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SWitch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling com-
plexes displace nucleosomes to promote the access of transcription factors to
enhancers and promoters. Despite the critical roles of SWI/SNF in animal
development and tumorigenesis, how signaling pathways recruit SWI/SNF
complexes to their target genes is unclear. Here, we demonstrate that target
gene activation mediated by [3-catenin, the essential transcriptional coacti-
vator in the Wnt signal transduction pathway, requires ubiquitylation of the
SWI/SNF component Brahma-related gene-1 (BRG1) by the E3 ubiquitin ligase
Thyroid Hormone Receptor Interactor 12 (TRIP12). TRIP12 depletion in Dro-
sophila, zebrafish, mouse organoids, and human cells attenuates Wnt signal-
ing. Genetic epistasis experiments place TRIP12 activity downstream of the [3-
catenin destruction complex. TRIP12 interacts with and ubiquitylates BRGI,
and BRGI depletion blocks TRIP12-mediated Wnt pathway activation. TRIP12
promotes BRGI binding to [-catenin in the presence of Wnt. Our findings
support a model in which TRIP12 ubiquitylates BRGI in the presence of Wnt
and promotes its interaction with B-catenin in the nucleus, in order to recruit
SWI/SNF to Wnt target genes. Our studies suggest a general mechanism by
which cell signaling induces the interaction between BRG1 and pathway-
specific transcription factors to recruit SWI/SNF complexes to their appro-
priate target genes.

Conversion of the chromatin state of target gene promoters from an  (SWI/SNF) complexes®. SWI/SNF complexes utilize ATP hydrolysis to
“inactive” heterochromatin into a transcriptionally “active” euchro- slide or eject nucleosomes and facilitate the binding of transcription,
matic conformation is a critical step in signal transduction'. This replication, and repair factors to DNA®. Much of our understanding of
chromatin remodeling process is mediated by large multisubunit SWI/SNF has focused on its composition and mechanism of chromatin
molecular machines termed the SWIitch/Sucrose Non-Fermentable remodeling. SWI/SNF complexes can bind histone modifications and
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may be guided to specific loci by recognition of the regional archi-
tecture or recruited by transcription factors. How the SWI/SNF com-
plex is recruited to specific target genes in response to a signal,
however, is not well understood.

Wnt/B-catenin signaling is an evolutionarily conserved pathway
that regulates metazoan development and homeostasis*®. Mutations
that cause misregulation of the Wnt pathway result in developmental
defects and cancer’®. In the absence of Wnt ligands, the transcriptional
cofactor B-catenin is phosphorylated in the cytosol by a destruction
complex that maintains cytoplasmic -catenin at low levels. Activation
of the pathway results in inhibition of the destruction complex and
consequent stabilization of B-catenin. -catenin subsequently enters
the nucleus and interacts with transcription factors and cofactors,
including the T cell factor and lymphocyte enhancer factor (TCF/LEF)
family, to promote a Wnt transcriptional program’.

In the absence of Wnt stimulation, TCF transcription factors are
normally bound to the transcriptional corepressor Groucho/Transducin-
Like Enhancer (Gro/TLE), and the chromatin state of Wnt target genes is
in a transcriptionally repressive form'. Upon pathway activation,
nuclear (3-catenin displaces Gro/TLE binding on TCF, and a large mole-
cular weight nuclear complex termed the “enhanceosome™, consisting
of the [-catenin/TCF complex and associated cofactors is proposed to
assemble on and convert chromatin to a permissive form, allowing the
efficient transcription of Wnt target genes®. Several B-catenin-associated
cofactors have been identified, including B-cell lymphoma 9 (BCL9),
Pygopus, p300/CREB-binding protein, and the chromatin remodeler
Brahma-related gene-1/SWI/SNF-related matrix-associated actin-depen-
dent regulator of chromatin subfamily A, member 4 (BRG1/SMARCA4
(henceforth BRG1))"* . The mechanism by which these cofactors are
recruited to Wnt-responsive elements in Wnt target gene promoters is
not well understood.

Previous studies indicated that ubiquitylation plays an essential
role in activating the B-catenin/TCF transcriptional program, particu-
larly the transcriptional repressor Gro/TLE. Herein, we provide
biochemical, cellular, and organismal evidence that the ubiquitin
ligase, Thyroid Hormone Receptor Interactor 12 (TRIP12), is an evolu-
tionarily conserved positive regulator of Wnt signaling. We show that
in the presence of Wnt, TRIP12 ubiquitylates BRG], the catalytic com-
ponent of the SWI/SNF chromatin remodeling complex, and enhances
its capacity to bind 3-catenin, providing a mechanism for how the SWI/
SNF complex is recruited to Wnt target genes to facilitate their tran-
scriptional activity.

Results

TRIP12 promotes Wnt/Wingless signaling in human cells, zeb-
rafish, and Drosophila

We previously identified the E3 ligase TRIP12 as a positive regulator of
Whnt signaling in an insertional mutagenesis screen in human HAP1
cells?®. To confirm that TRIP12 promotes Wnt signaling in human cells,
we used a human embryonic kidney (HEK) cell line that stably
expresses the luciferase-based Wnt target gene reporter Super-
TOPFlash (HEK293STF cells)?’. Knockdown of TRIP12 with two inde-
pendent short-interfering RNAs (siRNAs) inhibited Wnt3a-stimulated
reporter activity (Fig. 1A) while having no observable effect on a con-
stitutively active control luciferase reporter (Supplementary Fig. 1A)%.
The inhibition of Wnt signaling by siRNA knockdown of TRIP12 was
rescued with the expression of a TRIP12 siRNA-resistant construct,
demonstrating the specificity of the knockdown (Supplementary
Fig. 1B). Confirming the results of the Wnt reporter assay, we found
that TRIP12 knockdown blocked the Wnt3a-stimulated expression of
endogenous Wnt target genes, including AXIN2, SP5, and DKK1 (Sup-
plementary Fig. 1C). Overexpression of TRIP12 enhanced Wnt3a-
mediated signaling; however, no observable activation was detected in
the absence of Wnt ligand (Fig. 1B).

To assess the role of TRIP12 in regulating Wnt signaling during
vertebrate development, we tested the effects of TRIP12 on Wnt sig-
naling in zebrafish (Danio rerio) embryos. In zebrafish, Wnt regulates
eye development, and ectopic activation of the Wnt pathway leads to
an eyeless phenotype®?**. We found that TRIP12 overexpression gave
rise to eyeless embryos, which were rescued by injecting a morpholino
oligonucleotide (MO) that targets endogenous TRIP12 (Fig. 1C). The
phenotypic effects of TRIP12 mRNA and MO injections were consistent
with the observed changes in endogenous Wnt/B-catenin target gene
expression (Fig. 1D). Disruption of Wnt/B-catenin and Wnt/planar cell
polarity in zebrafish can result in malformations of the trunk axes. The
formation of the dorsoventral (D-V) axis is tightly intertwined with the
formation of the anteroposterior (A-P) axis, as convergent extension of
the dorsolateral cells contributes to the elongation of the A-P axis.
Thus, disruption of the Wnt pathway has been shown to result in trunk
malformation and subsequent reduction in body length®?". We found
that both overexpression and CRISPRi knockdown of TRIP12 resulted
in embryos with shortened axes, consistent with effects on Wnt sig-
naling (Supplementary Fig. 2A-C). Significantly, the trunk phenotype
due to TRIP12 overexpression was rescued by injection of TRIP12 MO
(Supplementary Fig. 2A). We also observed that TRIP12 CRISPRi-
treated embryos exhibited pericardial edema and heart malformation,
consistent with previously described effects of disrupted Wnt signal-
ing during embryogenesis®®*° (Supplementary Fig. 2D, E). These
results provide evidence that TRIP12 plays a role in Wnt signaling
during early embryonic development in vertebrates.

Given the evolutionary conservation of the Wnt pathway, we
evaluated the in vivo role of the Drosophila TRIP12 ortholog, Ctrip®, in
Wingless signaling. Mammalian TRIP12 protein has several domains: a
catalytic HECT domain, two protein-protein interaction domains
(Tryptophan-Tryptophan-Glutamate (WWE) and Armadillo repeats
(ARM)), and an intrinsically disordered region (IDR)*’. Alignment of the
human and Drosophila orthologs of TRIP12 reveals a high percentage
of primary sequence conservation, with 81% similarity in the ARM
repeats, 46% similarity in the WWE domain, and 73% similarity in the
HECT domain (Supplementary Fig. 3).

In the larval third instar wing imaginal disc, the precursor of the
adult wing, Wingless is expressed in a stripe of cells at the dorsoventral
boundary**** and activates the transcription of the high-threshold
target genes senseless (sens) and notum®* in cells juxtaposed with the
D-V boundary. Independent RNAi constructs that target different
regions of ctrip depleted endogenous Ctrip tagged with GFP (Ctrip-
GFP) efficiently (Supplementary Fig. 4). Ctrip depletion in the posterior
wing disc decreased the levels of an endogenous sens reporter (scar-
let:sens) in more than 45% of discs (Fig. 2D-G, Supplementary Fig. 5), in
contrast with depletion of a control gene, yellow (y) (Fig. 2A-C, G).
Ctrip knockdown also decreased the levels of endogenous notum
(Notum-HA; Supplementary Fig. 6)*%. Ctrip depletion did not dis-
rupt wingless expression (Supplementary Fig. 7A-L), indicating that
this defect in Wingless transduction resulted from decreased signaling
downstream of Wingless. The expression of Notch and Hedgehog
target genes was not reduced by Ctrip depletion (Supplementary
Fig. 7A-X), ruling out generalized effects on signaling. These conclu-
sions were also supported by tissue-specific CRISPR/Cas9-mediated
ctrip mutagenesis®. Expression of Cas9 and ctrip single guide RNAs
(sgRNAs) in the posterior compartment of the wing disc decreased
Ctrip levels efficiently (Supplementary Fig. 8D, G), and resulted in sens
reduction (Supplementary Fig. 8E, H, J), by contrast with the control
ebony (e) sgRNAs (Supplementary Fig. 8A, B, J). These findings were
further supported by analyses in the adult wing, in which inactivation
of Wingless/Wnt signaling disrupts patterning at the periphery,
resulting in aberrant notch formation at the wing margin*°. Depletion
of Ctrip using multiple RNAi constructs resulted in notches at the wing
margin (Fig. 2J-N), as does knockdown of the Wingless receptor
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Arrow/LRP6 (Fig. 21, N). Together, these findings provide evidence that
Ctrip promotes Wingless signaling.

