKKy/NEMO ubiquitylation and stability.
As shown in Figures S4M-S40, overexpression or silencing of
RNF32 does not affect IKKa, IKKp, or IKKy/NEMO polyubiquity-
lation and turnover. Altogether, these results indicate that RNF32
is essential for NF-xB signaling activation in response to |10 and
PMA and that this function is mediated by the Ca®*/CaM-depen-
dent autoubiquitylation activity of RNF32.

RNF32 forms liquid-like condensates and is required for
liquid phase separation of NEMO in stimulated cells

As liquid phase separation triggered by polyubiquitin chains is
involved in NF-xB activation,’” we wondered whether RNF32
forms liquid-like condensates. Both endogenous and ectopically
expressed RNF32, but not the inactive RNF32-R1R2,,, and
RNF32-1Q,, mutants, formed cytoplasmic puncta in cells stimu-
lated with 10 and PMA (Figures 3A-3F and S5A-S5D). However,
the total abundance of RNF32 did not change remarkably in
response to 10 and PMA treatment either at the protein level
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(Figure 2J) or at the mRNA level (Figure S5E). RNF32 cytoplasmic
puncta did not require de novo protein synthesis and likely resulted
from RNF32 redistribution, as they still formed in the presence of
the translation elongation inhibitor cycloheximide (Figures S5F
and S5G). To analyze the dynamics of RNF32 puncta, we carried
out live-imaging experiments in U20S cells expressing near-
endogenous levels of GFP-tagged RNF32. We found that highly
dynamic RNF32 puncta formed within 90 min after stimulation
with 10 and PMA (Figures 3G and 3H). Holotomography micro-
scopy revealed that the cytoplasmic puncta labeled with GFP-
RNF32 do not display characteristics indicative of membrane-
bound organelles (Figure S5H). The RNF32 cytoplasmic puncta
displayed liquid-like features, as demonstrated by fluorescence
recovery after photobleaching (FRAP) (Figures 3l and 3J). In cells
treated with 10 and PMA, RNF32 condensates recovered 40—
60 s after photobleaching. Moreover, treating cells with 10 and
PMA stimulated GFP-RNF32 colocalization with mCherry-NEMO
(Figures 3K-3N), IKKa (Figures S5I and S5J), IKKp (Figures S5K
and S5L), linkage-specific ubiquitin chains (Figures S5M-S50),
and CaM (Figures S5P and S5Q). In addition, the CaM inhibitor
W-7 greatly reduced the formation of RNF32 condensates
(Figures S5R and S5S). Notably, 10 and PMA induced the forma-
tion of NEMO condensates in parental cells but not in RNF32-defi-
cient cells (Figures 3C and 3D). These results indicate that RNF32
forms liquid-like condensates, where it partially colocalizes with
NEMO, IKKa, IKK, ubiquitin, and CaM, and is essential for liquid
phase separation of NEMO in stimulated cells.

Characterization of RNF32-dependent ubiquitylation

Different types of polyubiquitin chains have been implicated in
the activation of the IKK complex.®® Mass spectrometry analysis
of immunopurified RNF32 suggested that the polyubiquitin
chains conjugated onto RNF32 are linked through ubiquitin
Lys48 and Lys63 (Figure 4A). The absence of peptides spanning
the N and C termini of ubiquitin suggested that RNF32 is not
modified by linear ubiquitylation. Lys48- and Lys63-linked poly-
ubiquitylation of RNF32 was confirmed by experiments in which
RNF32 was expressed in cells along with wild-type ubiquitin, the
Lys-less ubiquitin mutant, or ubiquitin carrying point mutations in
the Lys48 or Lys63 site of isopeptide linkage (K48R and K63R).
As shown in Figure 4B, RNF32 autoubiquitylation in cells ex-
pressing the K48R and K63R ubiquitin mutants was decreased

(I) Relative mRNA expression levels of NFKBIA, a well-known NF-kB target gene, were measured by quantitative real-time PCR. Expression levels are shown as
fold change in RNF32—/— cells compared with WT cells, either untreated or treated as in (H). Data were normalized to RPLPO and are presented as mean + SEM
(n = 3). *p < 0.05 unpaired two-tailed Student’s t test.

(J) RNF32—/— HCT116 cells re-expressing WT RNF32 were treated with PMA and IO as in (H). FLAG-RNF32 was IP with an anti-FLAG resin and analyzed by
immunoblotting.

(K) The graphs represent the quantification of IKKa (top), IKKp (middle), or NEMO (bottom) coimmunoprecipitated with RNF32 as shown in (J). The value given for
each kinase coimmunoprecipitated with RNF32 in untreated cells was set at 1. Means + SEM (n = 3).

(L) WCEs from HEK293T cells treated with PMA and IO for 90 min were IP with an anti-RNF32 antibody. RNF32 immunocomplexes were then analyzed by
immunoblotting.

(M) HEK293T cells were transfected with HA-tagged RNF32 and FLAG-tagged NEMO. WCEs were IP with anti-FLAG resin, and immunocomplexes were eluted
and re-IP with an anti-HA antibody followed by immunoblotting.

(N) HEK293T cells expressing FLAG-tagged WT RNF32 were treated as in (L). WCEs were IP with an anti-FLAG resin. Inmunocomplexes and WCEs were
analyzed by immunoblotting.

(O) HEK293T cells expressing FLAG-tagged RNF32 were treated as in (N) with or without the indicated CaM inhibitors W-7 or calmidazolium. WCEs were
analyzed as in (N).

See also Figure S4.
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compared with RNF32 autoubiquitylation occurring in cells ex-
pressing wild-type ubiquitin. To validate these results further
and test whether RNF32 is modified by Met1-linked ubiquitin
chains, we performed UbiCRest analysis. RNF32 immunopre-
cipitated from cells treated with PMA and 10 was incubated in
parallel reactions with the following linkage-specific deubiquity-
lating enzymes previously tested to confirm their activity
(Figures SB6A and S6B): Lys48-specific OTUB1 (OTU
deubiquitinase, ubiquitin aldehyde binding 1), Lys63-specific
OTUD1 (OTU deubiquitinase 1), Met1-specific OTULIN (OTU
deubiquitinase with linear linkage specificity), and the non-spe-
cific DUBs (deubiquitinating enzymes) USP2, which cleaves all
linkages, and vOTU (viral OTU deubiquitinase), which cleaves
all but Met1 linkages. The samples were then analyzed by immu-
noblotting. As shown in Figure S6C, incubation of polyubiquity-
lated RNF32 with Met1-specific OTULIN does not result in any
detectable change either in the ubiquitin ladder (blue dashed
rectangles) or in the ubiquitin moieties generated (red dashed
rectangle) if compared with no DUB treatment (compare lanes
1 and 6). However, incubation of polyubiquitylated RNF32 with
Lys48-specific OTUB1 or Lys63-specific OTUD1 results in both
a decrease in the ubiquitin ladder and an increase in the ubiquitin
moieties (mono-, di-, and tri-ub) generated. These results indi-
cate that RNF32 is modified mainly by Lys48- and Lys63-linked
ubiquitylation, although the conjugation of additional, less abun-
dant chain types cannot be excluded. Linkage-specific anti-
ubiquitin antibodies demonstrated that Lys63-linked autoubiqui-
tylation of RNF32 is greatly induced in response to PMA/IO
stimulation, whereas Lys48-linked autoubiquitylation of RNF32
is already high in untreated cells and does not increase further
(Figure 4C). In agreement with UbiCRest and mass spectrometry
analyses, Met1-linked ubiquitylation was not detected. Neither
Lys63-linked nor Lys48-linked polyubiquitin chains were self-
conjugated onto the RNF32 RING mutants (Figures 4C, 4D,
and S6D). Of note, the C-terminal RING (RING 2) and the 1Q
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CaM-binding motif are required for Lys63-linked autoubiquityla-
tion of RNF32, whereas the N-terminal RING (RING 1) appeared
to be dispensable (Figures 4D and S6D). In vitro ubiquitylation
assays confirmed that RING2, but not RING1, is required for
Lys63-linked self-ubiquitylation of RNF32 (Figure 4E).

Lys48-linked autoubiquitylation of RNF32 suggested that
RNF32 is targeted for proteasomal degradation. Indeed, cyclohex-
imide chase experiments indicate that RNF32 is a short-lived pro-
tein whose turnover is mediated by the proteasome (Figure S6E),
Lys48-linked ubiquitylation (Figures S6F and S6G), and its RING
domains (Figures S6H and S6l). Of note, RNF32 mutants in either
RING domain were still degraded, suggesting that both RINGs
contribute to RNF32 turnover (Figure S6J). The IQ CaM-binding
motif appeared to be dispensable for Lys48-linked autoubiquityla-
tion (Figure 4D) in agreement with the RNF32(1193E/Q194A)
mutant being more unstable than wild-type (Figure S6K). Finally,
RNF32 turnover is not strikingly affected by the stimulation with
10 and PMA (Figures S6L and S6M). Taken together, these data
suggest that the requirements for RNF32 proteasomal degrada-
tion are different and may not include its binding to CaM.

