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Fortilin binds CTNNAS3 and protects it
against phosphorylation, ubiquitination,
and proteasomal degradation to guard
cells against apoptosis
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Fortilin, a 172-amino acid polypeptide, is a multifunctional protein that interacts with various protein
molecules to regulate their functions. Although fortilin has been shown to interact with cytoskeleton
proteins such as tubulin and actin, its interactions with the components of adherens junctions remained
unknown. Using co-immunoprecipitation western blot analyses, the proximity ligation assay, microscale
thermophoresis, and biolayer interferometry, we here show that fortilin specifically interacts with CTNNA3
(a-T-catenin), but not with CTNNA1, CTNNA2, or CTNNB. The silencing of fortilin using small interfering
RNA (siRNA™") promotes the proteasome-mediated degradation of CTNNAS in 293T cells. Using both
fortilin-deficient THP1 cells and 293T cells that overexpress wild-type (WT), phospho-null (5A), and
phospho-mimetic (5D) CTNNASs, we also show that the absence of fortilin accelerates the
phosphorylation of CTNNAS, leading to its ubiquitination and proteasome-mediated degradation. Further,
the silencing of CTNNA3 using siRNA°™ causes 293T cells to undergo apoptosis. These data suggest
that fortilin guards the cells against apoptosis by positively regulating the pro-survival molecule CTNNA3
by protecting it against phosphorylation, ubiquitination, and proteasome-mediated degradation.

Fortilin (also known as translationally controlled tumor protein, histamine-
releasing factor,and TPT1) is a ubiquitously expressed and highly conserved
172-amino acid, 20-kDa protein. Fortilin is present in intracellular' and
extracellular spacesz. Intracellularly, fortilin exists in both the nucleus and
the cytosol'. Although it was originally cloned in 1988 by Gross et al. as a
molecule abundantly expressed in tumor cells’, the function of fortilin
remained unknown until 2001, when we and others reported that fortilin
blocks apoptosis"*’. The mechanism by which fortilin does so is multi-
factorial; it positively regulates anti-apoptotic molecules such as
peroxiredoxin-1 (PRX1)® and myeloid cell leukemia 1 protein (MCL1)"*
and negatively regulates pro-apoptotic molecules such as inositol-requiring
transmembrane kinase/endoribonuclease la (IREla)’ and tumor sup-
pressor protein p53'*". Fortilin has also been recognized as a multi-
functional protein with roles in various cellular processes, including cell-
cycle progression'” and immunoglobulin (Ig) E-mediated histamine release
and allergic reactions'".

Fortilin often exerts its biological activities through molecular inter-
actions with “executioner” proteins. In the cytosol, fortilin binds PRX1, an
enzyme that detoxifies a reactive oxygen species, and protects PRX1 from
deactivating phosphorylation’. Fortilin also binds to MCLI, an anti-
apoptotic Bcl-2 family member, and protects it from proteasome-mediated
degradation”®. Furthermore, fortilin interacts with and mitigates the pro-
apoptotic activity of phosphorylated IREla, an endoplasmic reticulum
stress sensor’. In the nucleus, fortilin binds to p53 and prevents it from
binding the promoters of the BAX, PUMA, and NOXA genes and activating
them transcriptionally'*"". Interestingly, fortilin can be secreted from the
cell’ via the non-classical pathway"’, and it circulates in the blood of humans
and mice’. Fortilin binds TGF-B1 in the extracellular space and prevents it
from activating the TGF-p1 receptor'®.

In this study, we report that fortilin specifically interacts with CTNNA3
(also known as a-T-catenin). We show that fortilin-CTNNA3 binding
prevents CTNNA3 from being phosphorylated, ubiquitinated, and
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proteasomally degraded. We also provide evidence that CTNNA3 is not
only a cell adhesion protein but also a pro-survival molecule and that
CTNNA3 deficiency leads to apoptosis. These findings highlight the diverse
role of fortilin in protein homeostasis and apoptosis regulation.