To determine whether Ctrip mediates other physiological events
directed by the Wingless morphogen, we analyzed the Drosophila
adult intestine, in which Wingless directs patterning at compartment
boundaries, including the midgut-hindgut boundary (MHB)**2, Tran-
scriptional activation of the Wingless target gene frizzled 3 (fz3)*** is

highest near the Wingless source at the MHB and decreases in a graded
manner with increasing distance from this source**’. As expected,
RNAi-mediated knockdown of Arrow/LRP6 using caudal (cad)-Gal4,
which drives strong expression near the MHB and in the posterior half
of the posterior midgut (Supplementary Fig. 9A, B), resulted in a
reduction of fz3-GFP near the MHB (Fig. 2Q, R, U). Similarly, Ctrip
depletion with multiple RNAi constructs also reduced fz3-GFP near the

Nature Communications | (2025)16:5248


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60535-5

Fig. 1| TRIP12 promotes Wnt signaling in human cells and zebrafish.

A HEK293STF cells were transfected with nontargeting (siNT) or two independent
TRIP12 siRNAs (siTRIP12#1 and #2) and incubated in the presence or absence of
recombinant Wnt3a. TOPflash reporter activity quantified, and cell extracts
immunoblotted for TRIP12 and B-catenin. a-tubulin is a loading control. *indicates a
nonspecific band. Graphs show mean + SEM of TOPflash normalized to cell number
and control. Significance assessed using one-way ANOVA with Dunnett’s test. p-
values for siNT + Wnt3a versus siTRIP12#1 and siTRIP12#2 are <0.0001. TOPflash
and immunoblots represent at least three independent experiments. n =3 wells of
cells per treatment group per experiment, as shown in the dot plot. B HEK293STF
cells transfected with empty vector control or plasmids encoding Myc-TRIP12 wild-
type (WT) or Myc-TRIP12 catalytic-dead (CD) and incubated in the presence or
absence of recombinant Wnt3a. TOPflash reporter activity quantified, and cell
extracts immunoblotted for TRIP12 and fB-catenin. a-tubulin is a loading control.
Graphs show mean + SEM of TOPflash normalized to cell number and control.
Significance assessed with one-way ANOVA with Tukey’s test. p-value for myc-

TRIP12 + Wnt3a versus control +Wnt3a is <0.0001 and for myc-TRIP12 + Wnt3a
versus myc-TRIP12 CD +Wnt3a is 0.0028. C Zygotes injected with TRIP12 mRNA.
Rescues were co-injected with TRIP12 MO. Representative images are shown on the
left, with arrows indicating developing eyes. The percentage of eyeless embryos is
graphed on the right. Scale bar =200 mm. Significance analyzed by Fisher’s exact
test (two-sided), p-value is 0.0081. D Co-injection with mRNA and MO rescues
expression of Cyclin D1, Lefl, and c-myc. Total mRNAs isolated from injected single
embryos, and Cyclin D1, Lefl, and c-myc levels quantified by RT-qPCR. Gene
expression is graphed as ratio to (3-actin control and normalized to uninjected
embryo controls. Graphs show mean + SEM, n =3 independent embryo pools.
Significance assessed using one-way ANOVA with Tukey’s test. p-values for Control
versus TRIP12 MO, Control versus TRIP12 mRNA, TRIP12 mRNA versus TRIP12
mRNA +MO are 0.0000085, 0.092147, 0.0430227 for Cyclin D, 0.0947633,
0.0003199, 0.0033959 for Lef1, 0.0072358, 0.0002207, 0.0005341 for c-myc.

*p <0.05,*p < 0.01, **p < 0.001, ***p < 0.0001, p = 0.05 not significant (ns). Source
data provided.

MHB (Fig. 2S-U and Supplementary Fig. 9F-N). Together, these find-
ings indicate that Ctrip promotes Wingless signaling in multiple phy-
siological contexts.

The E3 ligase activity of TRIP12 is required for its Wnt signaling
function, and acts downstream of the B-catenin destruction
complex

We next addressed the mechanism of action of TRIP12 in the Wnt
pathway. As TRIP12 is an E3 ubiquitin ligase, we tested whether its
ligase activity is required for its role in Wnt signaling and found that
overexpression of a “catalytic-dead” form of TRIP12 (TRIP12-CD)
markedly reduced ability to promote Wnt3a-mediated signaling
(Fig. 1B, Supplementary Fig. 10A). This mutant form of TRIP12 weakly
activated Wnt signaling, suggesting that it could act as a scaffold
protein or retain residual enzymatic activity (Fig. 1B). These results
indicate that TRIP12 requires catalytic activity for its full function in the
Wnt pathway. The expression of a TRIP12 mutant that is unable to bind
poly(ADP-ribose) polymerase (PARP)* activated Wnt signaling at levels
comparable to wild-type TRIP12, suggesting that the PARP binding
domain of TRIP12 is dispensable for its Wnt activity, at least when
overexpressed (Supplementary Fig. 10B). No observable change in f3-
catenin levels was detected when TRIP12 was knocked down or over-
expressed, suggesting that TRIP12 functions downstream of 3-catenin
stabilization (Fig. 1A, B and Supplementary Fig. 10). Consistent with
this conclusion, we found that TRIP12 localized primarily in the
nucleus, and no observable change in localization was detected upon
Wnt stimulation by immunostaining (Supplementary Fig. 11A) or bio-
chemical fractionation (Supplementary Fig. 11B). We observed similar
nuclear enrichment of Drosophila Ctrip (Supplementary Fig. 11C-H).
Knockdown of Axin and APC, components of the (3-catenin destruction
complex, results in stabilization of B-catenin and Wnt pathway acti-
vation. Concomitant knockdown of TRIP12 reduced Wnt reporter
activity in both cases (Fig. 3A, B). These results further supported arole
for TRIP12 downstream of the B-catenin destruction complex to
mediate nuclear Wnt signaling. To explore this possibility further in
an ex vivo system, we tested whether downregulating TRIP12 affected
the growth of organoids from APC™ mice, which do not require
exogenous Wnt ligands for growth*®. We found that TRIP12 knock-
down by shRNA lentivirus treatment decreased organoid size and
promoted cell differentiation, as reflected by the formation of multiple
protrusions reminiscent of crypt-like structures seen in wild-type
enteroids and expression of the differentiation marker Muc2
(Fig. 3C-G, Supplementary Fig. 111-K), supporting a role for TRIP12
downstream of APC.

Further evidence that TRIP12 acts downstream of the destruction
complex was provided by genetic epistasis experiments in Drosophila,
using either ApcI knockdown or a constitutively activated Armadillo/f3-
catenin. The activation of Wingless signaling resulting from Apcl

depletion in the adult midgut is known to result in hyperproliferation
of intestinal stem cells (ISCs), leading to an increase in stem and pro-
genitor cell number (Fig. 4B, F)****8, Concomitant RNAi-mediated
knockdown of Apcl and ctrip in intestinal stem and progenitor cells
using the temperature-sensitive escargot (esg®)-Gal4 driver resulted in
a reduction in stem and progenitor cells (Fig. 4D-F), in contrast with
concomitant RNAi-mediated knockdown of Apcl and wingless
(Fig. 4C, F). These findings support the conclusion that Ctrip acts
downstream of APC and the destruction complex. To further test this
conclusion, we tested a constitutively active form of Armadillo/B-
catenin (Arm’°), which encodes an amino-terminal truncation that
prevents its phosphorylation by the destruction complex*’. Expression
of arm®® in the wing disc using the vestigial B (vgB)-Gal4 driver resulted
in an increased number of Sens-positive cells, demonstrating the
expected constitutive activation of Wingless signaling (Fig. 4G-J).
Concomitant depletion of ctrip reduced Sens (Fig. 4G, K-P), indicating
that ctrip acts downstream of the f-catenin destruction complex. In
contrast, neither Hedgehog nor Notch-dependent target gene activa-
tion was disrupted, ruling out a generalized disruption in transcription
or wing disc patterning (Supplementary Fig. 12). These in vivo findings
support the conclusion that TRIP12/Ctrip acts downstream of the [3-
catenin destruction complex.

TRIP12 interacts with the SWI/SNF catalytic component BRG1

To identify interactors of TRIP12 that mediate its role in activating Wnt
signaling, we generated HEK293T cells stably transfected with TRIP12
or a catalytically compromised version (TRIP12?°%) fused to the
turbolD biotin ligase and tagged with a 3xFLAG-epitope for co-
immunoprecipitation and proximity labeling®. Briefly, cells stably
expressing 3XFLAG-TurbolD-TRIP12°°”* which was used to stabilize
protein interactions, were treated with biotin, biotinylated proteins
were enriched with streptavidin beads, and subsequently analyzed via
quantitative label-free mass spectrometry (MS). As we observed non-
specific labeling of TRIP12 occurring in the absence of biotin treatment
(due to the presence of endogenous biotin), cells that had not been
treated with biotin were used as a negative control for comparison
(Fig. 5A). In parallel, we performed FLAG affinity purification coupled
to MS (AP/MS) as an orthogonal approach to identify interactors of
TRIP12°°7A (Fig, 5B). Immunoblots from these cell lysates revealed
that the levels of Turbo-ID TRIP12 and the catalytically compromised
Turbo-ID TRIP12 are lower than endogenous TRIP12. Therefore, the
total increase in TRIP12 levels is less than two-fold (Fig. 5C). Known
TRIP12 substrates, including PARP1, Ubiquitin Specific Peptidase 7
(UBP7/USP7), and the SWI/SNF chromatin remodeling complex com-
ponent BAF57 (SMCE1), were amongst the 358 proteins identified as
putative TRIP12 interactors using both proximity labeling and FLAG
AP-MS approaches (Fig. 5C, Supplementary Data 1)***, Other mem-
bers of SWI/SNF chromatin remodeling complexes were also
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identified, consistent with an over-representation analysis (ORA) of
significant proteins, which revealed chromatin assembly and dis-
assembly machinery as the highest Gene Ontology (GO) term (Fig. 5D).
Of note, TRIP12 interacted with the catalytic subunit of the SWI/SNF
complex, Brahma-related gene 1 (BRGI/SMARCA4), a known nuclear
regulator of Wnt signaling”. Supporting these MS results, we found
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that overexpressed (Supplementary Fig. 13A, B) and endogenous

(Fig.

SE,

Supplementary Fig.

13C) BRGl and TRIP12 co-

immunoprecipitate in a Wnt-independent manner. A proximity liga-
tion assay confirmed their association, providing further support that
their interaction is direct and Wnt-independent (Fig. 5F, G, Supple-
mentary Fig. 14).
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Fig. 2 | Ctrip promotes Wingless signaling in Drosophila. RNAi constructs tar-
geting yellow negative control or ctrip in the posterior compartment (marked by
Engrailed (En, cyan)) of third instar larval wing discs using hedgehog (hh)-Gal4.
Scarlet-Senseless (Scar-Sens, magenta) is a Wingless target gene reporter. DAPI
(blue) marks nuclei. Scale bar (A-F): 50 pm. Dorsal, top; posterior, right. A-C hh-
Gal4-driven expression of a yellow (y) RNAi control. Minimal loss of Scar-Sens was
observed in the posterior compartment. D-F hh-Gal4-driven expression of RNAi
construct targeting ctrip decreases Scar-Sens in the posterior compartment.