To further characterize the RNF32-CaM interaction and have
clues on how CaM promotes RNF32 ligase activity, we employed
protein structure prediction by AlphaFold2-Multimer.'®'® The
apo structure of RNF32 predicted by AlphaFold2 as in UniProt
shows an extended conformation composed of several helices
and including the IQ motif and the two RING domains at opposite
sites (Figure 4F). Our analysis of the RNF32-CaM complex pre-
dicted with high confidence the RNF32 RINGs and IQ motif,
CaM, and the relative orientation of the two proteins, as indicated
by the predicted local distance difference test (pLDDT;
Figure S6N) and the predicted aligned error (PAE) matrix
(Figure 4G). The conformation of CaM perfectly aligned with pre-
viously solved structures of CaM-IQ domains (Figure S60).
Importantly, the binding of CaM caused a rearrangement of the
RNF32 helical region between the IQ motif and RING2 (a4, a5,

Figure 3. RNF32 forms liquid-like condensates and is required for the formation of liquid phase separation of NEMO in stimulated cells
(A) Immunofluorescence staining of endogenous RNF32 in U20S cells stimulated with PMA and ionomycin (I0) for 90 min or left untreated. Scale bars indi-

cate 10 pm.

(B) Quantification of average numbers of RNF32 puncta per cell as shown in (A). Means + SEM (n = 13 cells). Two-way analysis of variance (ANOVA). ***p = 0.0002.
(C) Immunofluorescence of endogenous RNF32 and NEMO in parental or RNF32—/— HCT116 cells stimulated as in (A). Scale bars indicate 10 pm.
(D) Quantification of average numbers of RNF32 and NEMO puncta per cell as shown in (C). Means + SEM (n = 10 cells). Two-way ANOVA. ***p < 0.0001,

**p = 0.005.

(E) RNF32—/— HCT116 cells re-expressing either HA-tagged WT RNF32 or the inactive RNF32(C127A/C130A/C293A/C296A) mutant (RNF32-R1R2,,, C/A) were
stimulated as in (A). Cells were then fixed and immunostained for HA. Scale bars indicate 10 pm.
(F) Quantification of RNF32 puncta per cell as shown in (E). Means + SEM are shown (n = 15 cells). Two-way ANOVA. ***p < 0.0001.

(G) U20S cells expressing WT GFP-RNF32 were treated as in (A) and imaged by time-lapse microscopy for 3 hr. Scale bars represent 20 um. n = 4 frames.
(H) Quantification of fluorescence intensity over time of the time-lapse series (n = 4) for the untreated (black line) and treated (blue line) U20S cells as shown in (G).
(I) U20S cells expressing WT GFP-RNF32 were treated as in (A). Live cell images showing RNF32 condensates before and after photobleaching formation are
shown (red square, bleached site; white square, background). Scale bars represent 10 pm.

(J) Quantification of fluorescence intensity of the RNF32 condensates as shown in (l) over a 97-s time course in both bleached (blue line) and unbleached (black
line) regions of interest. Means + SEM (n = 10 cells).

(K) Epifluorescence images and relative magnification insets of U20S cells expressing NEMO-mCherry and GFP-RNF32 treated as in (A). Scale bars indi-
cate 10 pm.

(L) Quantification of puncta containing both GFP-RNF32 and mCherry-NEMO per cell as shown in (K). Means + SEM (n = 10 cells). Two-way ANOVA.
****p < 0.0001.

(M) U20S cells were transfected and treated as in (K). Images were acquired with a confocal laser scanning microscope. The relative magnification insets show
the colocalized GFP-RNF32 and NEMO-mCherry signals (in white). Scale bars, 10 um.

(N) Quantification of the colocalization of the two fluorophores (GFP and mCherry) as shown in (M) using Pearson’s colocalization coefficient derived from 90
analyzed optical sections and expressed as percentage + SD. n = 5 cells. ***p < 0.0001.

See also Figure S5.
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and o6 helices in Figure 4G). All predictions generated by
AlphaFold2 presented this rearrangement, which is compatible
with the binding of an E2 primed for catalysis, as demonstrated
by the superposition of the RNF4-UbcH5A-Ub complex
(Figures 4H and S6P). We noticed that in the RNF32-CaM com-
plex, various lysine residues present in helix a4 are in close prox-
imity to the catalytic core of the E2, perfectly positioned to
perform the nucleophilic attack on the E2 catalytic site
(Figure 4H). This prediction is supported by our mass spectrom-
etry analysis, which has identified many of these lysine residues
as ubiquitylated (Figure S7). To further validate these results,
we generated various RNF32 mutants in which the lysine residues
present in helix a4 were replaced by arginine and assessed their
Lys63-linked autoubiquitylation. As shown in Figure 41, these mu-
tants displayed reduced Lys63-linked autoubiquitylation when
compared with wild-type RNF32, with the quintuple RNF32
(K219R/K222R/K223R/K227R/K228R) mutant (RNF32[5x K/R])
displaying the least Lys63-linked autoubiquitylation, comparable
with the one observed with the RNF32-R1R2,,, mutant.

RNF32 is required for NF-kB activation in response to
bacterial LPSs

Next, we sought to identify the physiological stimuli that induce
NF-kB signaling via RNF32. Increased levels of cytosolic Ca?*
are known to mediate NF-xB activation in response to LPSs,?%?"
which are abundant in the gut lumen. First, we confirmed that treat-
ment of human colonic epithelial cells with LPS, but not with TNF-a
orIL-1p, resulted in increased cytosolic Ca* levels (Figures 5A and
5B). Then, we tested whether RNF32 is required for activating the
NF-kB signaling pathway in response to LPS. As shown in
Figures 5C and 5D, LPS induced the degradation of IkBa as well
as the activating phosphorylation of IKKa and IKK in wild-type
cells but not in cells in which RNF32 expression was silenced by
short interfering RNA (siRNA). The knockdown of RNF32 by siRNA
also prevented the nuclear translocation of NF-xB in cells treated
with LPS (Figures 5E and 5F). Likewise, RNF32 knockout SW480
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cells displayed defective phosphorylation of IKKa and IKKp in
response to LPS (Figures 5G and 5H).

To investigate the role of RNF32-dependent ubiquitylation
in vivo, we generated Rnf32 knockout mice (Figures S8A-S8C).
Homozygous mutant intestines exhibited an increased number
of goblet cells and fewer Paneth cells when compared with
wild-type intestines, as indicated by Alcian blue and anti-lyso-
zyme staining, respectively (Figures 6A-6D). Additionally,
Rnf32—/— colon showed an increased number of goblet cells
(Figures 6E and 6F) and augmented mucus production
(Figures 6G and 6H). The number of Lgr5-positive cells was
not substantially affected by Rnf32 deletion (Figure S8D), while
crypt cell proliferation was slightly reduced in Rnf32-deficient
guts when compared with wild-type animals (Figures S8E and
S8F). Given that RNF32 is required for NF-xB activation in human
cultured cells (Figures 2E-2G and 5D-5G), we examined whether
Rnf32 deletion impacts NF-«kB signaling in the mouse intestinal
epithelium. Nuclear phospho-NF-xB-p65 staining revealed that
while wild-type small intestines displayed NF-kB signaling acti-
vation primarily at the base of the crypts, this activation was
markedly reduced in Rnf32-deficient small intestines (Figure 6l).

To determine whether the observed phenotype is intrinsic to in-
testinal epithelial cells, we utilized intestinal organoids derived
from Rnf32—/— mice. These organoids displayed an increased
number of goblet cells and fewer Paneth cells (Figures S9A-
S9D), reduced NF-kB signaling (Figures SO9E-S9G), and prolifera-
tion rate (Figures S9H and S9l) when compared with organoids
derived from wild-type intestines. The cell fate specification defect
observed in Rnf32—/— organoids was rescued when the NF-xB
pathway was activated by knocking down the NF-xB inhibitor
IkBa (Figures S9J and S9K), suggesting that the observed pheno-
type results from defective activation of NF-xB. In addition, treat-
ment of intestinal organoids derived from wild-type mice with the
CaM inhibitor W-7 decreased NF-kB signaling (Figure S9OL).

As RNF32 expression is increased in primary colorectal tu-
mors (Figures S2A-S2F) and is associated with decreased OS

Figure 4. Characterization of RNF32 ubiquitylation

(A) RNF32 was immunopurified and analyzed by mass spectrometry. The recovered ubiquitin peptides are shown. Ascore (—10*LOG [p value] higher than 15).
(B) HEK293T cells were transfected with WT FLAG-tagged RNF32 along with His-tagged WT ubiquitin or the indicated ubiquitin mutants. Cells were lysed, and the
bulk of ubiquitylated proteins was affinity-purified using nickel agarose. Purified ubiquitylated proteins were then analyzed by immunoblotting.

(C) HEK293T cells were transfected with FLAG-tagged WT RNF32 or RNF32-R1R2,,, (C/A) and treated with PMA and IO for 60 min or left untreated. Cells were
lysed in denaturing conditions, and WCEs were immunoprecipitated with an anti-FLAG antibody. Immunoprecipitates were analyzed by immunoblotting.