Results

Fortilin physically interacts with CTNNA3

Although fortilin is known to interact with some of the cytoskeleton pro-
teins, including a-tubulin”/, B-tubulin"/, and actin', it remained unknown if
fortilin interacted with catenins, which are a component of adherens
junctions. To explore the interaction between fortilin and catenins'**’, we
first optimized the binding and wash conditions of the experiment using
both negative (glyceraldehyde 3-phosphate dehydrogenase, known not to
interact with fortilin) and positive (p53, known to interact with fortilin'’)
controls (Supplementary Figs. Sla and S13a). We then subjected total cell
lysates from 293T cells to standard co-immunoprecipitation-western blot
(Co-IP-western) assays by first immunoprecipitating fortilin by anti-fortilin

monoclonal antibody (a-fortilin mAb) and probing for co-
immunoprecipitated catenins—CTNNAL1 (a-E-catenin), CTNNA2 (a-N-
catenin), CTNNA3 (a-T-catenin), and CTNNB (B-catenin)—using anti-
CTNNA1 (a-CTNNA1), a-CTNNA2, and a-CTNNA3 mAbs and a-
CTNNB polyclonal antibody (pAb), respectively (Fig. la-d). Although
fortilin was consistently immunoprecipitated by a-fortilin mAb (Fig. 1a-B3,
b-B3, ¢-B3, & d-B3), only CTNNA3 (Fig. 1lc-A3)—not CTNNAL,
CTNNA2, or CTNNB (Fig. 1a-A3, 1b-A3, & d-A3; Supplementary Figs.
S6a-c, S7a)—was co-immunoprecipitated. To confirm the direct interac-
tion between fortilin and CTNNA3, we subjected a buffer containing
recombinant FLAG-tagged fortilin (fortilin-FLAG), CTNNA3-FLAG, p53-
FLAG, and hexa-histidine-tagged NQO2 (Hiss-NQO2) to Co-IP-western
using a-fortilin mAb. NQO2 is known not to interact with fortilin®’. We
found that fortilin, when immunoprecipitated by a-fortilin mAb (Fig. le-
A3, Supplementary Fig. S7b) co-immunoprecipitated CTNNA3 (Fig. le-B3,
Supplementary Fig. S7b) and p53 (Fig. le-C3, Supplementary Fig. S7b), but
not NQO2 (Fig. le-D3, Supplementary Fig. S7b). We also subjected the
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Fig. 1 | Fortilin physically binds CTNNA3. IP immunoprecipitation, IB immu-
noblot, TCE 2,2,2-trichloroethanol, a-fortilin anti-fortilin antibody (Ab), a-
CTNNALI anti-CTNNAI1 Ab, a-CTNNA2 anti-CTNNA2 Ab, a-CTNNA3 anti-
CTNNA3 Ab, a-CTNNB anti-CTNNB Ab, a-FLAG anti-FLAG (DYKDDDDK) Ab,
a-Hisg anti-hexahistidine Ab, PLA proximity ligation assay, DAPI 4’,6-diamidino-
2-phenylindole, MST microscale thermophoresis, F,,om normalized fluorescence
value, Ky dissociation constant. In vivo co-IP experiments in which fortilin was
immunoprecipitated from 293T total cell lysates by a-fortilin Ab and the presence of
co-immunoprecipitated catenin family proteins, namely (a) CTNNAL, (b)
CTNNA2, (c) CTNNAS3, and (d) CTNNB, was assessed by immunoblot analyses
using a-CTNNAL, a-CTNNA2, a-CTNNA3, and a-CTNNB Abs. e Co-IP experi-
ments using recombinant proteins where recombinant human FLAG-tagged fortilin
protein was immunoprecipitated by a-fortilin Ab. Successful IP of fortilin as well as
successful co-IP of FLAG-tagged CTNNA3 was confirmed by immunoblot analysis
using a-FLAG Ab. f Reverse co-IP experiment in which CTNNA3 was immuno-
precipitated from 293T total cell lysates by a-CTNNA3 Ab, and the presence of co-
immunoprecipitated fortilin was assessed by immunoblot analyses using a-fortilin