G Quantification is the percentage of wing discs with decreased Scar-Sens. N is the
number of wing discs analyzed. RNAi constructs targeting yellow, arrow (positive
control), or ctrip expressed using the C96-Gal4 driver. H C96-Gal4-driven expres-
sion of RNAi construct targeting yellow (y). No wing notches were observed.

I-M C96-Gal4-driven expression of RNAi constructs targeting arrow (arr) or ctrip
resulted in notches at wing periphery. N Quantification for H-M is shown as per-
centage of wings with notches. N is the number of wings analyzed. RNAi constructs

targeting yellow, arrow (arr), or ctrip expressed in posterior midgut using the cad-
Gal4 driver. frizzled3-GFP (green) is a Wingless target gene reporter. The dashed
line indicates the midgut-hindgut boundary (MHB). O, P cad-Gal4-driven expres-
sion of y. No fz3-GFP reduction was observed. Q, R cad-Gal4-driven expression of
RNAi targeting arr results in loss of fz3-GFP near midgut-hindgut boundary.

S, T cad-Gal4-driven expression of RNAi targeting ctrip results in partial or com-
plete loss of fz3-GFP expression in posterior midgut. DAPI (blue) marks nuclei.
Scale bar (0-T): 50 um. U Quantification shown as percentage of intestines with
decreased fz3-GFP. N is the number of adult intestines analyzed. Statistical sig-
nificance (G, N, U) was analyzed by Fisher’s exact test (two-sided). p-values for G are
<0.0001, 0.0005, 0.0024, <0.0001, <0.0001 respectively. p-values for N are all
<0.000L1. p-values for U are 0.0020, <0.0001, 0.0080, 0.0021, <0.0001, respec-
tively. *p < 0.01, **p < 0.001, ***p < 0.0001. Source data are provided in the
Source Data file.

BRGl is required for TRIP12-dependent Wnt signaling in human
cells and Drosophila
BRG1 has been shown to positively (via binding to B-catenin)**** and
negatively**” regulate Wnt signaling. Thus, it is possible that the
effects of the SWI/SNF complex on Wnt signaling are tissue- or context-
dependent. We found that BRG1 knockdown in human HEK293T cells
with three independent siRNAs blocked Wnt3a-induced signaling
(Fig. 6A), indicating a positive role for BRG1. To test whether BRGI is
required for TRIP12-mediated Wnt signaling, we knocked down BRG1
in HEK293STF cells overexpressing TRIP12. We found that Wnt path-
way activation upon TRIP12 overexpression was inhibited by knocking
down BRGl (Fig. 6B), indicating a requirement for BRG1 in TRIP12-
mediated Wnt signaling.

We found that BRGl is also required for Wingless signaling in vivo.
The closest relative of human BRG1 is encoded by a single Drosophila
melanogaster gene, brahma (brm), which shares 81% amino acid simi-
larity with human BRGL. We found that RNAi-mediated Brm depletion
with independent RNAi constructs resulted in reduction or loss of
endogenous GFP-tagged Brm (Brm-GFP) (Supplementary Fig. 15).
Strong Brm knockdown resulted in mildly deformed wing discs
whereas complete loss of Brm prevented wing development (Supple-
mentary Fig. 15D-1). Brm knockdown in the posterior compartment
using the hh-Gal4 driver resulted in loss of the Wingless target genes
sens and notum, in contrast with knockdown of the y control (Fig. 6C-I,
Supplementary Fig. 16). Similarly, RNAi-mediated depletion of other
SWI/SNF complex subunits (Osa/BAF250A/B and Bicra/BICRAL) also
resulted in sens reduction (Supplementary Figs. 17, 18). In contrast,
expression of a Hedgehog target gene (patched) and a Notch target
gene (wingless) were not reduced (Supplementary Figs. 19-21), ruling
out a generalized disruption of cell signaling, transcription, or wing
patterning. Similarly, in the adult intestine, RNAi-mediated depletion
of Brm resulted in the reduction of fz3-GFP expression near the MHB
(Fig. 6L-P). These findings demonstrate that SWI/SNF complexes
promote Wingless signaling in multiple physiological contexts.

TRIP12 ubiquitylates BRGL in cells and in vitro

As TRIP12 binds BRGI, we sought to determine if BRG1 is a TRIP12
ubiquitylation substrate. We used a maltose-binding protein (MBP)
tandem ubiquitin-binding entities (TUBE) fusion protein to isolate
polyubiquitylated proteins, followed by immunoblotting. Over-
expression of TRIP12 in the presence of Wnt3a enhanced the ubiqui-
tylation of endogenous BRGI, indicating that TRIP12 promotes BRG1
polyubiquitylation in a Wnt-dependent manner (Fig. 7A). In contrast,
no increase in BRG1 ubiquitylation was observed with overexpression
of TRIP12 alone. Consistent with this conclusion, BRG1 ubiquitylation
was not increased when the catalytic-dead TRIP12 mutant was over-
expressed at a similar level in the presence of Wnt3a (Fig. 7B). To
further test the effect of TRIP12 on the ubiquitylation of BRG1, we used
an independent approach, the NanoBiT luciferase-based

complementation (HiBiT) system. In this system, the holo, active
nanoluciferase protein is reconstituted when proteins tagged with the
HiBiT fragment and the LgBiT fragment are in proximity®. Co-
overexpression of a HiBiT-tagged BRGI construct with an LgBiT-
tagged ubiquitin construct in HEK293T cells resulted in a luminescent
signal, indicative of a close association between the two proteins
(Supplementary Fig. 22A, B). The nanoluciferase signal decreased
when TRIP12 was knocked down with siRNA (Supplementary Fig. 22B),
suggesting an inhibition of BRG1 ubiquitylation. Similarly, BRG1 ubi-
quitylation was reduced with TRIP12 knockdown in an HA-tagged
ubiquitin assay (Fig. 7C), whereas TRIP12 overexpression again
enhanced BRGI ubiquitylation (Supplementary Fig. 22C). To more
directly assess whether BRGl is a substrate of TRIP12, we performed an
in vitro ubiquitylation assay using recombinant BRG1 protein and BRG1
isolated from HEK293 cells and found that BRGl is a direct substrate of
TRIP12 (Fig. 7D, Supplementary Fig. 22D). Additionally, we found that
TRIP12 preferentially adds K63-Ub chains to BRG1 (Supplementary
Fig. 22E)****“°, No ubiquitylation of MBP was observed with the addi-
tion of TRIP12 (Supplementary Fig. 22F). These findings and our
demonstration that the ligase activity of TRIP12 is required for its full
Whnt activity (Fig. 1B, Supplementary Fig. 10A) support the conclusion
that TRIP12 ubiquitylates BRGI1 to promote Wnt signaling.

TRIP12 enhances BRGI capacity to bind B-catenin in the
presence of Wnt

We next tested several hypotheses for how TRIP12-mediated BRG1
ubiquitylation promotes Wnt signaling. The effect of TRIP12 on the
BRG1 ubiquitylation state parallels its effect on Wnt reporter activity.
Because protein ubiquitylation often serves as a signal for proteasomal
degradation, we tested whether TRIP12 reduces the stability of BRG1.
Ctrip knockdown in the dorsal compartment of wing discs using the
ap-Gal4 driver resulted in increased levels of endogenous BAF57
(Baplil in Drosophila)®, a known substrate®® (Fig. 7E-G, K), but no
observable change in endogenous levels of Brm (Fig. 7H-J, L). Simi-
larly, we found that neither overexpression (Fig. 7M) nor knockdown
(Fig. 7N) of TRIP12 had any observable effect on the steady-state levels
of BRG1 in the absence or presence of Wnt. These findings were further
supported by the observation that overexpression of TRIP12 had no
effect on the turnover rate of BRG1 (Supplementary Fig. 22G). These
results indicate that BRG1 ubiquitylation by TRIP12 does not affect its
stability.

SWI/SNF complexes are composed of over a dozen proteins,
including BRG1 and BRG1-associated factors (BAFs). We tested whether
BRG1 ubiquitylation by TRIP12 affected the composition of SWI/SNF by
regulating the interactions between BRG1 and BAF proteins. To test
this possibility, we overexpressed BRG1 and TRIP12 in HEK293T cells
and performed immunoprecipitation of BRGI, followed by MS to
identify associated factors. We found that TRIP12 had little observable
effect on the composition of 11 primary SWI/SNF components that
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were pulled down with BRG1 (Supplementary Fig. 23, Supplemen-
tary Data 2).

We showed previously that the capacity of 3-catenin to bind TCF4
is regulated by the ubiquitylation state of the corepressor, Gro/TLE".
Although ubiquitylation of BRG1 by TRIP12 did not appear to regulate
BRGI1 binding to other SWI/SNF complex components, we speculated
that BRG1 ubiquitylation may affect its interaction with f-catenin. To

test this possibility, we knocked down TRIP12 in HEK293T cells and
assessed the binding of BRG1 to B-catenin in the absence or presence
of Wnt. We found that the binding of B-catenin by BRG], as assessed by
their co-immunoprecipitation, was inhibited by knockdown of TRIP12
(Fig. 8A). Conversely, binding of -catenin to BRG1 was increased with
overexpression of wild-type TRIP12, but to a lesser extent with a
catalyticcompromised TRIP12 construct, suggesting that the full
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Fig. 3 | TRIP12 functions downstream of B-catenin stabilization. A HEK293STF
cells were transfected as indicated with nontargeting (siNT) control, TRIP12 siRNAs,
Axin siRNAs, or TRIP12 and Axin siRNAs. TOPflash reporter activity quantified, and
cell extracts immunoblotted for TRIP12, Axin, and B-catenin. *indicates a non-
specific band. Graphs show mean + SEM of TOPflash normalized to cell number and
control. Significance assessed using the one-way ANOVA with Tukey’s test. p-value
for siAxinl versus siNT is 0.0167 and for siAxin1 versus siAxinl + siTRIP12 is 0.0366.
For A and B, TOPflash and immunoblots are representative of at least three inde-
pendent experiments. n =3 wells of cells per treatment group per experiment. -
tubulin is loading control. B HEK293STF cells transfected as indicated with siNT
control, TRIP12 siRNAs, APC siRNAs, or TRIP12 and APC siRNAs. TOPflash reporter
activity quantified, and cell extracts immunoblotted for TRIP12, APC, and B-catenin.
*indicates a nonspecific band. Significance assessed using one-way ANOVA with
Tukey’s test. p-values for siAPC versus siNT and siAPC versus siAPC + siTRIP12 are