(D) HEK293T cells were transfected with FLAG-tagged WT RNF32, or the indicated mutants, and treated with PMA and 10 for 90 min. Cells were lysed in
denaturing conditions, and WCEs were immunoprecipitated with an anti-FLAG antibody. Immunoprecipitates were then analyzed as in (C).

(E) In vitro ubiquitin ligation assay of immunopurified FLAG-HA-epitope-tagged RNF32 (WT or the indicated mutants) was carried out in the presence of purified
recombinant E1, UBCH5B (E2), purified recombinant CaM, with or without WT ubiquitin. Samples were analyzed by immunoblotting.

(F) Ribbon diagram of the AlphaFold model of the RNF32 protein deposited on the UniProt database (AF-Q9HOA6-F1-model_v4). The structural domains of
RNF32 (gray) are highlighted: the RING1 domain in blue, the IQ domain in yellow, and the RING2 domain in green.

(G) Ribbon diagram of the top-scoring AlphaFold2-Multimer model of the CaM:RNF32 interaction obtained by inputting protein sequences for the FL human CaM
(residues 1-149), shown in dark pink, and FL human RNF32 (residues 1-362), shown colored as in (F). Right, the predicted aligned error (PAE) matrix for the CaM:
RNF32 complex generated by AlphaFold2.

(H) Cartoon representation of the complex between CaM:RNF32 and UbcH5A-Ub in its closed conformation, primed for catalysis. RNF4-UbcH5A-Ub complex
(PDB: 4AP4) was superimposed with the CaM:RNF32 complex prediction shown in (G), aligning the respective RING domains. RNF4 RING is in dark green,
UbcH5a is in cyan, and Ub is in dark yellow. Other molecules are colored as in (F) and (G). Right, details of the putative interaction interface between UbcH5A-Ub
and RNF32. The side chains of lysine residues on RNF32 helix a4 (aa 218-241) are depicted in red (K219-222-223-227 and 228).

(1) HEK293T cells were transfected with FLAG-tagged WT RNF32 or the indicated mutants (5x K/R: K219R/K222R/K223R/K227R/K228R; 3x K/R: K219R/K222R/
K223R; 2x K/R: K227R/K228R; and 1x K/R: K219R) and treated as in (D). Cells were lysed in denaturing conditions, and WCEs were immunoprecipitated with an
anti-FLAG antibody. Immunoprecipitates were analyzed by immunoblotting.

See also Figure S6.
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Figure 5. RNF32 is required for the NF-kB activation in response to LPSs

(A and B) SW480 cells were treated with the calcium indicator Biotracker 609 Red Ca* AM Dye and stimulated with 20 ng/ml TNF-a, 1 pg/ml IL-1p, or 10 pg/ml
lipopolysaccharides (LPSs). The intensity of this fluorescent probe was measured by microscopy. Scale bar, 40 pm (A). Regions of interest (ROIs) (yellow circles)
within the cells were analyzed and plotted in (B). The mean + SEM (n = 10 cells) is shown.

(C—F) SW480 cells were transfected with the indicated siRNAs. Cells were treated with 10 pg/ml LPS and analyzed by immunofluorescence (in C to validate the
knockdown of RNF32 and in (E) to assess NF-kB nuclear translocation) or lysed and processed for immunoblotting (D). Scale bar, 10 pm (C) and 20 pm (E).
Quantification of the average number of cells (%) with nuclear NF-kB is shown in (F). Mean + SEM (n = 100 cells).-

(G) Parental or RNF32—/— SW480 cells were treated with LPS. Total cell extracts were analyzed by immunoblotting.

(H) Extracts from RNF32+/+ and RNF32—/— SW480 cells were subjected to immunoprecipitation (IP) with an anti-RNF32 antibody, followed by immunoblotting
with the same antibody.
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Figure 6. RNF32 controls cell fate specification

(A) Alcian blue staining on paraffin-embedded sections of the small intestine from WT and Rnf32—/— mice (n = 3 per group). Scale bar: 100 pm.

(B) Quantification of Alcian-blue-positive (AB*) goblet cells per crypt in the small intestine. ****p < 0.0001 (unpaired t test). Error bars represent SEM n = 3 per group
with 90 and 150 crypts analyzed per WT and Rnf32—/—, respectively.

(C) Staining with anti-lysozyme antibody on paraffin-embedded sections of the small intestine from WT and Rnf32—/— mice (n = 3 per group). Scale bars: 50
and 100 pm.

(D) Quantification of the lysozyme-positive (Lys*) area per crypt. The percentage of Lys* area per crypt was measured using ImageJ, and the averages were
calculated. ***p < 0.0001 (unpaired t test). Error bars represent SEM (n = 3 per group) with 37 and 66 crypts analyzed per WT and Rnf32—/—, respectively.
(E) Alcian blue staining on paraffin-embedded sections of the colon from WT and Rnf32—/— mice (n = 3 per group). Scale bars: 100 pm.

(F) Quantification of AB* goblet cells per upper crypt in the colon. ****p < 0.0001 (unpaired t test). Error bars represent SEM (n = 3 per group), with 32 and 40 crypts
analyzed per WT and Rnf32—/—, respectively.

(G) Alcian-blue-stained sections from the colon of WT and Rnf32—/— mice (n = 3 per group). Colonic tissues were fixed in Carnoy’s fixative and stained with Alcian
blue. The mucus layer indicated by dotted lines is visible. Scale bars: 100 um.

(H) Quantification of mucus in the colon by measuring the stained area at 10 points per section using ImagedJ, and the averages were calculated. **p < 0.001
(unpaired t test). Error bars represent SEM n = 4 for WT and n = 6 for Rnf32—/—.

(I) Anti-phospho-NF-kB p65 (phospho-S536) staining on paraffin-embedded sections of the small intestine of WT and Rnf32—/— mice (n = 3 per group). Scale
bars: 100 pm.

(J) Schematic representation of the experimental timeline for the azoxymethane (AOM)/dextran sulfate sodium (DSS) model of colitis-associated colorectal
cancer.

(K) Kaplan-Meier plot showing the survival probability of WT and RNF32—/— mice subjected to AOM/DSS, as shown in (J) (n = 12 WT mice; n = 10 KO mice).
(L) Assessment of the tumor area observed in WT and Rnf32—/— mice subjected to AOM/DSS. Data are mean tumor area + SEM (n = 8 WT mice; n = 8 KO mice;
***p < 0.005).

See also Figures S8 and S9.
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(Figure S2G), Rnf32-deficient mice were subjected to the azoxy-
methane (AOM)/dextran sulfate sodium (DSS) model of colitis-
associated colorectal cancer (Figure 6J). As shown in
Figures 6K and 6L, Rnf32 knockout mice showed higher survival
rates and smaller tumors than wild-type littermates, indicating
that Rnf32 depletion has a beneficial effect against colon cancer
progression in the AOM/DSS-induced mouse colon cancer
model and suggesting that targeting RNF32 might represent a
therapeutic strategy in colorectal cancer patients.

DISCUSSION

Our study demonstrates that the uncharacterized E3 ubiquitin
ligase RNF32 controls NF-xB signaling by binding and activating
the IKK complex (Figure S9M). This activation mechanism is
distinct from the ones induced by inflammatory cytokines such
as IL-1p, which is mediated by the ES3 ligase TRAF6, and TNF-a,
which depends on the E3 ligases TRAF2, TRAF5, clAP1, clAP2,
and LUBAC (linear ubiquitin chain assembly complex). Indeed,
the RNF32-dependent activation of the NF-xB signaling is medi-
ated by a rise of intracellular Ca®* and its sensor protein CaM
that induces the ligase activity of RNF32. This is triggered by
PMA and the calcium ionophore 10, which synergize to activate
NF-xB signaling bypassing surface receptor engagement, or by
LPSs, outer membrane components of gram-negative bacteria
that promote an increase in intracellular calcium ion concentration,
leading to NF-kB activation. The identification of an E3 directly
controlling the activity of the IKK complex in response to Ca?* level
fluctuation suggests a scenario in which different stimuli control
distinct E3 ubiquitin ligases, each promoting the synthesis of poly-
ubiquitin chains and liquid phase separation of NEMO, thus
converging into IKK activation and subsequent activation of
NF-kB.

Our data suggest that RNF32 is modified by Lys48- and
Lys63-linked ubiquitin chains. It has been shown that NEMO
has a higher affinity for linear Met1-linked ubiquitin when
compared with Lys63-linked chains'®; however, it has also
been demonstrated that (1) in the case of long chains, full-length
NEMO also binds to other ubiquitin chain types,® including
Lys63-linked®” and Lys11-linked?® chains, and that (2) immobili-
zation of NEMO, which may be reminiscent of oligomerization,
facilitates the interaction with Lys63-linked ubiquitin chains.?*
In this regard, RNF32 displays both of these features: it is modi-
fied by long chains, as indicated by the high molecular weight of
its self-conjugated ubiquitin chains, and forms condensates in
response to an increase in intracellular calcium.