Ab. In a-d, £, total protein was visualized by incorporating TCE into the gel. g PLA to
show the fortilin-CTNNA3 interaction. Top panels: PLA was performed using rabbit
a-fortilin and mouse a-CTNNA3 Abs in U20S cells, and the nuclei were counter-
stained with DAPI (blue). Red dots indicate that fortilin and CTNNA3 are located
within 30 nm of each other. Bottom panels: PLA was performed using rabbit a-
fortilin and mouse a-CTNNB mAbs in U20S cells. No PLA (red) signals were
observed. Each panel in rows 2 and 4 shows a magnified view of the white-boxed area
in the panel above in rows 1 and 3, respectively, highlighting the specific interaction
signals. Scale bar (long): 100 pum. Scale bar (short): 10 pm. h Miscroscale thermo-
phoresis (MST) to characterize the fortilin~-CTNNA3 interaction. Red-maleimide-
labeled fortilin was mixed with varying concentrations (30 pM to 250 nM) of
recombinant human CTNNA3 and loaded to the glass capillaries. Laser-induced,
heat-mediated thermophoresis of fortilin, in the presence of varying concentrations
of CTNNA3, was assessed using Monolith NT.115 Pico MST system (Nanotemper
Technologies GmbH) and expressed as the relative F,,qm1 (%). The dissociation
constants (K4) were calculated using the Nanotemper analysis software based on the
relative F,q.m) values.
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Fig. 2 | The lack of fortilin destabilizes CTNNA3 and causes it to be degraded viaa
proteasome-mediated pathway. THP1"7 " THP1 cells expressing wild-type
fortilin, THP1*O-*""" cells in which the fortilin genes have been deleted using Crispr-
Cas9 technology, GFP*"*"* strep-tagged recombinant green fluorescence protein,
FT*"P"* strep-tagged recombinant human fortilin protein, * degradation products,
IB immunoblot, TCE 2,2,2-trichloroethanol, DAPI 4’,6-diamidino-2-phenylindole,
siRNA """ small interfering RNA against fortilin, siRNA“™ the non-targeting
pool of siRNAs, A.U. arbitrary unit, IB immunoblot, a--CTNNA3 anti-CTNNA3 Ab,
MG132 carbobenzoxy-L-leucyl-L-leucyl-L-leucine, a proteasome inhibitor.

a Characterization by western blot analysis of THP1" """ and THP1XO-ortn cells,
Total proteins were visualized in the gel using TCE. b THP1""*"!" and THP1*>
foritin ce]ls were seeded on a chamber slide and subjected to immunocytochemistry
using a-CTNNA3 and a-fortilin Abs. The nucleus was counter-stained by DAPL
The intensities of CTNNA3 and fortilin signals were evaluated by confocal micro-
scopy using the same imaging conditions. Long scale bar = 100 um. Short scale
bar = 10 um. ¢ Silencing of fortilin by siRNA™", Fortilin mRNA expression levels
was evaluated by RT-qPCR normalized to that of 18S rRNA after 293T cells were
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transfected with the siRNAs. Data are expressed as means + s.d. (n = 3 biological
replicates), and they were analyzed by two-tailed, unpaired Student’s ¢ test.

d Western blotting analysis of fortilin protein expression levels after 293T cells were
transfected with the siRNAs. Total proteins were visualized by TCE staining.

e Densitometric quantification of fortilin protein signals using Image] software. The
fortilin protein expression indices (in A.U.) were determined by dividing the signal
intensity of the immunoblotted fortilin band by that of the total protein bands
identified by TCE staining. f Time-course analysis using western blot analysis of
CTNNA3 expression levels in 293T cells. g Densitometric quantification of
CTNNAS3 signals using Image] software. The CTNNA3 expression indices were
calculated by dividing the signal intensities of the immunoblotted CTNNA3 bands
by those of the total protein bands identified by TCE staining. They were expressed in
A.U. after normalizing the indices to time 0. The percentage reduction of CTNNA3
proteins at 36 h is shown in the graph. Data are expressed as means +s.d. (n =3
biological replicates), and they were analyzed by two-tailed, unpaired Student’s

f tests.

same cell lysates from 293T cells to a reverse Co-IP-western assay in which
we first immunoprecipitated CTNNA3 using a-CTNNA3 mAb and then
probed for co-immunoprecipitated fortilin. We found that immunopreci-
pitated CTNNA3 (Fig. 1f-A3) co-precipitated with fortilin (Fig. 1{-B3;
Supplementary Fig. S7¢). These data suggest that fortilin specifically inter-
acts with CTNNA3 but not with CTNNA1, CTNNA2, or CTNNB
(Fig. la-f; Supplementary Figs. Sla, S6a-c, S7a-c and S13a) and that
CTNNA3 is unique among the catenin family proteins in that it specifically
interacts with fortilin.