<0.0001. APC™ organoids infected with control shRNA (Control) or three distinct
shTrip12 lentiviral particles (#1, #2, and #3), imaged, and quantified for C, F orga-
noid diameter (<200 um) after 3 days, and evidence of D, G differentiation (villus
formation, indicated by arrowheads) after 4 days. F: n>50 organoids per experi-
ment, G: n>20 organoids per experiment. Scale bar in C 800 pm, D 50 pm. D GFP
marks lentivirus-infected cells. Graphs show mean + SEM of three independent
replicates. Significance for F was analyzed by two-tailed Student’s ¢ test and p-
values are 0.0338, 0.0030, 0.0103, respectively. Significance for G was analyzed by
one-tailed Student’s ¢ test and p-values are 0.0286, 0.0058, 0.0046, respectively.
E Immunoblotting was performed to confirm reduction in TRIP12 levels. HSP90 and
o-tubulin are loading controls. Representative images are shown (n =3 indepen-
dent experiments). The dashed line between #2 and #3 represents intervening
wells. *p < 0.05, *p < 0.01, ***p < 0.0001. Source data are provided in the Source
Data file.

catalytic activity of TRIP12 is required to promote the binding of [3-
catenin to BRGI (Fig. 8B). To further test the effect of TRIP12 on the
interaction between BRGI and B-catenin, we used an independent
approach, the HiBiT system (Fig. 8C). A luminescent signal was
observed when a HiBiT-tagged BRGI construct was co-expressed with a
LgBiT-tagged B-catenin construct in HEK293T cells, indicating the two
proteins are closely associated. The nanoluciferase signal decreased
when TRIP12 was knocked down with siRNA (Fig. 8D), suggesting an
inhibition of the BRG1-B-catenin interaction. Conversely, the lumines-
cent signal increased when TRIP12 was overexpressed in the presence
of Wnt3a ligand (Fig. 8E). These results provide further support for the
conclusion that TRIP12 promotes the binding of -catenin to BRGI in
the presence of Wnt (Fig. SF).

TRIP12 is expressed in the human colon and high levels of TRIP12
in pancreatic cancer patients correlate with reduced survival
Wnt signaling is required for maintaining adult intestinal homeostasis®.
We performed multiplex immunofluorescence on formalin-fixed,
paraffin-embedded (FFPE) human tissue sections to determine if
TRIP12 and BRGI are expressed in the human colon (Supplementary
Fig. 24). We found that TRIP12 and BRGI are expressed in an over-
lapping pattern in the human colon, with BRGI staining exclusively in
the nucleus. Although predominantly nuclear, faint staining of TRIP12
was also observed in the cytoplasm. TRIP12 and BRGI appeared con-
centrated in the crypts. Given the role of Wnt signaling as an oncogenic
pathway, we asked whether TRIP12 is altered in human cancers. We
found that the TRIP12 gene is mutated in several tumor types, with the
TRIPI2 mRNA level relative to the corresponding normal tissue
dependent on cancer type®. Specifically, using data from the Cancer
Genome Atlas®>®, we found that high expression of TRIPI2 mRNA was
correlated significantly with a reduced survival of patients with pan-
creatic adenocarcinoma (Supplementary Fig. 25), a cancer associated
with activated Wnt signaling®*.

Discussion

Herein, we identify TRIP12 as a positive regulator of Wnt signaling. Our
findings from multiple model systems indicate that the role of TRIP12
in Wnt signaling is conserved across metazoans. Conversion of chro-
matin from a repressive to a permissive state is critical for regulating
gene transcription in many signaling pathways, but our understanding
of how this switch occurs is limited. For Wnt signaling, we propose a
model in which BRG], a catalytic ATPase of the SWI/SNF complex, is
ubiquitylated by TRIP12, which increases its association with nuclear f3-
catenin. Alternatively, the SWI/SNF complex may be recruited to f3-
catenin-bound TCF/Lef sites. Ubiquitylation has been shown to reg-
ulate the stability of the SWI/SNF complex through a quality-control
mechanism that promotes the degradation of incomplete SWI/SNF
complexes and by altering the kinetics of gene transcription®°¢, Our
finding that TRIP12 ubiquitylates BRGI1 provides a novel example of a
ubiquitin ligase-directed mechanism that targets the SWI/SNF

chromatin remodeling complex to regulate signal pathway-dependent
transcription. Consistent with our findings, the depletion of TRIP12 in
planarians was shown to prevent the specification and maintenance of
posterior tissues during homeostasis and regeneration, phenotypes
consistent with Wnt pathway inhibition®’.

TRIP12 has been implicated in chromatin regulation through
several mechanisms. TRIP12 ubiquitylates several proteins that reg-
ulate chromatin modification and transcription, including RNF168 and
ARF. The E3 ligase RNF168 ubiquitylates histone H2A and H2AX at sites
of DNA damage, promoting the recruitment of DNA repair proteins.
Ubiquitylation of RNF168 by TRIP12 targets RNF168 for proteasomal
degradation, preventing the spread of RNF168-mediated chromatin
ubiquitylation to undamaged DNA®**°. TRIP12 promotes the turnover
of p53 as well. Ubiquitylation of the MDM2 inhibitor, ARF, by TRIP12
leads to ARF degradation. Consequently, MDM2, an E3 ligase for p53, is
stabilized and p53 is degraded’. TRIP12 also regulates the stoichio-
metry of the SWI/SNF complex by controlling the level of free,
unbound BAF57%. Our finding that TRIP12 ubiquitylates BRG1 expands
our understanding of TRIP12-dependent regulation of chromatin-
associated complexes.

We speculate that a similar mechanism for recruiting SWI/SNF
complexes to the target genes of other signaling pathways may occur;
activation of the signaling pathway would lead to increased associa-
tion, via post-translational modification, of a SWI/SNF complex com-
ponent with a signal pathway-specific transcriptional regulator,
allowing targeting of SWI/SNF for pathway-directed transcription.
Evidence consistent with this notion comes from studies demon-
strating the association between the SWI/SNF subunit, BAF57, with
activated androgen and estrogen nuclear receptors’-’?, and between
BRG1 with the ligand-bound estrogen receptor in human cells”. Thus,
strategies that promote the interaction between the SWI/SNF complex
and transcription factors may provide an attractive approach to
selectively activate pathway-specific transcriptional programs.

Whereas our findings reveal an important role for TRIP12 in the
activation of Wnt signaling, several outstanding questions remain.
How does Wnt stimulation induce the activity of TRIP12 toward BRG1?
How does ubiquitylation promote the interaction between BRG1 and f3-
catenin? Is TRIP12 required for Wnt signaling in all cellular contexts or
only a subset?”* Does BRGI also bind transcription factors from other
signaling pathways to confer specificity?

Our findings may have clinical relevance, as both TRIP12 and BRG1
are mutated in human cancers**”. Several clinical trials for BRGI-
mutated cancers are currently ongoing’®. Drug development for BRG1
has focused on allosteric inhibitors, inhibitors of ATPase activity,
PROTACS, and bromodomain inhibitors; all have exhibited anti-
proliferative effects in vitro or in mouse tumor studies’’’%. Our study
predicts that drugs that disrupt the TRIP12-BRG1 interaction would
block signaling in the majority of Wnt pathway-dependent cancers.
Drugs targeting TRIP12 itself represent particularly promising anti-
cancer agents, given TRIP12’s roles in the DNA damage response,
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Fig. 4 | Ctrip acts downstream of B-catenin in Drosophila. By comparison with
control (A, F), RNAi-mediated depletion of Apcl in ISCs during pupation using the
esg” (temperature-sensitive driver) leads to an increase in progenitor cell (green)
number in the midgut (R5A region) (B, C, F). Concomitant expression of the Apcl
RNAI construct with the ctrip RNAi construct leads to a significant reduction in
progenitor cell number (D, E, F), in contrast with expression of an RNAi construct
targeting yellow (B, F). Graphs show mean + SEM, with all data points represented.
Significance was assessed using the one-way ANOVA comparing all genotypes to
control (y2+ Apc'), with Dunnett’s multiple comparisons test. N is the number of
adult intestines analyzed. p-values for y2 + Apc' versus y", wg' + Apc', ctrip®+ Apc,
ctrip®+ Apc' are <0.0001, 0.9985, <0.0001, <0.0001, respectively. Progenitor cells
are marked with esg > GFP (green) and nuclei are marked with DAPI (blue). Scale bar
(A-E): 50 pm. G Quantification is shown as the percentage of wing discs of each

esg>Apc’, wg’

esg>Apc’, ctrip? esg>Apc’, ctrip®

genotype with decreased ectopic Scar-Sens for H-P. N is the total number of wing
discs analyzed from three independent biological replicates. Statistical significance
was analyzed by Fisher’s exact test (two-sided). p-values are both <0.0001.

H-P Representative confocal immunofluorescence images of constitutively active
arm®® and GFP or RNAI constructs targeting ctrip were expressed in the wing pouch
of third instar larval wing discs using the vgB-Gal4 driver. Scarlet-Senseless (Scar-
Sens, magenta) is a Wingless target gene reporter, Arm>°-Myc (cyan), GFP (green).
Scale bar (H-P): 50 um. Dorsal, top, and posterior, right. H-J Representative con-
focal immunofluorescence images of ygB-driven arm®’ and GFP overexpression in
wing pouch, which induces ectopic Scar-Sens positive cells. K-P Representative
confocal immunofluorescence images of co-expression of arm® and RNAi against
ctrip, which suppresses ectopic Scar-Sens-positive cells. ***p <0.0001, p > 0.05 is
not significant (ns). Source data are provided in the Source Data file.

maintaining low levels of p53, and, as our study shows, promoting Wnt
signaling.

Methods

For the study with normal human intestinal tissue, IRB approval was
obtained through Vanderbilt University Medical Center Institutional
Review Board (IRB#231475). All zebrafish were treated in accordance
with the University of Maryland School of Medicine’s and Michigan
State University’s Institutional Animal Care and Use Committees.
IACUC protocol number: PROT0202300374.

Drosophila stocks and genetics
Fly crosses with the C96-Gal4 or cad-Gal4 drivers were performed at
29°C, other crosses were performed at 25°C. Crosses using the

temperature-sensitive progenitor cell driver esg® were maintained at
18 °C until the late third instar larval stage, then shifted to 29 °C.
Reporters: mScar:T2A:sens", fz3-GFP”.