We found that RNF32 is expressed in LGR5-positive ISCs that
are known to express Toll-like receptor-4 (TLR4),?® the main re-
ceptor of LPSs. Our in vivo results demonstrate that RNF32 plays
an essential role in the homeostasis of the intestinal epithelium.
Indeed, RNF32-deficient mice have decreased Paneth cell and
increased goblet cell numbers in the small intestine and a dra-
matic increase of goblet cells and mucus secretion in the colon.
A similar phenotype was observed in Tlr4-deficient mice® and in
a mouse model with constitutively suppressed NF-kB activity.”’
These mice, which express the IkBaAN super-repressor that
blocks NF-kB release, display an altered balance between
goblet and Paneth cells in the adult small intestine.
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Insummary, we have identified a regulator of NF-xB signaling in
the intestinal epithelium. It is well established that dysregulation
of the NF-xB signaling pathway in the human gut drives various
inflammatory disorders and contributes to colorectal tumorigen-
esis. We propose that approaches to target RNF32 could be
beneficial to these conditions. Interestingly, comparing RNF32
expression in a variety of normal and tumor human samples re-
vealed that RNF32 expression is elevated particularly in stomach,
colon, and rectum adenocarcinomas, the three major gastroin-
testinal cancer types, and is associated with decreased OS of co-
lon cancer patients, indicating that high RNF32 expression is an
unfavorable prognostic marker in patients with colon cancer.

Limitations of the study

Although it is intriguing that RNF32 has two RING domains, our
findings indicate that the N-terminal RING domain (RING1) plays
a minor role in the ubiquitylation activity of RNF32. Indeed, exper-
iments carried out in cultured cells as well as in vitro demonstrated
that RING2, but not RING1, is required for Lys63-linked self-ubig-
uitylation of RNF32. The function of RING1 is currently unknown.
Moreover, while we found that Lys63-linked ubiquitylation of
RNF32 mediates the activation of NF-kB signaling and Lys48-
linked ubiquitylation results in its proteasome-dependent degra-
dation, it is still unclear how the balance of these two processes
is regulated and whether other chain types are involved.
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Antibodies

Rabbit polyclonal anti-RNF32 Merck Cat# HPA073560; RRID: AB_2686616

Mouse polyclonal anti-RNF32 Abnova Cat# H00140545-B02P; RRID: AB_1018683

Rabbit polyclonal anti-FLAG Merck Cat# F7425; RRID: AB_439687

Mouse monoclonal anti-FLAG Merck Cat# F3165; RRID: AB_259529

Mouse monoclonal anti-HA Biolegend Cat# 901514; RRID: AB_2565336

Rabbit monoclonal anti-HA

Mouse monoclonal anti-B-actin

Mouse monoclonal anti-MYC

Mouse monoclonal Ubiquitin (P4D1) (HRP Conjugate)
Rabbit monoclonal anti-Ubiquitin Lys63-linkage-specific
Rabbit monoclonal anti-Ubiquitin Lys48-linkage-specific
Rabbit monoclonal anti-Linear Ubiquitin

Rabbit monoclonal anti-Ubiquitin K48-linkage-specific
Rabbit monoclonal anti-Calmodulin

Mouse monoclonal anti-His

Rabbit monoclonal anti-p-IKKa (Ser176)/p-IKKp (Ser177)
Rabbit monoclonal anti-p-IKKa (Ser176)/p-IKKp (Ser180)
Rabbit polyclonal anti-Myc

Mouse monoclonal anti-Tubulin

Rabbit polyclonal anti-NEMO/IKKy

Mouse monoclonal anti-NEMO/IKKy

Rabbit polyclonal anti-IKKa

Rabbit monoclonal anti-IKKf

Mouse monoclonal anti-p-IkBa (Ser32/36)

Mouse monoclonal anti-IkBo

Rabbit monoclonal anti-NF-xB p65

Mouse monoclonal anti-p27

Rabbit monoclonal anti-p21

Rabbit monoclonal anti-Lysozyme

Rabbit polyclonal anti-Ki-67

Rabbit polyclonal anti-NF-kB p65 (phospho-S536)
Rabbit polyclonal anti-NF-xB p65

Mouse IgG, HRP-linked whole Ab (from sheep)

Rabbit IgG, HRP-linked whole Ab (from donkey)

Donkey anti-Rabbit IgG Secondary
Antibody, Alexa Fluor™ 488

Goat anti-Mouse IgG Secondary
Antibody, Alexa Fluor™ 488

Goat anti-Mouse IgG Secondary
Antibody, Alexa Fluor 594

Donkey anti-Rabbit IgG Secondary
Antibody, Alexa Fluor™ 568

Cell Signaling Technology
Santa Cruz Biotechnology
Merck

Cell Signaling Technology
Merck

Merck

Merck

Cell Signaling Technology
Abclonal

Aviva Systems Biology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Calbiochem

Cell Signaling Technology
BD Biosciences

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BD Biosciences

Cell Signaling Technology
Abcam

Abcam

Abcam

Abcam

Cytiva

Cytiva

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 3724; RRID: AB_1549585
Cat# sc-69879; RRID: AB_1119529
Cat# M5546; RRID: AB_260581
Cat# 14049; RRID: AB_2798376
Cat# 05-1308; RRID: AB_1587580
Cat# ZRB2150; RRID: AB_2928997
Cat# ZRB2114; RRID: AB_2938573
Cat# 8081; RRID: AB_10859893
Cat# A4885; RRID: AB_2863373
Cat# OAEA00010; RRID: AB_10874637
Cat# 2078; RRID: AB_2079379
Cat# 2697; RRID: AB_2079382
Cat# 2272; RRID: AB_10692100
Cat# CP06; RRID: AB_2617116
Cat# 2685; RRID: AB_2124829
Cat# 611306; RRID: AB_398832
Cat# sc-7184; RRID: AB_649197
Cat# 8943; RRID: AB_11024092
Cat# 9246; RRID: AB_2267145
Cat# 4814; RRID: AB_390781

Cat# 4764; RRID: AB_823578

Cat# 610242; RRID: AB_397637
Cat# 2947; RRID: AB_823586

Cat# ab108508; RRID: AB_10861277
Cat# ab15580; RRID: AB_443209
Cat# ab86299; RRID: AB_1925243
Cat# ab16502; RRID: AB_443394
Cat# NA931; RRID: AB_772210
Cat# NA934; RRID: AB_772206
Cat# A21206; RRID: AB_2535792

Cat# A11029; RRID: AB_2534088

Cat# A11005; RRID: AB_2534073

Cat# A10042; RRID: AB_2534017
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SOURCE

IDENTIFIER

Biological samples

A-FLX™ Animal Tissue FFPE BALB/C
Mouse Multi Tissue

Acepix Biosciences

Cat# 7010-8020

Chemicals, Peptides, and Recombinant Proteins

Alcian blue solution, pH2.5
Proteasome Inhibitor MG132
Lipofectamine RNAIMAX
TranslIT-X2 transfection reagent
Polyethylenimine

Polybrene

Puromycin dihydrochloride
Poly-L-lysine

MLN-4924

Cycloheximide

Thapsigargin

lonomycin

Phorbol 12-myristate 13-acetate
TNFa

LPS

W-7 hydrochloride
Calmidazolium

BioTracker 609 Red Ca2+ AM Dye
FLAG peptide

RNF32 peptide
Calmodulin-Sepharose 4B beads
Ubiquitin-KO human
Ubiquitin-KO human

Ubiquitin, Methylated, Human
Y-27632

SB431542

EDTA 2Na

BSA

Azoxymethane

Dextran sulfate sodium

Wako

PeptaNova GmbH
Thermo Fisher Scientific
Mirus Bio MIR
Polysciences

Merck

Merck

Merck

Selleck Chemical
Merck

Tocris

Merck

Merck

Peprotech

Thermo Fisher Scientific
MedChemExpress
MedChemExpress
Merck

Merck

GenScript Inc.

Cytiva

Merck

R&D Systems products
Merck

Wako

Wako

Nacalai Tesque Inc.
SIGMA

MP Biomedicals

MP Biomedicals

Cat# 015-13805
Cat# 3175-V
Cat# 13778100
Cat# 6003

Cat# 23966
Cat# H9268
Cat# 540411
Cat# P4707
Cat# S7109
Cat# C4859
Cat# 1138

Cat# 10634

Cat# P8139
Cat# 200-01B
Cat# 00-4976-93
Cat# HY-100912
Cat# HY-103319
Cat# SCT021
Cat# 4799

N/A

Cat# 17052901
Cat# SRP6174
Cat# UM-NOK
Cat# 662065
Cat# 030-24021
Cat# 192-16541
Cat# 15130-95
Cat# A4503-50G
Cat# 183971
Cat# 160110

Critical Commercial Assays

QuickChange Site-Directed Mutagenesis Kit
Dual-Luciferase Reporter Assay System

RNAscope™ Assay

RNAscope® Hydrogen Peroxide solution
1X RNAscope® Target retrieval solution

RNAscope® Protease Plus
RNAscope® Probe RNF32
RNAscope® Probe Lgr5
RNAscope® probe DapB

RNAscope® 2.5 HD assay-BROWN kit

RNAscope® 2.5 HD assay-RED kit
Histofine® SAB-PO (M) kit
Histofine® DAB Substrate kit

TNT Quick Coupled Transcription/Translation System
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Stratagene
Promega
ACDBio
ACDBio
ACDBIo
ACDBIo
ACDBIo
ACDBio
ACDBIo
ACDBio
ACDBio

Nichirei Biosciences Inc.
Nichirei Biosciences Inc.