Using phylogenetic and homology analyses, we consistently found that
CTNNALI and CTNNA2 are phylogenetically and structurally similar to
each other but that CTNNA3 is less similar to either CTNNA1 or CTNNA2

(Supplementary Fig. S3a, b). We also found that CTNNB is not homologous
to any of the CTNNA proteins (Supplementary Fig. S3a, b). Finally, we
aligned the protein sequence of CTNNA3 to those of CTNNAI and
CTNNA2 and found that the region spanning between Q149 and 1296 of
CTNNA3 is the region least homologous to both CTNNAI and CTNNA2,
although there are several other smaller regions where the homology
between CTNNA3 and CTNNA1/CTNNA2 is also low (Supplementary
Fig. S3¢). These results suggest that fortilin might interact with CTNNA3
through one of these regions.

To further characterize the interaction between fortilin and CTNNA3,
we performed an in-situ proximity ligation assay (PLA) in U20S cells using
rabbit a-fortilin and mouse a-CTNNA3 and a-CTNNB mAbs. In this assay,
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Fig. 3 | The lack of fortilin promotes the phosphorylation, ubiquitination, and
proteasomal degradation of CTNNA3. FLAG-CTNNA3"" (also WT) a mammalian
plasmid containing the construct for FLAG-tagged wild-type human CTNNA3 (pEZ-
CTNNA3""-FLAG), Pro-Q Diamond phosphoprotein gel staining, SYPRO Ruby total
protein gel staining, CTNNA3°” (also 5D) CTNNA3 protein with the following
phosphomimetic mutations—S637D, $647D, T649D, S650D, and T653D; CTNNA3*
(also 5A), CTNNA3 protein with the following phospho-null mutations—S637A,
S647A, T649A, S650A, and T653A, THP1V i THP1 cells expressing wild-type
fortilin, THP1*®-“"" THP1 cells in which the fortilin gene was deleted using Crispr-
Cas9 technology, IP immunoprecipitation, a-FLAG anti-FLAG antibody (Ab), a-Hiss,
anti-Hiss Ab, JESS™ an automated capillary-based quantitative western blot system, Ni-
NTA pulldown using Ni-NTA Superflow beads, A.U. arbitrary unit, Ub,-CTNNA3
polyubiquitinated CTNNA3, a-fortilin anti-fortilin Ab, TCE 2,2,2-trichloroethanol.

a Top panel: Pro-Q Diamond staining of phosphorylated CTNNA3"" in the presence
(THP1WV®lim) or absence (THP1*O ) of fortilin in the cell. THPI cells were
transfected with the pEZ-CTNNA3“"-FLAG plasmid. CTNNA3""-FLAG in the total
cell lysates was immunoprecipitated by anti-FLAG Ab and subjected to SDS-PAGE.
Phosphorylated CTNNA3"""4S wag visualized by Pro-Q Diamond staining. Bottom
panel: SYPRO Ruby staining of total CTNNA3"" in the presence (THP1"" ") or
absence (THP1¥O®") of fortilin in the cell. The same eluates from the above
experiment were subjected to SDS-PAGE. Total CTNNA3“ "4 was visualized by
SYPRO Ruby staining. b Wild-type, phosphomimetic (5D), and phospho-null (5A)
CTNNA3 mutant constructs. ¢ Top panel: Pro-Q Diamond staining of phosphorylated
CTNNA3"" and CTNNA3** proteins in the presence (THP1W"*"!") or absence
(THP1¥ ") of fortilin in the cell. THP1 cells were transfected by the pEZ-
CTNNA3""-FLAG plasmid. Bottom panel: SYPRO Ruby staining of total CTNNA3""
and CTNNA3 proteins in the presence (THP1V"*"%") or absence (THP1¥0*"") of
fortilin in the cell. The same eluates from the above experiment were subjected to SDS-
PAGE. Total CTNNA3""4% and CTNNA3* proteins were visualized by SYPRO
Ruby staining. d Impact of CTNNA3 phosphorylation on the degree of ubiquitination