RNAI lines and Gal4 drivers

The RNAi lines ctrip” (Bloomington Drosophila Stock Center (BDSC
#33435)), ctrip? (Vienna Drosophila Resource Center (VDRC) # 33952),
ctrip® (VDRC # 108546), ctrip™ (VDRC # 50189), ctrip® (VDRC # 50190),
ctrip® (BDSC # 44481), ctrip” (VDRC#49703), brm" (BDSC #31712),
brm® (BDSC #35211), arr'” (VDRC #6708), arr® (VDRC#36286), osa’
(BDSC #35447), osa” (BDSC #38285), Bicra” (BDSC #42847), Bicra®, y"
(VDRC #106068) and y”? (BDSC#364527) were expressed in third instar
larval wing discs or intestine using hh-Gal4 (10678169) with or without
UAS-dcr2 (BDSC #25757), or C96-Gal4 (BDSC #43343) with UAS-dcr2, or
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ap-Gal4 (BDSC #3041), or cad-Gal4 (BDSC #3042), or vgB-Gal4 (gift
from Andrew Tomlinson, Columbia University) or esg-Gal4 tubGal80"
(gift from Julia Cordero, University of Glasgow).

Other stocks

ctripM 62GISTF/TM3, Sb (BDSC#65343), brmM°P#SSTT/TM6C, Sb Tb
(BSDC #59784), Bap111-GFP. FPTB (BDSC#64799), UAS-arm®°* notum-
HA®, and UAS-GFP-lacZ (nls) (BDSC#6452).

Generation of tissue-specific CRISPR mutations

CRISPR target sites were identified using http://targetfinder.flycrispr.
neuro.brown.edu/. gRNA sequences are listed below. Two guide RNAs
for each gene were cloned into the pCFD6: UAS t::;gRNA plasmid. Plas-
mids were injected by BestGene and integrated at the attP40 site.
Wing-specific mutations were generated by crossing the gRNA-
containing lines to w; UAS-uMCas9/CyO; mScar:T2A:sens hh-
Gal4 /TM6B.
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Fig. 5 | TRIP12 interacts with BRGI. A Volcano plot of significantly enriched
proteins in proximity labeling of 3xFLAG-turbolD-TRIP12¢°7A, HEK293T cells were
treated with biotin or not and analyzed using label-free LC-MS/MS. Proteins with a
change of greater than 1.5-fold (log2 > 0.6), p < 0.05 (n =3 independent biological
replicates, two-tailed t-test) in +biotin comparison are in cyan. For A and B, proteins
in dark blue are known interactors of TRIP12, and proteins in black are known
components of SWI/SNF. B Volcano plot of significantly enriched proteins in
3XFLAG-TRIP12°?°°7* immunoprecipitation versus control and analyzed by AP/MS.
Proteins with a change of greater than 1.5-fold (log2 > 0.6), p < 0.05 (n=3 inde-
pendent biological replicates, two-tailed t-test) in 3x-FLAG-TRIP12*°%’%/control
comparison are in cyan. C Schematic of N-terminal 3xFLAG-turbolD biotin ligase-
tagged TRIP12"" and catalytically inactive TRIP12°°°’* and their immunoblot in
HEK293T cell lysates. Venn diagram comparing TRIP12 interactors identified by
proximity labeling and AP/MS. Among the commonly identified proteins were the
known TRIP12 interactors PARP1, USP7, and BAF57, and SWI/SNF components BRG1
and BAF170. D Over-representation analysis of 358 common and specific TRIP12

interactors revealed chromatin assembly and disassembly as the most enriched
gene ontology (GO) term with an enrichment ratio of 12.22, FDR < 0.05.

E HEK293FT cells transfected with Myc-TRIP12-CD, incubated in the presence or
absence of recombinant Wnt3a. Myc-TRIP12-CD immunoprecipitated with Myc
antibody. Coimmunoprecipitated, endogenous BRG1 detected by immunoblotting.
Immunoblots representative of at least three independent experiments. a-tubulin
is a loading control. F RPE cells treated in the absence or presence of recombinant
Wnt3a for 4 h, immunostained for BRG1 and/or TRIP12, and a proximity ligation
assay performed with quantitation (G). n=>5 images. Representative images are
shown (n =3 independent experiments). Graph shows mean + SEM of total red
intensity normalized to cell number. Significance assessed using one-way ANOVA
with Tukey’s test. p-values for Control versus BRG1+ TRIP12 and Control + Wnt3a
versus BRG1 + TRIP12 + Wnt3a are <0.0001. p-value for BRG1 + TRIP12 versus
BRG1 + TRIP12 + Wnt3a is 0.3287. Scale bar: 50 pm. ***p < 0.0001, p > 0.05 is not
significant (ns). Source data are provided in the Source Data file.

gRNAs for tissue-specific CRISPR mutagenesis:
ctrip Linel:

gRNAIL: 5~-GTCGACGGAGGAGCTTACAG CGG-3
gRNA2: 5-TTGATCACTGACGACCGGTA TGG-3
ctrip Line2:

gRNAL: 5"-GCCAAGCACAAGCAGCGCTG CGG-3
2RNA2: 5~-GAAGAGGAGGTGGGCTTCTA CGG-3'
ebony Line3:

gRNAL 5-GGCTGTGTGCATGCAGCCGT CGG-3
gRNA2: 5~-GTTCTTCACCGGACGATAGT CGG-3

Immunohistochemistry

Third instar larvae and female adults were dissected in phosphate-
buffered saline (PBS). Wing discs from 3rd instar larvae were fixed for
20 min in 4% paraformaldehyde at room temperature and female adult
intestine were fixed in 4% paraformaldehyde for 45 min at room tem-
perature. After fixation, tissues were washed 3 times for 10 min with
PBS +0.1% Triton X-100 and blocked for 1h with PBS + 0.1% Tween
20 +10% bovine serum albumin (BSA) at room temperature. Wing
discs and intestine were incubated with primary antibody (diluted in
PBS + 0.5% Triton X-100) at 4 °C overnight. Three 10 min washes and a
2 h secondary antibody incubation were carried out at room tem-
perature. The samples were subsequently stained with 4’,-diamidino-2-
phenylindole (DAPI; 2 pg/ml) and mounted in Prolong Gold Antifade
Reagent (Invitrogen). Confocal images were captured on a Nikon CSU-
W1 spinning disk confocal microscope, or a Yokogawa CSU-W1 SoRa
spinning disk confocal microscope from Nikon and processed with
Adobe Photoshop/Illustrator software.

Antibodies for immunostaining

The primary antibodies used were rabbit DsRed (1:500, 632496) from
TaKaRa, rabbit anti-GFP (1:500, A11122) and chicken anti-GFP (1:500,
A10262) from Thermo Fisher Scientific, rat HA (1:2000, 11867423001)
from Roche, mouse anti-3-galactosidase (1:500, Z378B) from Promega,
mouse Myc (1:500, 9E10) from Santa Cruz, mouse anti-Engrailed
(1:100, 4D9), mouse anti-Wingless (1:500, 4D4), mouse anti-Patched
(1:500, Apal), mouse anti-LamC (1:500, LC 28.26), mouse Armadillo
(1:50, N2 7A1) and mouse Cut (1:20, 2B10) from Developmental Studies
Hybridoma Bank (DSHB). Secondary antibodies were goat or donkey
Alexa Flour 488, 555, or 647 conjugates (1:500) from Invitrogen, and
goat or donkey CyS5 conjugates (1:500) from Life Technologies/Jackson
Immunochemicals.

Plasmids and purified proteins

pCS2-Myc-TRIP12 was generated by GenScript using standard PCR-
based cloning strategies. pAc-GFP-TRIP12 and pAc-GFP-TRIP12-CD
were gifts from Jiri Lukas (University of Copenhagen). pCMV5-BRG1-
FLAG and pCS2-HA-Ub were generated using standard PCR-based

cloning strategies. pMAL-C5E-6XTUBE was synthesized based on the
6XTUBE sequence by GenScript®®. MBP-TUBE and MBP were purified
according to the protocol from New England Biolabs (NEB) for pMAL-
based vectors. GST-TRIP12-HECT was synthesized according to the
protocol from NEB for pGEX-based vectors. pRP-BRG1-HA-HiBiT and
pRP-B-catenin-V5-LgBiT were purchased from VectorBuilder.
pcDNA3.1-Ub-Myc-LgBiT and pGEX-TRIP12-HECT were purchased
from GeneUniversal. Recombinant murine Wnt3a protein was pur-
chased from TIME Bioscience. Recombinant human GST-TRIP12-HECT
protein (#513901, amino acids 1643-1992) was purchased from Novo-
Pro. Recombinant human His-BRGI protein was purchased from Pro-
teinOne. pCS2-Myc-TRIP12-CD, pCS2-Myc-TRIP12-PARP, and pCS2-
Myc-TRIP12-RES were generated using site-directed mutagenesis with
the QuikChange II XL Site-Directed Mutagenesis kit (Agilent) with the
following primers:

TRIP12-CD (C2007A):

Forward:

5-CAACTTAAGATAGTTCACAGCAGTCATTACAGAGGGCAA-

GAAGTCAT-3

Reverse:

5- ATGACTTCTTGCCCTCTGTAATGACTGCTGTGAACTATCTTAA

GTTG-¥

TRIP12-PARP (R869A):

Forward: 5’ - CACGGGAACAGCAGCTGCCATTCAGAGAAAACC-3

Reverse: 5 - GGTTTTCTCTGAATGGCAGCTGCTGTTCCCGTG-3

TRIP12-RES (A399, P401, S403):

Forward: 5- TTACTGCCTCCTGGTTACTTTCGGGGTCCGCCATTT

TCTCCTGTC-3

Reverse

5- GACAGGAGAAAATGGCGGACCCCGAAAGTAACCAGGAGGCAG

TAA-3

TRIPI2 WT was cloned into pCMV-3xF-turbolD via Gibson
assembly. Generation of the catalytically inactive TRIP12 was per-
formed using a PCR-based site-directed mutagenesis kit, QuikChange
Lightning (Agilent).

3xF TID TRIP12 EcoRI Fwd

S’ ggtctgecgaaaagGAATTCatgtccaaccggectaat 3’

3xF TID TRIP12 Kpnl Rev

5" CCTCTAGAGTCGACTGGTACCttaggaaagatggaacga 3’

Catalytic Cysteine C2007A Mutagenesis Primers

Forward: 5§’ atgacttcttgcectctgtaatgactgetgtgaactatcttaagttg 3’

Reverse: §’ caacttaagatagttcacagcagtcattacagagggcaagaagtcat 3’

Cell lines and transfections
Human cell cultures were maintained at 37 °C in a humidified 5% CO,
environment.