Promega

Cat# 200518
Cat# E1910
N/A

Cat# 322335
Cat# 322000
Cat# 322331
Cat# 890381
Cat# 312171
Cat# 310043
Cat# 322310
Cat# 322350
Cat# 414314
Cati# 425011
Cat# L1170
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REAGENT or RESOURCE SOURCE IDENTIFIER

GeneArt™ Site-Directed Mutagenesis System Thermo Fisher Scientific Cat# A13282

RNeasy plus Mini kit Qiagen Cat# 74134

SuperScript™ Il Reverse Transcriptase Thermo Fisher Scientific Cat# 18064014

GoTag® gPCR Master Mix Promega Cat# A6001

Deposited data

Raw mass spectrometry proteomics data ProteomeXchange PRIDE: PXD066536

Raw RNA-seq data NCBI SRA: PRJNA1295885

Unprocessed and uncompressed data

This paper, Mendeley data

Mendeley Data: https://doi.org/
10.17632/t2bdkr74s7.1

Experimental Models: Cell Lines

Human U20S ATCC Cat# HTB-96; RRID: CVCL_0042
Human HEK293T ATCC Cat# CRL-11268; RRID: CVCL_1926
Human HCT116 ATCC Cat# CCL-247; RRID: CVCL_0291
Human SW480 ATCC Cat# CCL-228; RRID: CVCL_0546
L-WRN ATCC Cat# CRL-3276; RRID: CVCL_DA06
Experimental models: Organisms/strains

C57BL/6J Rnf32-/- mice This paper N/A

Oligonucleotides

ON-TARGETplus SMARTpool RNF32 Dharmacon Cat# L-007136-00-0005

siRNA oligonucleotides

Recombinant DNA

pCMV3-C-FLAG-RNF32
pET-21a-hCaM
pcDNA3.1-hCaM-TEV-MYC-HIS

pcDNAB.1-FLAG-FLAG-HA-HA-RNF32
WT and mutants

pcDNA3.1-HA-RNF32

pEGFP-RNF32

pCMV-TAG-NEMO

pmCherry-NEMO

PEF4-FLAG-IKKa

pEF4-FLAG-IKKB

pNf-kB-luc

pRL-TK

pcDNABS. 1-His-Ubiquitin-WT
pcDNAB3. 1-His-Ubiquitin-K/R mutants
pWC7-His-MYC-Ubiquitin WT and mutants
pcDNABS.1-FLAG-Ubiquitin-K63-only
pHAGE2-EF1a-IRES-puromycin-RNF32
WT and mutants
pcDNAS.1-FLAG-STREP-RNF32
pET-3a-Ubiquitin

pET21-His-UBA1

pET15-His-UbE2D2
pSpCas9(BB)-2A-GFP (PX458)
pGEX-USP2 (aa 259-605)
pOPINK-vOTU (aa 1-183)
pProEx-hOTUB1

Sino Biological
GenScript
This paper
This paper

This paper

This paper

Wu et al.®

This paper

Provided by V. D’Angiolella
Provided by V. D’Angiolella
Provided by S. Papa
Provided by S. Papa

This paper

This paper

This paper

This paper

This paper

This paper
This paper
This paper
This paper
Ran et al.”®
This paper
Akutsu et al.*°

Wang et al.®’

Cat# HG24274-UT
N/A
N/A
N/A

N/A
N/A
Addgene Cat# 11970
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
Addgene Cat# 48138
N/A
Addgene Cat# 61589
Addgene Cat# 26959
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REAGENT or RESOURCE SOURCE IDENTIFIER
pOPINK-OTUD1 (OTU+UIM, aa 287-481) Mevissen et al.*? Addgene Cat# 61406
pOPINB-OTULIN (full-length, aa 1-352) Keusekotten et al.** Addgene Cat# 61464

Software and Algorithms

ImagedJ
AlphaFold2-Multimer prediction

PyMOL v2.5.0
GraphPad Prism
Benchling CRISPR Genome Engineering tool

NIH

nf-core pipeline: proteinfold
1.1.0dev (revision c246¢853c6)

Schrodinger, LLC
GraphPad Software
Benchling

https://imagej.nih.gov/ij/
https://nf-co.re/

http://www.pymol.org
https://www.graphpad.com/features
https://www.benchling.com/crispr

TomoStudioTM software version X 1.6 Tomocube Inc., Korea N/A
Richardson-Lucy deconvolution algorithm Nikon N/A

using NIS-Elements Advanced Research software

NIS-Elements HC software version 5.20 Nikon N/A

Other

Advanced DMEM/F12 Gibco Cat# 12634010
GlutaMAX™ Supplement Gibco Cat# 35050061
Penicillin-Streptomycin Solution (x100) Wako Cat# 168-23191
Intesticult™ organoid growth medium (mouse) STEMCELL Technologies Cat# ST-06005
Matrigel Matrix Basement Membrane Growth Corning Cat# 356231

factor reduced Phenol red free
Fetal Bovine serum

Nichirei Biosciences Inc.

Cat# 175012
Cat# 12604013

TrypLE™ Express Enzyme (1X), no phenol red Gibco

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HCT116, HEK293T, SW480, and U20S cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Sci-
entific 31966021) containing 10% fetal calf serum (Merck F7524), 100 pg/ml streptomycin, and 100 U/ml penicillin (Thermo Fisher
Scientific 15070063). All cell lines were maintained at 37°C and 5% CO. in a humidified atmosphere.
Animal procedures
All animal work was performed in accordance with the ethical guidelines and protocols approved by the Committee on Animal Ex-
periments of Tokushima University (#T-2022-23). Deletion of Rnf32 in mouse zygotes was achieved by electroporating a Cas9-gRNA
ribonucleoprotein complex (RNP) mixture, composed of two crRNAs targeting intron 2 and intron 6 of Rnf32. Briefly, two crRNAs
were first hybridized with tracrRNA and then assembled with recombinant Cas9 protein, using the Alt-R CRISPR-Cas9 System
(IDT). One-cell zygotes were prepared by in vitro fertilization of C57BL/6J mouse oocytes and sperm. Electroporation was performed
using a Genome Editor electroporator (BEX Co) and an LF501PT1-5 platinum plate electrode (BEX Co). Thirty to forty zygotes were
aligned in the electrode gap filled with 5 pl of Opti-MEM | containing the RNP complex and subjected to electroporation at 20V
(8 msec ON + 97 msec OFF) for seven cycles. After an overnight culture, the resulting two-cell embryos were transferred into the
oviducts of pseudo-pregnant MCH/ICR females. Heterozygous mice expressing deleted Rnf32 were crossed to generate
Rnf32-/- mice. Deletion of target sites was confirmed by PCR and sequencing. The following primers were used for genotyping:
Rnf32 int2 Fw, 5’-TTATGCAGAACAGTCCCTTGGAA-3’; int2 Rv, 5’-CTGTTTGTGTTTTGGCAAGAAGG-3’; int5 Fw, 5-GGTTTTGT
GGTATTGGGGTCATT-3’; int6 Rv, 5’-CAGCTTTGATGTGCAGGTAACAA-3'. Expression of Rnf32 in intestinal tissues was examined
by RT-PCR using the following primers: Fw, 5’-TCGGATGCCAAATTAAGGAG-3’; Rv, 5-ATCTGGCCACACCTTTCATC-3'.

Rnf32-/- mice and their littermate controls (C57BL/6J background), all males of 8-12 weeks of age, were used for the Azoxyme-
thane (AOM)/Dextran Sodium Sulfate (DSS) model.
Establishment and maintenance of small intestinal organoids
Murine intestinal crypt cells were isolated from proximal small intestines by incubation for 30 minutes at 4°C in PBS containing 2 mM
EDTA. The isolated crypts were then mixed with 50% growth factor-reduced, phenol-red-free Matrigel (#356231, Corning) diluted
with Advanced DMEM/F12 and plated in 24-well plates. After polymerization, 500 pL of complete organoid culture medium (50%
L-WRN conditioned medium) was used for culturing organoids.®*
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Drug treatment

Where indicated, cells were treated with 10 pM MG132 (PeptaNova GmbH 3175-v), 0.5 pM MLN4924 (Selleck Chemical S7109),
100 pM cycloheximide (Merck C4859), 100 nM thapsigargin (Tocris 1138), 950 nM ionomycin (I0) (Merck 10634), 10 ng/ml phorbol
12-myristate 13-acetate (PMA) (Merck P8139), 20 ng/ml TNFa (Peprotech 300—01A), 1 pg/ml IL-18 (PeproTech 200-01B),
10 pg/ml LPS (Thermo Fisher Scientific 00-4976-93), 25, 50 or 100 uM W-7 hydrochloride (MedChemExpress), 10 pM calmidazolium
(MedChemExpress). HCT116 and SW480 cells were stained with BioTracker 609 Red Ca?* AM Dye according to the manufacturer’s
instructions (Merck SCT021).