HEK293T cell lines were purchased from the American Type Cul-
ture Collection (ATCC CRL-3216). HEK293STF cells were a gift from
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Jeremy Nathans (Johns Hopkins University). HEK293 cell lines were
cultured in DMEM with 10% fetal bovine serum (ThermoFisher Scien-
tific) and 1% penicillin-streptomycin 10,000 U/mL (ThermoFisher
Scientific). DNA transfections were performed using CaCl, as follows:
An individual well of a 12-well plate was transfected with 1ug of DNA
mixed with 6.1 pl of 2X CaCl, and sterile water to a final volume of 50 pl
that was mixed with a tube containing 50 pl of 2x HBS (280 mM Nacl,

10 mM KClI, 1.5 mM Na,HPO,4-2H,0, 12 mM Dextrose (D-Glucose), and
50 mM HEPES), by bubbling air, and added dropwise to the cells. siRNA
transfections were performed with Dharmafect-1. The following siR-

NAs were used:

NT siRNA: 5 - CCUACGCCACCAAUUUGGUU-3
TRIP12 siRNA#1: 5" - UGGCAGACCCUGAAAGCAAUU-¥
TRIP12 siRNA#2: 5’ - GAACACAGAUGGUGCGAUAUU-3
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Fig. 6 | BRG1 promotes Wnt/Wingless signaling. A HEK293STF cells transfected
with nontargeting (siNT) control or three independent BRG1 siRNAs (siBRG1 #1, #2,
and #3), incubated in the absence or presence of recombinant Wnt3a. TOPflash
reporter quantified, and cell extracts immunoblotted for BRG1 and B-catenin. For
A and B, graphs show mean + SEM of TOPflash normalized to cell number and NT
control. Significance assessed using one-way ANOVA with Dunnett’s test. All TOP-
flash results and immunoblots represent at least three independent experiments.
n=3 wells of cells per treatment group per experiment. o-tubulin is a loading
control. p-values for siNT + Wnt3a versus siBRG1#1 + Wnt3a, siBRG1#2 + Wnt3a, and
siBRG1#3 + Wnt3a are all <0.0001. B HEK293STF cells transfected with indicated
expression constructs and incubated in the presence of recombinant Wnt3a.
TOPflash reporter activity quantified, and cell extracts immunoblotted for Myc-
TRIP12 and BRGL. p-value for siNT versus siNT + myc-TRIP12 is 0.0218 and for
siNT + myc-TRIP12 versus siBRG1 + myc-TRIP12 is 0.0052. C-H RNAi constructs
targeting yellow (y) control or brahma (brm) expressed in posterior compartment
(marked by Engrailed (En, cyan)) of third instar larval wing discs using hedgehog

(hh)-Gal4. Scarlet-Senseless (Scar-Sens, magenta) is a Wingless target gene reporter.
C, D hh-Gal4-driven expression of y RNAi. Minimal loss of Scar-Sens was observed.
E-H hh-Gal4-driven expression of independent RNAi targeting brm resulted in
decreased Scar-Sens in the posterior compartment. Dorsal, top, and posterior,
right. I Quantification is the percentage of discs with decreased Scar-Sens. N is
number of wing discs analyzed. J-O RNAi constructs targeting y control or brm in
posterior midgut using cad-Gal4. frizzled3-GFP (fz3-GFP, green) is a Wingless target
gene reporter. J, K cad-Gal4-driven expression of y control RNAi. No fz3-GFP
reduction was observed. L-0 cad-Gal4-driven expression of brm RNAi resulted in
partial loss of fz3-GFP. P Quantification shown as percentage of intestines with
decreased fz3-GFP. N is the number of adult intestines analyzed. DAPI (blue) marks
nuclei. Scale bar (C-H, J-0): 50 um. Statistical significance (I, P) was analyzed by
Fisher’s exact test (two-sided). p-values for I are 0.0090 and <0.0001. p-values for
P are <0.0001 and 0.0415. *p < 0.05, *p < 0.01, ***p < 0.0001. Source data are
provided.

hAXINI siRNA#1: 5-GCGUGGAGCCUCAGAAGUUUU-%

hAXIN1 siRNA#2: 5'-CCGAGGAGAAGCUGGAGGAUU-3

BRG1 siRNA#1: 5 - GCUCAGAAGAAGAGGAAGAUU-3’

BRG1 siRNA#2: 5 - CCAAGGAUUUCAAGGAAUAUU-3

BRG1 siRNA#3: 5 - GGCAGAAGCACCAGGAAUAUU-¥

APC siRNA#1: 5" - CUGAAGAUGAUGAAAGUAAUU-3

APC siRNA#2: 5’ - UGAUAAUGAUGGAGAACUAUU-3’

Axin and APC siRNA knockdowns were performed by pooling
hAXIN1 or APC siRNA#1 and siRNA#2. Similarly, unless otherwise sta-
ted, TRIPI2 siRNA knockdowns were performed by pooling
TRIP12 siRNA#1 and siRNA#2, and BRGI1 siRNA knockdowns were
performed by pooling BRG1 siRNA#1 and siRNA#3.

Immunoblotting and immunoprecipitation

Cells were lysed in non-denaturing lysis buffer (NDLB) (50 mM Tris-Cl
(pH 7.4), 300 mM NaCl, 5 mM EDTA, 1% Triton X-100) with 1 mM PMSF.
For co-immunoprecipitations, PhosStop phosphatase inhibitor cocktail
tablets (Roche) were added to NDLB with 1 mM PMSF. Cells were lysed
and diluted to 1 mg/ml with lysis buffer. Lysates were incubated with
antibody at 4 °C with rotation overnight, followed by the addition of
protein A/G magnetic beads (Santa Cruz) for 2 h. Beads were washed five
times with NDLB, and bound proteins were eluted with 6x sample buffer
and analyzed by immunoblotting. HEK-293T cells stably expressing
3XFLAG-TRIP12 were lysed in low salt lysis buffer supplemented with
complete protease and phosphatase inhibitors. Lysates were sonicated
prior to centrifugation at 15,000 x g 4 °C for 15 min. Protein lysates were
incubated rotating with pre-equilibrated Anti-FLAG M2 Affinity gel beads
for 3h at 4°C. Beads were subsequently washed three times in lysis
buffer, and complexes were eluted using FLAG peptide and analyzed via
quantitative MS as described in the label-free LC-MS/MS analysis section.
All experiments were done in triplicate.

Antibodies for immunoblotting and immunoprecipitation

Antibodies used were Rabbit anti-TRIP12 (1:5000, A301-814A) from
Bethyl, Mouse anti-BRG1 (1:1000, G-7), Rabbit anti-APC (1:1000, sc-
7930) and Mouse IgG (1:250, sc-2025) from Santa Cruz, Rabbit anti-
Axin (1:1000, C76H11), Rabbit anti-BRG1 (1:1000, D1Q7F), HA-tag
(1:1000, C29F4) Rabbit mAb and Rabbit anti-Histone H3 (1:25,000)
from CST, Rabbit anti-DYKDDDDK (FLAG) (1:1000, 20543-1-AP) from
Proteintech, Mouse anti-V5 (1:1000, SV5-Pkl) from Bio-Rad, Mouse
anti-GAPDH (1:500) from Developmental Studies Hybridoma Bank
(DSHB), Goat anti-mouse IgG H + L-HRP (1:5000, W4021) and Goat anti-
rabbit IgG H+L-HRP (1:5000, W4011) from Promega, Mouse anti-
Vinculin (1:1000, V9131) and Mouse anti-FLAG M2 (1:1000, F3165) from
Sigma, Anti-MUC2 antibody (1:500,ab272692) from Abcam, Mouse
anti-beta-catenin (1:1000), Mouse anti-Tubulin (1:5000), Mouse anti-
Myc (1:1000), Mouse anti-FLAG (1:500), Mouse anti-MBP (1:1000) and
Mouse anti-HA (1:1000) from Vanderbilt Antibody and Protein
Research Core, IRDye 800CW Goat anti-Rabbit IgG (H +L) (1:10,000,

926-32211) and IRDye 800CW Donkey anti-Mouse IgG (H+L)
(1:10,000, 926-32212) from LICOR. Alexa Fluor 790 IgG Fraction
Monoclonal Mouse Anti-Rabbit IgG, light chain specific (1:10,000)
from Jackson ImmunoResearch.

Ubiquitylation assays

In vitro ubiquitylation assays were performed in 30 pl reactions using
the Ubiquitylation Assay Kit (Abcam) and the following: 1.5 pg UbcH5a
(R&D Systems), 10 pg of GST-TRIP12-HECT (NovoPro), and 200 ng of
recombinant BRG1 (ProteinOne #P1041-02). FLAG-BRG1 was prepared
by transfection of HEK293FT cells with FLAG-BRGL. 2mg at a con-
centration of 2 mg/ml was taken for immunoprecipitation. FLAG-BRG1
was pulled down with an anti-FLAG antibody, beads were washed five
times with NDLB, and BRG1 was eluted with FLAG peptide (Millipore
Sigma) (500 pg/ml) in NDLB at 4 °C for 1h on shaker. The eluate was
used as a substrate. Recombinant MBP was used as a negative control.
Reactions were carried out at 37 °C for 90 min and were terminated by
the addition of sample buffer. Reaction products were resolved by
SDS-PAGE and visualized by immunoblotting. For the ubiquitin mutant
in vitro ubiquitylation assays, 100 ng of recombinant BRGI1 (Protei-
nOne #P1041-02) and 1pg of ubiquitin (Single Lysine Ubiquitin
Explorer Panel, LifeSensors S1210) were used. For the tandem
ubiquitin-binding entity (TUBE) assay®' cells were treated with 20 ng/
ml of recombinant Wnt3a overnight. Cells were treated with 10 mM of
the proteasome inhibitor MG132 (Sigma-Aldrich) or dimethyl sulfoxide
for 4h. Cells were lysed in NDLB with 1mM PMSF and PhosStop
phosphatase inhibitor tablets (Roche) and diluted to 1 mg/ml with lysis
buffer. Lysates were incubated with 50 pg of MBP-TUBE protein at 4 °C
with rotation overnight, followed by the addition of amylose resin
(NEB) for 2 h. The resin was washed five times with 0.1% TBS-Tween,
and bound proteins were eluted with 6x sample buffer and analyzed by
immunoblotting.