Histology, immunohistochemistry, and in situ hybridization

Histological analysis was performed on intestinal sections from 8-12-week-old sex-matched littermate mice. Tissues were fixed in
4% paraformaldehyde overnight at room temperature, followed by dehydration and paraffin embedding. Five-um paraffin-
embedded intestinal sections were deparaffinized and rehydrated. Alcian blue (AB)-stained sections were prepared to assess the
number of Goblet cells. Briefly, 3% acetic acid was applied to the slides for 3 minutes, followed by the addition of AB solution
(#4987481211568, FUJIFILM) for 30 minutes. The slides were then rinsed in running tap water and dehydrated with an ascending
ethanol gradient (70%, 95%, and 100%). Slides were mounted, and images were acquired under bright field using an Olympus
BX53 light microscope (Olympus, Japan).

For mucus staining, mouse colorectal tissues were fixed in Carnoy’s fixative at 4°C overnight to preserve the mucus layer and then
processed for paraffin embedding. Four-pm-thick sections were cut with a microtome and stained with AB solution. Measurements
were taken at 10 positions per section using ImageJ, and the averages were calculated.

For immunohistochemical (IHC) analysis, paraffin-embedded intestinal sections were deparaffinized and subjected to heat-
induced antigen retrieval in 10 mM citrate buffer (pH 6.0). Sections were incubated with primary antibodies and stained using a His-
tofine® SAB-PO (M) kit (Nichirei, Japan), followed by counterstaining with hematoxylin.

In situ hybridization (ISH) was performed using a commercially available kit according to the manufacturer's recommendations
(ACDBio). All procedures, including deparaffinization, hydration, and antigen retrieval, were conducted to minimize RNase contam-
ination. Paraffin-embedded sections along with tissue controls were baked, deparaffinized, and incubated with RNAscope®
Hydrogen Peroxide solution (#322335) for 10 minutes at room temperature. Antigen retrieval was carried out in 1X RNAscope®
Target retrieval solution (#322000) for 15 minutes at 100°C, followed by protease digestion with RNAscope® Protease Plus
(#322331) for 15 minutes at 40°C. Probes were then hybridized with RNAscope® Probe RNF32 (#890381) or Lgr5 (#312171) for 2
hours at 40°C. The signals were amplified and detected with RNAscope® 2.5 HD assay-BROWN kit (#322310) or RNAscope®
2.5 HD assay-RED kit (#322350). The RNAscope® probe DapB (#310043) was used as a negative control. Each single RNA transcript
appeared as a distinct dot of brown chromogen precipitate visible under bright field using an Olympus BX53 light microscope.

In vitro ubiquitylation assay

In vitro ubiquitylation of RNF32 was performed in a volume of 20 pl containing 50 mM Tris pH 7.6, 2 mM CaCl,, 5 mM MgCl,, 5 mM
ATP, 1 uM purified recombinant E1, 10 pM UBCH5B, immunopurified RNF32 (WT or mutants) in the presence or absence of 0.5 pg/pl
purified recombinant CaM, 300 pM wild-type ubiquitin, 300 pM Lys-less ubiquitin, or 300 uM methylated ubiquitin. Reactions were
incubated at 30°C for 30-40 minutes and analyzed by immunoblotting.

UbiCRest analysis

HEK293T cells were transfected with pcDNA3.1-FLAG-HA-RNF32 and treated with PMA and ionomycin for 90 minutes. Cells were
harvested and lysed in IP lysis buffer (50 mM Tris pH 7.5, 250 mM NaCl, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 5 mM
N-ethylmaleimide and protease and phosphatase inhibitors). RNF32 was immunopurified with anti-FLAG agarose resin (Merck
A2220). Beads were washed with IP lysis buffer 4 times and once in 1 mL of 1X DUB Reaction Buffer (50 mM Tris pH 7.5, 50 mM
NaCl, 5 mM DTT). Beads were resuspended in DUB dilution buffer (25 mM Tris pH 7.5, 150 mM NaCl, 10 mM DTT) and transferred
into separate tubes for subsequent DUB incubations. To perform UbiCRest, 5X concentrated DUB stocks were prepared on ice by
diluting enzymes using DUB dilution buffer, and were preincubated at room temperature for 10-15 min. DUBs were used at the
following final concentrations: 1.5 yM USP2, 0.5 uM vOTU, 20 uM OTUB1, 1 puM OTUD1, and 5 pM OTULIN. The samples were placed
on a dry heat block at 37°C. After 120 min, the reaction was stopped by adding 5X Laemmli sample buffer.

Plasmids

Human RNF32 and Calmodulin cDNAs were obtained from Sino Biological and GenScript, respectively. RNF32 carrying N-terminal
2xFLAG-2xHA or single HA were subcloned into pcDNA3. Wild-type RNF32 was also subcloned into pEGFP-C1. pCMV-TAG-NEMO
(Addgene 11970) was a gift from Jon Ashwell. Wild-type NEMO was subcloned in pmCherry-N1. FLAG-tagged IKKa and IKKp were
gifts from Vincenzo D’Angiolella. pNf-kB-luc and pRL-TK were gifts from Salvatore Papa. His-tagged wild-type ubiquitin and K/R
mutants were subcloned into pcDNA3.1. All mutants were generated using the GeneArt™ Site-Directed Mutagenesis System
(Thermo Fisher Scientific A13282) according to the manufacturer’s instructions.
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Transient transfection and lentivirus-mediated gene transfer

For gene silencing, ON-TARGETplus SMARTpool RNF32 siRNA oligonucleotides (Dharmacon L-007136-00-0005) were transfected
into cells using RNAiMax (Thermo Fisher Scientific 13778100) according to the manufacturer’s instructions (two rounds of transfec-
tions were performed). Plasmids were transiently transfected using TransIT-X2 Transfection reagent (Mirus Bio MIR 6003) except for
HEK293T and U20S cells which were transfected using the polyethylenimine (PEI) (Polysciences 23966).

For lentiviral transduction, wild-type RNF32 and mutants were subcloned into pHAGE2-EF1a-IRES-puromycin vectors. HEK293T
cells were transfected by the PEI method with the pHAGE?2 vectors together with packaging vectors (Gag-Pol, Rev, Tat, and the G
protein of the vesicular stomatitis virus). Supernatants were collected 24 hours after transfection, filtered, and transferred to cells with
4 pg/ml polybrene (Merck H9268). Cells were selected with 1 ug/ml puromycin dihydrochloride (Merck 540411).

Identification of RNF32 interactors

RNF32 interactors were identified as described.*°" Briefly, HEK293T cells were transfected with pcDNA3-FLAG-HA-RNF32 and
treated with 10 pM MG132 for 5 hr. Cells were harvested and lysed in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM MgCl,, 10% glycerol and 0.5% NP-40 plus protease and phosphatase inhibitors). RNF32 was immunopurified with
anti-FLAG agarose resin (Merck A2220). Beads were washed, and proteins were eluted by competition with FLAG peptide (Merck
4799). The eluate was then subjected to a second immunopurification with anti-HA resin (Roche 11815016001). Beads were washed,
and proteins were eluted using RapiGest SF (Waters 186001861). The eluate was subsequently treated with reduction buffer (1 pg/pl
dithiothreitol) for 30 minutes and alkylation buffer (5 pg/pl iodoacetamide) for 20 minutes, followed by Lys-C for 4 hours. Trypsin was
added at a 1:50 ratio, and the mixture was incubated overnight at 37°C. Trypsin was quenched by adding trifluoroacetic acid. The
mixture was then subjected to Sep-Pack C18 desalting cartridges (Waters WAT054960). Alternatively, HEK293T cells were trans-
fected with pcDNA3-FLAG-STREP-RNF32. Cells were treated, harvested, and lysed as described above. Whole-cell extracts
were used for affinity purification with Strep-Tactin Sepharose resin (Iba 2-1201-002). Proteins were then eluted with Strep-Tactin
Elution buffer (Iba 2-1000-025), and the eluate was incubated with anti-FLAG agarose resin and analyzed by mass spectrometry
as described above.

CRISPR genome editing

To generate RNF32-/- HCT116 and SW480 cells, three gRNAs targeting exon 1 and exon 8 or exon 1 and exon 7 were designed using
the Benchling CRISPR Genome Engineering tool and cloned into pSpCas9(BB)-2A-GFP (PX458). Cells were seeded into 6-well
plates at approximately 70% confluency and transfected with 1.25 pg of gRNA-containing PX458 plasmids using TransIT-X2 Trans-
fection reagent (Mirus Bio MIR 6003). Two days after transfection, GFP-positive cells were sorted using the BD FACSAria Fusion cell
sorter, and 20 cells/well were plated in a 96-well plate. Two weeks later, single clones were picked, trypsinized in 0.25% Trypsin-
EDTA for 5 minutes, and seeded into the individual wells of a 96-well plate for genotyping. Genomic DNA was collected using
DNA lysis buffer (100 mM Tris-HCI pH 8.0, 200 mM NaCl, 5 mM EDTA pH 8.0, 0.2% SDS) supplemented with 10 pg/pl proteinase
K. Genotyping PCRs were performed with Phusion Tag DNA Polymerase (Thermo Fisher Scientific F530) using primers surrounding
the genomic target sites. Positive clones were sequenced to determine the presence of deletion. To further validate the mutational
status of candidate clones, single clones were screened for RNF32 expression by qRT-PCR, immunofluorescence and IP-western.

NF-kB luciferase reporter assays

RNF32-/- HCT116 cells seeded in 24-well plates were transfected with pNf-kB-luc and pRL-TK constructs, and, where indicated,
with FLAG-HA-tagged RNF32 (wild-type or mutants) with TransIT-X2 transfection reagent (Mirus Bio MIR 6003). Twenty-four hours
after transfection, cells were treated with 950 nM ionomycin and 10 ng/ml PMA for 6 hours. Cells were collected, and the relative
luciferase activity was measured by the Dual-Luciferase Reporter Assay System according to the manufacturer’s instructions (Prom-
ega E1910).

Biochemical methods
For preparation of cell extracts, cells were washed and collected in ice-cold PBS and lysed in Triton-X lysis buffer (50 mM Tris pH 7.5,
250 mM NacCl, 0.1% Triton X-100, 1 mM EDTA, 50 mM NaF and protease and phosphatase inhibitors) for 30 minutes on ice, followed
by centrifugation for 20 minutes at 4°C. Cell extracts were then submitted to either direct immunoblotting or immunoprecipitation
followed by immunoblotting. For immunoprecipitation, cell extracts were first precleared by incubation with protein G- or protein
A-Sepharose beads (Thermo Fisher Scientific 101243 and 101042) for 45 minutes at 4°C. Precleared extracts were incubated
with the indicated antibody for 3 hours at 4°C, followed by protein G- or protein A-Sepharose beads for 45 minutes. Beads were
washed 4 times with lysis buffer, and proteins were eluted in 5x Laemmli sample buffer [50mM Tris-HCI pH 6.8, 2% (w/v) SDS,
5% (v/v) p-mercaptoethanol, 0.1% (w/v) bromophenol blue, and 1% (v/v) glycerol]. For immunoblotting, proteins were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto PVDF membranes (Merck-Millipore IPVYH00010), and
incubated with the indicated antibodies.

For ubiquitylation assay in cultured cells, HEK293T cells were transfected with pcDNA3.1-HA-RNF32 or pcDNA3.1-FLAG-HA-
RNF32 (WT or mutants), and pWC7-His-MYC-ubiquitin (WT or mutants). Forty-eight hours later, cells were treated with MG132
for 4 hours before harvesting. Cells were lysed in RIPA buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate,
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0.1% SDS, and protease and phosphatase inhibitors) and subjected to immunoprecipitation using c-MYC antibody. Ubiquitylated
RNF32 was detected by immunoblotting using an anti-HA antibody.

Antibodies

The antibodies raised against the following proteins were used: RNF32 (Merck HPA073560), RNF32 (Abnova H00140545-B02P),
FLAG (Merck F7425), FLAG (Merck F3165), HA (Biolegend 901514), HA (Cell Signaling Technology 3724), p-actin (Santa Cruz sc-
69879), MYC (Merck M5546), ubiquitin-HRP (Cell Signaling Technology 14049), ubiquitin Lys63-linkage-specific (Merck 05-1308),
ubiquitin Lys48-linkage-specific (Merck ZRB2150), ubiquitin Lys48-linkage-specific (Cell Signaling Technology 8081), linear ubiquitin
(Merck ZRB2114), Calmodulin (Abclonal A4885), His (Aviva Systems Biology OAEAQ0010), p-IKKa (Ser176)/p-IKK (Ser177) (Cell
Signaling Technology 2078), p-IKKa (Ser176)/p-IKKp (Ser180) (Cell Signaling Technology 2697), Myc (Cell Signaling Technology
2272), Tubulin (Calbiochem CP06), NEMO/IKKYy (Cell Signaling Technology 2685), NEMO/IKKy (BD Biosciences 611306), IKKa (Santa
Cruz Biotechnology sc-7184), IKK (Cell Signaling Technology 8943S), p-IxBa (Ser32/36) (Cell Signaling Technology 9246), IkBa (Cell
Signaling Technology 4814), NF-xB p65 (Cell Signaling Technology 4764), p27 (BD Biosciences 610242), p21 (Cell Signaling Tech-
nology 2947), lysozyme (Abcam ab108508), Ki-67 (Abcam ab15580), and NF-kB p65 (phospho-S536) (Abcam ab86299). For
enhanced chemiluminescence (ECL), the detection of proteins was accomplished using the appropriate secondary antibodies con-
jugated to horseradish peroxidase [anti-mouse IgG (NA931) and anti-rabbit IgG (NA934)] from GE Healthcare.

Quantitative real-time PCR

Total RNA was isolated from wild-type and RNF32-/- HCT116 cells, treated or not with PMA and ionomycin, using the RNeasy Mini Kit
(QIAGEN, 74104), and cDNA was synthesized using SuperScript™ Il Reverse Transcriptase (Thermo Fisher Scientific, 18064014). The
cDNA synthesis was performed according to the manufacturer’s instructions, using 2 pg of RNA. For quantitative real-time PCR,
amplification was carried out using the GoTag® gPCR Master Mix (Promega, A6001), according to the manufacturer’s protocol in
a QuantStudio™ 3 Real-Time PCR instrument (Thermo Fisher Scientific) and the following primer pairs were used: RPLPO-FW
ATGTTGCCAGTGTCTGTCTG; RPLPO-REV AGCAAGTGGGAAGGTGTAATC; RNF32-FW GGGTCCTGCAGAAGAATAGAAG;
RNF32-REV CTGCATTGACTGCCAAGTTATC; NFKBIA-FW CTCCGAGACTTTCGAGGAAATAC and NFKBIA-REV CCATTGTAG
TTGGTAGCCTTCA. Gene expression levels were quantified using the AACt method, and RPLPO was used as the housekeeping
gene for normalization.

RNA Sequencing

Total RNA was extracted from wild-type and RNF32-/- HCT116 cells, treated or not with PMA and ionomycin, using the RNeasy Mini
Kit (QIAGEN, Catalog No. 74104), following the manufacturer’s protocol. RNA sequencing was conducted by Macrogen Europe B.V.
(Amsterdam, Netherlands) on an lllumina NovaSeq X 100 PE, generating 150 bp paired-end reads. The sequencing depth was
approximately 100 million reads per sample. The raw sequencing data were obtained in FASTQ format. The raw sequencing data
were processed using FastQC (v0.11.9) to assess the quality of the reads, and Trimmomatic was used to trim adapters and low-qual-
ity bases. Reads were then aligned to the hg38 reference genome using HISAT2. Gene expression levels were quantified by counting
reads mapped to exonic regions using featureCounts based on the GENCODE human gene annotation. Differential gene expression
analysis was performed using DESeqg2 with default settings. Genes with a log2 fold change > 2 and an adjusted p-value (FDR) < 0.05
were considered significantly differentially expressed.

Immunofluorescence

Cells were seeded on poly-L-lysine (Merck P4707) coated glass coverslips and, when specified, transfected with the indicated plas-
mids. One day after transfection, cells were washed with PBS and fixed with 4% paraformaldehyde in PBS for 15 minutes at RT. Cells
were then permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at RT. To analyze cellular condensates, cells were permea-
bilized with 0.02% saponin in PBS for 3 minutes at room temperature before the fixation step. Fixed cells were blocked in 5% BSA in
PBS for 1 hour and then incubated with primary antibodies for 2 hours at room temperature or overnight at 4°C. Cells were washed
three times using PBS and incubated with Alexa Fluor 488 (A11029), Alexa Fluor 568 (A10042), Alexa Fluor 594 (A11005), or Alexa
Fluor 488 (A21206) conjugated secondary antibodies (Thermo Fisher Scientific) for 1 hour at room temperature. Cells were washed
three times with PBS, and slides were mounted using the ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scientific
P36935). Fluorescence images were acquired on a Leica DM2500 fluorescence microscope and analyzed using the ImageJ soft-
ware. RNF32 puncta were quantified by counting the number of 0.3-1 pm puncta and using the cell counter module of ImageJ.
The colocalization plugin in Imaged was used to visualize colocalization between two channels (thresholds were set equal for all im-
ages analyzed).