Immunofluorescence and proximity ligation assay

For immunofluorescence studies and Proximity Ligation Assays, RPE
cells were used as they better adhere to coverslips than HEK293T cells.
For immunofluorescence studies, RPE cells were seeded on coverslips
in 6-well plates and allowed to adhere overnight. Cells were treated
with 20 ng/ml of recombinant Wnt3a overnight. Cells were fixed with
3.7% PFA and permeabilized in 0.5% TBS-Triton and blocked with Abdil
(0.1% Triton, 1% Sodium Azide, 2% BSA, TBS) for 1h at room tem-
perature. Cells were stained with primary antibodies for TRIP12
(Bethyl, #A301-814A, 1:500), -catenin (Vanderbilt Antibody and Pro-
tein Research Core, 1:500), BRGI (Santa Cruz G-7, 1:500), and TLE3
(Santa Cruz D-10, 1:500) at 4 °C overnight. Washes were performed two
times with 0.1% TBS-Triton followed by incubation with anti-rabbit
Alexa Fluor 488 (ThermoFisher, A-11008, 1:1000) and anti-mouse
Cyanine3 (ThermoFisher, A10521, 1:1000) for 2 h in the dark at room
temperature. Cells were stained with Hoescht for 15 min, washed three

Nature Communications | (2025)16:5248

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60535-5

A B C
IgG ___IP: BRG1
MycTRIP12 - -  +  + FLAGBRG! - + + + 9
Wnt3a - + - + myc-TRIP12 + - SINT + + - + -
myc-TRIP12-CD - + siTRIP12 - -+ -+
g| 250 k0a] ¢ | 250 kDa HAUb + - + v
8 BRG1 8 . . S | FLAG-BRG1 I
2 a2 ~ HA-Ub
w . w o
w 8 MBP-TUBE & 250 kDa |
S 2| 50kDa |
- 250 kD
50 kDa MBP-TUBE a — —— — — | BRG1
250 kDa |
250 kDa . ! _51 FLAG-BRG1 250 kDa TRIP12
g o g | BRG1 L - =l .
- 5
5| 250 kDa — - - TRIP12 g ” Y -
50 kDa -| TR I | c-tubuiin
a-tubulin
50 kba m GST-TRIP12HECT - +
250kDa—]  + |Ub-BRGT
) I BRG1
ap>y' ap>ctrip ap>ctrip® K Bap111-GFP L Brm-GFP

Bap111-GFP

Brm-GFP

F
fff

Fig. 7 | TRIP12 ubiquitylates BRG1 but does not affect its stability.

A HEK293FT cells were transfected with Myc-TRIP12 with or without Wnt3a and
MG132 treatment. In A and B, ubiquitylated proteins were pulled down with MBP-
TUBE. BRGI and TRIP12 were detected by immunoblotting. MBP-TUBE and «-
tubulin are loading controls. B HEK293FT cells transfected with control vector,
Myc-TRIP12 wild-type (TRIP12) or Myc-TRIP12 catalytic dead (TRIP12-CD) and FLAG-
BRG1 and treated with Wnt3a and MG132. C HEK293FT cells were transfected with
nontargeting (siNT) or two pooled TRIP12 siRNAs and control vector or HA-
Ubiquitin (HA-UDb). Cells treated with Wnt3a and MG132 and extracts immunopre-
cipitated with BRG1 antibody or immunoglobulin G (IgG). Ubiquitylated BRG1
detected with HA antibody. D Recombinant BRG1 incubated with GST-TRIP12-HECT
domain. Ubiquitylated BRG1 was detected by immunoblotting. E-L yellow (3)
control or ctrip RNAi expressed in the dorsal compartment of larval wing discs
using apterous (ap)-Gal4. E, H, K, L ap-Gal4-driven expression of y RNAi control. No
change observed in Bap111-GFP (green) or Brm-GFP (green) levels. F, G, K ap-Gal4-
driven expression of ctrip RNAi increased Bapll1-GFP (green) levels in the dorsal
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compartment. I, J, L ap-Gal4-driven expression of ctrip RNAi in the dorsal com-
partment results in no change in Brm-GFP levels (green). Arrows denote the dorsal-
ventral boundary. K, L Quantification of GFP mean intensity as dorsal-ventral ratio.
Baplll level increased in the dorsal compartment upon Ctrip knockdown and
quantified K. Graphs show mean+SEM, n=9,9,14 in K, n=12,11, 9 in L. N is the
number of wing discs analyzed. Significance assessed using one-way ANOVA with
Dunnett’s test, comparing genotypes to control (y'!). p-values for K are both
<0.0001. p-values for L are 0.1749 and 0.1986. Scale bar (E-J): 50 um. Dorsal, top;
posterior, right. M HEK293FT cells transfected with empty vector or Myc-TRIP12,
treated with recombinant Wnt3a, and immunoblotted for TRIP12 and BRGI. *indi-
cates nonspecific band in M and N. N HEK293FT cells transfected with nontargeting
(siNT) control or TRIP12 siRNAs, treated with recombinant Wnt3a. Lysates were
immunoblotted for endogenous TRIP12 and BRGL. a-tubulin is a loading control. All
immunoblots represent at least three independent experiments. ***p < 0.0001,
p=0.05 is not significant (ns). Source data provided.

times with 0.1% TBS-Triton, and mounted using Prolong Gold. Images
were acquired using a Nikon sCMOS camera mounted on a Nikon
Eclipse 80i fluorescence microscope with a 40x objective. For Proxi-
mity Ligation Assays, RPE cells were seeded on coated coverslips
(Fisher Scientific, #08-774-383). Cells were treated with 50 ng/ml of
recombinant Wnt3a for 4 h. Cells were washed three times with PBS,
fixed with 3.7% PFA, washed three times with PBS, permeabilized with
0.5% TBS-Triton, washed three times with 0.1% TBS-Triton, and cov-
erslips were moved to a slide moisture chamber (Fisher Scientific, #23-
769-522). Duolink In Situ Red Starter Kit Mouse/Rabbit (Millipore
Sigma, #DUQ092101) was used according to the manufacturer’s proto-
col. Cells were stained with primary antibodies for TRIP12 (Bethyl,
#A301-814A, 1:500), BRGI (Santa Cruz G-7,1:500) and TLE3 (Santa Cruz

D-10, 1:500) overnight at 4 °C. Coverslips were mounted with Prolong
Gold with DAPI (ThermoFisher, P36931). Images were acquired using a
Nikon sCMOS camera mounted on a Nikon Eclipse 80i fluorescence
microscope with a 40x objective. Intensities were measured using
ImageJ (National Institutes of Health).

Reporter and HiBiT assays

For cell-based TOPFlash and HiBiT assays, cells were plated and
transfected with DNA or siRNA, as described above. Recombinant
murine Wnt3a (TIME Bioscience) was added to HEK293STF cells 24 h
after transfection. 24 h after Wnt3a treatment, cells were lysed with 1x
Passive Lysis Buffer (Promega), and luciferase activity was measured
with Steady Glo (Promega) for TOPflash assays or with the Nano-Glo
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HiBiT lytic substrate (Promega) for HiBiT assays. Luciferase activity
was normalized to viable cell numbers with CellTiter-Glo (Promega).
All assays were performed in triplicate.

RNA isolation and RT-qPCR
HEK293T cells were incubated with Wnt3a for 8 h and total RNA was
isolated using RNAeasy RNA extraction kit (Qiagen). RNA was

250 kDa T —— ——— — | BRG1-HA-HIBIT

50 kDa ﬁ ——— — g — | a-tubulin

BRG1

reverse transcribed to cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems). qPCR assays were per-
formed in quadruplicate using TagMan FAST Advanced Real-time
PCR Master Mix (Applied Biosystems) and analyzed on a CFX96 Real-
Time PCR system (Bio-Rad). Predesigned and validated TaqMan
probes (Life Technologies) were used as follows: GUSB
(Hs00939627_m1), SP5 (Hs01370227_mH), AXIN2 (Hs00610344_m1),
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Fig. 8 | TRIP12 promotes the interaction of BRGI with B-catenin.

A HEK293FT cells were transfected with nontargeting (siNT) control or two pooled
TRIP12 siRNAs and incubated in the presence or absence of Wnt3a. Endogenous
BRG1 was immunoprecipitated with a BRG1 antibody. 1gG was used as a negative
control. Coimmunoprecipitated, endogenous -catenin was detected by immu-
noblotting. *indicates a nonspecific band. B HEK293FT cells were transfected with
wild-type or catalytic dead TRIP12 as indicated. Endogenous B-catenin was immu-
noprecipitated with a B-catenin antibody. IgG was used as a negative control.
Coimmunoprecipitated, endogenous BRG1 was detected by immunoblotting.
Immunoblots are representative of at least three independent experiments. o-
tubulin is a loading control. *indicates a nonspecific band. C HiBiT-tagged BRG1 was
co-overexpressed with LgBiT-tagged B-catenin. When the two proteins are in close
proximity, the HiBiT and LgBiT proteins interact and form a functional NanoBit
luciferase enzyme. Addition of the HiBiT substrate results in an enzymatic reaction
that produces a light signal, which was used as a readout for the interaction

between BRGI and B-catenin. HEK293FT cells were transfected as indicated and
TRIP12 was knocked down (D) or overexpressed (E). Cells were treated with or
without Wnt3a as indicated and luminescence was quantified as relative light units
(RLU). Cell extracts were immunoblotted for TRIP12, B-catenin-V5-LgBiT, and BRG1-
HA-HiBiT. *indicates a nonspecific band. a-tubulin is a loading control. Graphs show
mean + SEM of luminescence normalized to cell number. Significance was assessed
using the one-way ANOVA with Tukey’s test. p-value for NT versus TRIP12 is
>0.9999 (-), 0.0401 (+), 0.0297 (++), and <0.0001 (+++). p-value for myc-

TRIP12 + Wnt3a versus control is 0.0002, versus myc-TRIP12 is 0.0473, and versus
control + Wnt3a is 0.0369. All HiBiT results and immunoblots are representative of
at least three independent experiments. n =3-4 wells of cells per treatment group
per experiment. F Upon Wnt pathway activation, TRIP12 ubiquitylates BRG1 and
promotes BRGI association with B-catenin. *p < 0.05, **p < 0.001, ****p < 0.0001,
p=0.05 is not significant (ns). Source data are provided in Source Data file.

and DKKI (Hs00183740_ml). All qPCR amplifications were per-
formed in biological and technical triplicate.

TurbolD labeling of proximal interactors

HEK293T cells stably expressing TRIP12 were treated with 50 uM biotin
for 1h. Cells were lysed and homogenized in RIPA buffer (50 mM Tris
pH 7.5, 500 mM NaCl, 0.1% Triton X-100, 1% NP-40, 0.1% SDS) supple-
mented with protease (need brand) and phosphatase inhibitors
(100mM NaF, 100mM NaMolybdate, 100 mM beta-glyceropho-
sphate). Protein lysates were incubated rotating with pre-equilibrated
StrepTactin beads for 4 h at 4 °C. Beads were subsequently washed
three times in RIPA buffer, and biotinylated proteins were eluted using
biotin elution buffer (50 mM Tris pH8, 500 mM NaCl, 1 mM biotin).
Eluates were processed using single-pot solid-phase-enhanced sample
preparation (SP3) prior to trypsin digest overnight and subsequently
analyzed via label-free LC-MS/MS analysis®’.

Label-free LC-MS/MS analysis

FLAG IP-MS experiments were analyzed on a Q-Exactive Plus quadru-
pole Orbitrap mass spectrometer (Thermo Scientific) equipped with
an Easy-nLC 1000 (Thermo Scientific) and nanospray source (Thermo
Scientific). Peptides were resuspended in 5% methanol/1% formic acid
and loaded onto analytical resolving column (35 cm length, 100 pm
inner diameter, ReproSil, C18 AQ 3pm 120A pore (Dr. Maisch,
Ammerbuch, Germany)) pulled in-house (Sutter P-2000, Sutter
Instruments, San Francisco, CA) with a 45 min gradient of 5-30% LC-
MS buffer B (LC-MS buffer A: 0.0625% formic acid, 3% ACN; LC-MS
buffer B: 0.0625% formic acid, 95% ACN).