In vitro binding assay

In vitro translated HA-tagged RNF32 (TNT Quick Coupled Transcription/Translation System — Promega L1170) was incubated with
human Calmodulin-Sepharose 4B beads (Cytiva 17052901) for 1 hour at 4°C in buffer (150 mM NaCl, 25 mM Tris HCI pH 7.5, 0.1%
NP-40) containing either 2 mM CaCl, or 5 mM EGTA. Beads were washed three times with the same buffer. Proteins were then eluted
with Laemmli buffer for 3 minutes at 95°C and subjected to SDS-PAGE and immunoblotting.
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Calmodulin production and RNF32 peptide synthesis

Human recombinant calmodulin was purified as described previously.*® The RNF32 peptide (188-KCVTRIQAYWRGCVVRK
WYRNLR-210) was synthesized by GenScript Inc. The peptide concentration was determined using its predicted molar extinction
coefficient at 280 nm. The mobility shift of CaM induced by RNF32p was assessed under native conditions on a 12.5% continuous
gel containing 2 mM CaCl,, following the procedure described in.*“° Fluorescence spectra were recorded on a Jasco FP8200 spec-
trofluorometer. The Trp residues of RNF32 were selectively excited at 295 nm, and fluorescence emission was recorded from 305 to
500 nm in the absence and presence of CaM in a buffer containing 50 mM Hepes, 150 mM KCI pH 7.5, and 2 mM CaCl..

AlphaFold2-Multimer prediction

The computational resources of the IFOM-ETS cluster were used to run AlphaFold2 leveraging on the nf-core”' pipeline: proteinfold
1.1.0dev (revision c246c853c6); the databases described in'® were used for the predictions. The top-ranking structure from 25 pre-
dicted structures was selected for visualization and display. Structures were analyzed, and figures were generated by using PyMol
(PyMOL Molecular Graphics System, Version 2.3.5 Schrodinger, http://www.pymol.org).

Time-lapse confocal imaging

Cells were grown on glass-bottom dishes to 70% confluency and transfected with the pEGFP-RNF32 plasmid. Cells were stimulated
with 950 nM ionomycin and 10 ng/ml PMA 24 hours after transfection. Confocal live cell image series were acquired with a Nikon A1R
confocal microscope with a 20x NA 0.75 Plan Apo VC objective. All experiments were conducted at 37°C and 5% CO2 using a stage
incubation system (OkoLab) and an Eclipse Ti-E inverted microscope (Nikon) equipped with a built-in Perfect Focus System.
489.1 nm diode laser was used for the excitation of GFP and set at 3.3% to minimize the possible phototoxic effects induced by fluo-
rescence illumination on live cells. The fluorescence emission was collected at 525/50 nm with a PMT detector. The diameter of the
detection pinhole was set at 2.5 Airy Unit (69 pm) to generate a single thick optical section passing through the center of the cells.
Sequential images of 512 x 512 pixels at 12 bits (4096 grey levels) were collected at a fixed pixel size of 63 um every 60 seconds
for 3 hours. Transmission and fluorescence images were merged and rendered using NIS Elements Advanced Research software
(Nikon). The fluorescence intensity over time was assessed across the entire frame with a minimum of 4-point sets for each tested
condition. Values were normalized for comparison between treated and untreated samples.

Optical diffraction tomography

The distribution of GFP-RNF32 in cells was examined utilizing a holotomography (HT) microscope (Tomocube HT-X1TM; Tomocube
Inc., Korea) as previously described.*” This HT system enabled comprehensive capture of both the 3D refraction index (RI) dispersion
and three-channel 3D fluorescence imaging, achieved through multiple 2D hologram images from various illumination angles. The
system highlighted a resolution of 156 nm laterally and 1070 nm axially for the refraction index, while fluorescence optical resolution
stood at 270 nm laterally and 1130 nm axially at a wavelength of 488 nm. Live-cell imaging was analyzed using Olympus UPLXAPO
40x, NA 0.95, air objective lens. The fluorescence image step size was set to be the same as the HT imaging step size.
TomoStudioTM software version X 1.6 (Tomocube Inc., Korea) was utilized for visualization and analysis of the 3D distribution of
refractive index and fluorescence in live cells.

Fluorescence recovery after photobleaching

FRAP experiments were performed at 37°C in a live-cell-imaging dish using a Nikon A1R confocal microscope with a 60x NA 1.4 Plan
Apo VC oil immersion objective. GFP was bleached in a region of interest (ROI, 5 x 5 pm) using 100% laser power at 489.1 nm. Pre-
bleach and recovery images were recorded with a pinhole size of 233 um for the indicated time. Fluorescence intensity was measured
using NIS Elements Advanced Research software (Nikon) in both bleached and control ROI.

Confocal and colocalization analysis

Confocal analysis was performed using a Nikon A1 confocal laser scanning microscope with a 100 x NA 1.49 objective lens and 408,
489, and 562 nm laser lines. Z-stacks were collected at an optical resolution of 100 nm/pixel and stored at 12-bit with 4096 different
gray levels, with pinhole diameter set to 1 Airy unit and z-step size set to 300 nm. Confocal images were processed using the
Richardson-Lucy deconvolution algorithm using NIS-Elements Advanced Research software (Nikon). A large area of the samples
was observed, and 5 representative cells for each condition were analyzed and processed as described thereafter.

Colocalization analysis was evaluated by comparing the equivalent pixel positions of blue and red signals of fluorophores in each of
the acquired images (optical sections). A two-dimensional scatter plot diagram of the individual pixels from the paired images was
generated, and a threshold signal level to be included in the analysis was selected. Pixels with intensity values greater than 50% gray
levels (on a scale from 0 to 4096) were selected for both signals and the colocalization binary maps that indicate regions containing
highly colocalized signals were imaged and merged (in white) to the green and red signals.**>** The measurements using single op-
tical sections through the middle of the nucleus. The analysis of the images was carried out using NIS-Elements HC software version
5.20 (Nikon). The colocalization of the fluorochromes was quantified using Pearson’s colocalization coefficient (r) derived from 90
analyzed optical sections and expressed as a percentage + SD.
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Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS) mouse model

Colitis-associated colorectal tumors were induced as previously described*® with minor modifications. Briefly, Rnf32-/- mice and
their littermate controls (C57BL/6J background), all males of 8-12 weeks of age, were used in this study. Mice were housed under
specific pathogen-free conditions with free access to food and water. On day 0, mice received a single intraperitoneal (i.p.) injection
of azoxymethane (AOM; MP Biomedicals, Cat# 183971) at a dose of 10 mg/kg body weight. After a one-day recovery period, 2.5%
dextran sulfate sodium (DSS; MP Biomedicals, Cat# 160110) was provided in the drinking water for 7 consecutive days, followed by
10 days of regular water. This DSS treatment cycle was repeated two additional times (a total of three cycles). Mice were monitored
daily for weight loss and survival. At day 120, animals were euthanized, and the entire colon was excised, flushed with PBS, and
examined for macroscopic tumors. Tumor number was counted, and tumor size (area) was measured from colon images using Im-
aged software (NIH, Bethesda, MD). Tissues were fixed in 10% neutral-buffered formalin or frozen for further analysis.

Analysis of small intestinal organoids

For histological analysis, organoids were cultured in IntestiCult™ Organoid Growth Medium (STEMCELL Technologies). Once grown,
organoids were harvested, fixed by 4% PFA for 1 hour, embedded in 2% agarose gel, and then processed for paraffin embedding.
For protein analysis, organoids were lysed using cold lysis buffer (50 mM pH 7.5 Tris-HCI, 250 mM NaCl, 0.1 % Triton X-100, 1 mM
EDTA, 50 mM NaF) with protease inhibitor cocktail (Nacalai Tesque Inc., Kyoto, Japan) and processed for immunoblotting analysis.

In silico analysis of RNF32 expression in cancer

RNF32 mRNA expression of tumoral and adjacent-normal tissues for BLCA (bladder urothelial carcinoma), BRCA (breast invasive
carcinoma), CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), CHOL (cholangiocarcinoma), COAD (co-
lon adenocarcinoma), ESCA (esophageal carcinoma), HNSC (head and neck squamous cell carcinoma, KIRC (kidney renal clear cell
carcinoma), KIRP (kidney renal papillary cell carcinoma), LUAD (lung adenocarcinoma), PAAD (pancreatic adenocarcinoma), PCPG
(pheochromocytoma and paraganglioma), PRAD (prostate adenocarcinoma), READ (rectum adenocarcinoma), STAD (stomach
adenocarcinoma), THYM (thymoma) and UCEC (uterine corpus endometrial carcinoma) was obtained from TCGA datasets through
the UCSC Xena browser (http://xena.ucsc.edu/ — llluminaHiSeq gene expression RNAseq normalized data). Statistical analysis was
performed using the computing environment Python: non-parametric Mann-Whitney U tests were used to analyze differences among
RNF32 mRNA expression levels in primary tumors versus normal adjacent tissues, and the Log-Rank (Mantel-Cox) test was used to
compare overall survival curves in patients with primary tumors with low or high RNF32 mRNA expression. One-way ANOVA and
Tukey tests were used to analyze RNF32 expression across COAD stages. Cox’s proportional hazard model was used to evaluate
the association of RNF32 expression with survival time, using covariates (age at diagnosis, gender, histological subtypes, and RNF32
status). p < 0.05 were considered significant.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data represent the average from at least three independent experiments, except where specified in figure legends. Sample sizes
and p values are indicated in figure legends.
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