TurbolD-based biotinylation experiments and BRG1 IP-MS
experiments were analyzed on an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Scientific) equipped with an Easy-nLC 1200
(Thermo Scientific). Peptides were resuspended in 5% methanol/1%
formic acid and loaded onto a column (45cm length, 100 um inner
diameter, ReproSil, C18 AQ 1.8 um 120 A pore) pulled in-house across a
2 h gradient from 3% acetonitrile/0.0625% formic acid to 37% acet-
onitrile/0.0625% formic acid.

Quantification of all LC-MS/MS spectra was performed using
MassChroQ and the iBAQ method®****, Data were filtered to a <1% FDR at
the peptide level, and proteins that were fully quantified in all experi-
mental replicates were kept and normalized to TRIP12 iBAQ intensities.
Imputation for missing values in control replicates was performed
matrix-wide in Perseus, and keratins were filtered out from the final
dataset. Volcano plots were generated using ggplot2 in RStudio.

Over-representation analysis of enriched gene ontology terms

358 commonly identified proteins from both proximity labeling and
FLAG AP-MS approaches were used in performing ORA via WebGestalt
using the GO biological process against a background of human

protein-encoding genes®. Enriched gene sets were post-processed
using affinity propagation clustering methods to reduce redundancy®.

TCGA data analysis

To evaluate TRIP12 mRNA expression in The Cancer Genome Atlas, we
utilized the cBioPortal interactive web-based application®. Pancreatic
adenocarcinoma patients from the TCGA PanCancer Atlas cohort
(Pancreatic Adenocarcinoma (TCGA, PanCancer Atlas)) were selected
for analysis. Of the 184 patients in this cohort, 177 patients had mRNA
expression data. These 177 patients were split into two groups using a
50th percentile cutoff of TRIP12 mRNA expression z-scores relative to
all samples (log RNA Seq V2 RSEM). For each group, a survival curve
was plotted showing the probability of overall survival over time
(months). Significance was determined using the log-rank test com-
paring the two groups (p-value = 0.0366).

Organoid cultures

The isolation and culture of APC™® mouse intestinal organoids were
performed as previously described®®. APC™" organoids were digested
with Gentle Cell Dissociation Reagent (Stemcell Technologies) for
10 min at RT and sheared once with a 25G needle. Dissociated orga-
noids were added to a lentiviral mixture containing lentiviral particles
(MOI=10), 8 ug/ml polybrene, and 10 um Y27632 (Stemcell Technol-
ogies) in 25% L-WRN-conditioned media. The mixture was then spi-
noculated at 600 x g for 2 h using a tabletop centrifuge at RT, followed
by incubation at 37 °C for 4 h. Infected organoids were resuspended in
Matrigel (Stemcell Technologies), plated at 10,000/well in a 48-well
plate, and overlaid with culture media. Organoids were imaged and
lysed for immunoblotting after 9 days. Image acquisition was per-
formed with an Olympus IX51 inverted fluorescence microscope using
Olympus CellSens software, and organoid size was measured using the
Olympus CellSens software. For immunoblotting, organoids were
lysed in RIPA buffer (Thermo) supplemented with a Protease/Phos-
phatase inhibitor cocktail (Thermo). Lysates were boiled in SDS sample
buffer for 10 min, followed by SDS-PAGE analysis and immunoblotting.
For immunostaining experiments, organoids were grown in 40 pl of
matrigel plated into a glass coverslip treated with poly-L-Lysine
(Corning, #354085). The growth media was removed, and the orga-
noids were fixed in 4% PFA for 20 min. They were then permeabilized in
PBS with 0.1% triton permeabilized for 20 min. After three PBS washes,
they were blocked in blocking buffer (PBS with 5% goat serum (Invi-
trogen, # 31872) for 1h. Cells were incubated in primary antibody
overnight in blocking buffer: mouse anti-Muc (1:200, Invitrogen, MA5-
12345) or no primary antibody as a negative control. They were then
washed 3 times with PBS. Secondary mouse antibody Cy3 (1:1000,
Invitrogen, A10521) was incubated for 1h followed by PBS washes.
Prolong Gold antifade medium with DAPI (Invitrogen, #P36941) was
used for mounting. Images were acquired using a Keyence BZ-X800
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fluorescence microscope. Images were processed with Photoshop
CSS5 software (Adobe Systems Inc., San Jose, CA).

Multiplex immunofluorescence of formalin-fixed paraffin-
embedded (FFPE) tissue

De-identified normal human intestinal tissue was obtained through an
IRB-approved Exempt Study (IRB #231475). Formalin-fixed paraffin-
embedded tissue from de-identified subjects was obtained without
clinical history or a link back to the original study subject. Unstained
slides were collected and used for multiplex immunofluorescence.
Normal colon tissue FFPE blocks were cut into 5um sections and
stored at -20 °C. Tissue sections were thawed overnight at room
temperature and heated for 1h at 60 °C. Tissue sections were depar-
affinized with xylene (2x15min), ethanol (100% 2 x5min, 95%
1x5min), and water (5 min) and washed with PBS. Slides were heated
for 45 min in sodium citrate buffer (pH 6.0) in a rice cooker, followed
by 30 min at room temperature for antigen retrieval. Tissues were
washed with PBS and blocked for 2 h with 10% goat serum in PBS
(blocking buffer). Primary antibodies (BD Transduction Laboratories
610154 mouse anti-B-catenin diluted 1:300; Bethyl Laboratories #A301-
814A rabbit anti-TRIP12 diluted 1:100; Santa Cruz G-7 mouse anti-BRG1
diluted 1:100), diluted in blocking buffer, were incubated on tissue
sections at 4°C for 16 h. Tissue sections were washed with 0.05%
Tween 20 in PBS. Secondary antibodies (Abcam ab97035 goat anti-
mouse Cy3 1:100; Invitrogen A-21245 goat anti-rabbit Alexa fluor 647
1:150) were diluted in blocking buffer containing Hoechst 33342
nuclear stain (1:1000) and incubated on tissue sections at 37 °C for 1 h.
Images were acquired using a Nikon Spinning Disc confocal
microscope.

Zebrafish injections

Wild-type (NHGRI) or Tg(myl7:GFP) were used for all experiments.
Fish were phenotyped at 3 days post-fertilization (dpf). Only
phenotypes observed in n>3 biological repeats were reported.
Embryos from n>3 male/female pairs were collected per
biological repeat. Data are aggregated from all biological repeats.
Embryos with severe and nonspecific edema were excluded from the
analysis. For mRNA injections, capped mRNAs were generated using
mMessage mMachine (Ambion) according to the manufacturer’s
instructions. Zygotes (1 cell) were injected (1ng mRNA in 1nl) into
the single cell. Morpholinos were injected into the yolk (6 ng MO in
3nl). MOs with the following sequences were purchased from
Gene Tools:

Standard Control: 5~CCTCTTACCTCAGTTACAATTTATA-3

TRIP12: 5-GGACATTGGCACCTCTCTCCTGAAG-3’

For zebrafish CRISPRi studies, embryos were injected with com-
binations of 250 pg dCas9 mRNA and/or 500 pg Alt-R sgRNA in 1nL
into a single cell. The following guides were purchased from Integrated
DNA Technologies:

guide #1: 5-~ACCGGCCUAAUUCCAAUCCA-3’

guide #2: 5~-GAGAGGUGCCAAUGUCCAAC-3

To assess the degree of CRISPRi-mediated transcriptional down-
regulation, qRT-PCR of TRIP12 was performed on pools of 10 fish
collected at 24 hpf in TRIzol to isolate total RNA. cDNA was generated
with the High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems) and ran on a QuantStudio 5 (Applied Biosystems) using the
following primers:

TRIP12 Set #1:

Forward: 5~-GCCAGTCAGAGAAGATGAAGAG-3

Reverse: 5-CGTCCTGTTTCTTGGCATTTC-3’

TRIP12 Set #2:

Forward: 5~CACCACCTGCAGTACTTCTATC-3’

Reverse: 5-GTCTGCAGCACTCCATTAGT-3¥

Embryos analyzed for qRT-PCR were from n=3 clutches of
embryos from n > 2 breeding pairs.

Microscopy of zebrafish embryos

Fish were fixed for 2 h at room temperature with 4% PFA at 3 dpf and
stored at 4 °C until imaging. Eyes and spine defects were imaged in
glycerol and pericardial edema and cardiac malformations were
imaged in methylcellulose. Bright field images were obtained using a
Stemi 2000-CS microscope (Zeiss, Oberkochen, Germany) with an
Olympus DP72 camera. Images were analyzed in Fiji and Photoshop.

Statistical analysis

For the cultured cell experiments, graphs were made using Prism 9
(GraphPad Software, Inc.), and statistical analysis was performed using
the one-way ANOVA with a follow-up Tukey’s or Dunnett’s test. A value
of p<0.05 was considered statistically significant. For zebrafish stu-
dies, data were analyzed with PRISM 9 software. Statistical analyses
were performed in R v3.1.0. Statistical analysis was performed using
Fisher’s exact test and multiple t-tests (two-tailed, equal variance). Post
hoc analysis of Fisher’s exact test and multiple t-tests tests were by
Bonferroni correction. Sample sizes (n) are indicated as n =number of
samples, with the number of the observed phenotype over the total
sample number. For Drosophila studies, quantification of progenitor
cells in the adult midgut, esg> GFP positive cells in a field of 60x
objective lens in the R5A region were counted. Quantification of
Bapl11-GFP and Brm-GFP signals was performed with ImageJ, mean
intensity of GFP was measured in the dorsal and ventral compart-
ments. Statistical analysis was performed using the one-way ANOVA
with a follow-up Dunnett’s test and Fisher’s exact test (two-sided). For
organoid studies, data were analyzed with Prism 9 and statistical
analysis was performed using one or two-tailed Student’s ¢ test or a chi-
square test. A minimum of three independent replicates were per-
formed for each experiment. Statistical tests were performed using
Prism 9 software. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

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

Data availability

All data supporting the findings of this study are available within the
published article and the Supplementary Information files. Requests
for reagents should be directed to the lead contacts: Ethan Lee
(ethan.lee@vanderbilt.edu) and Yashi Ahmed (yashi.ahmed@dart-
mouth.edu). Raw data and original gel images are included in the
Source Data file, which is provided with this paper. Proteomic data
were deposited in ProteomeXchange (PXD048292) and MassIVE
(MSV000093784). Source data are provided with this paper.
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