in 293T cells. 293T cells were transfected by the pEZ-CTNNA3"“"-FLAG, pEZ-
CTNNA3-FLAG, or pEZ-CTNNA3**-FLAG plasmid. Ubiquitinated wild-type and
mutant CTNNA3s were visualized by first pulling down the ubiquitinated proteins
using Ni-NTA beads and then immunoblotting CTNNA3 within the pulled-down
proteins using a-FLAG Ab in the JESS™ system. e The CTNNA3 ubiquitination indices
of wild-type and mutant CTNNA3s. The indices (in A.U.) were calculated by dividing
the area under the curve of the ubiquitinated CTNNA3-FLAG by that of the input
CTNNA3-FLAG. Data are expressed as means + s.d. (n = 3 biological replicates), and
they were analyzed by one-way ANOVA and Tukey-Kramer multiple-comparisons.
f, g Impact of CTNNA3 phosphorylation on its proteasome-mediated degradation.
293T cells were transfected by the pEZ-CTNNA3""-FLAG, pEZ-CTNNA3*"-FLAG,
or pEZ-CTNNA3**-FLAG plasmid and incubated in the presence of CHX and with or
without MG132 for various durations. CTNNA3-FLAGs were detected by anti-FLAG
Ab, and total proteins were visualized using the JESS™ total protein detection module.
CTNNA3 expression indices (in A.U.) were calculated using Compass software by
dividing the area under the curve of a CTNNA3 peak by the total proteins loaded in the
same capillary (“in-capillary normalization”). Data are expressed as means + s.d. (n =3
biological replicates). Statistical analyses were performed using one-way ANOVA with
Fisher’s pairwise comparisons. h, i Co-IP analysis of the strength of the interaction
between fortilin and wild-type and mutant CTNNA3s. The total cell lysates from
293T cells transfected by the pEZ-CTNNA3""-FLAG, pEZ-CTNNA3*"-FLAG, or
pEZ-CTNNA3**-FLAG plasmid were subjected to IP by a-FLAG Ab. Co-
immunoprecipitated fortilin was then detected by immunoblotting using a-fortilin Ab.
The fortilin-CTNNA3 interaction indices (in A.U.) were calculated using Image]J
software by dividing the signal intensities of co-immunoprecipitated fortilin bands by
the immunoprecipitated CTNNA3-FLAG bands. Data are expressed as means + s.d.,
(n = 3 biological replicates), and they were analyzed by one-way ANOVA and
Tukey-Kramer tests.

each red dot indicated the presence of a fortilin molecule located within
approximately 30 nm of an CTNNA3 molecule”. Confocal microscopic
examination revealed numerous red dots in both the nucleus and cytosol
when PLA was performed using a-fortilin and a-CTNNA3 mAbs (Fig. 1g,
Fortilin + CTNNA3). Consistent with the Co-IP experiments that shows no

interaction between fortilin and CTNNA1, CTNNA2, or CTNNB (Fig. 1a,
b, d), we observed no red dots when PLA was performed using a-fortilin and
their respective mAbs (Fig. 1g, Fortilin + CTNNB; Supplementary Fig. Sle,
Fortilin + CTNNAL, Fortilin + CTNNA2, Fortilin + CTNNB). The a-
CTNNALI, a-CTNNA2, and a-CTNNA3 mAbs used in the PLAs were
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specific for their respective proteins and did not cross react with other
isoforms (Supplementary Figs. S1b-d and S13c). These data suggest that
fortilin interacts with CTNNA3—but not CTNNA1, CTNNA2, or CTNNB
—and does so in both the nucleus and cytosol.

To further characterize the interaction of fortilin with CTNNA3 and its
isoforms—CTNNA1 and CTNNA2, we performed microscale thermo-
phoresis (MST)**** using the NanoTemper Monolith NT.115 Pico system
(NanoTemper Technologies GmbH, Miinchen, Germany) where the
thermophoretic movement of recombinant human fortilin (rh-fortilin)
labeled with red-maleimide fluorescent dye was measured in the presence of
varying concentrations of CTNNAI, CTNNA2, or CTNNA3. We found
that fortilin specifically binds CTNNA3 with an equilibrium dissociation
constant (Ky) of 33.23nM (Fig. 1h) but does not bind CTNNA1 or
CTNNA2 (Supplementary Fig. S1f). We also performed a bio-layer inter-
ferometry (BLI) assay”** using rh-fortilin and th-CTNNA3 in the BLItz®
system (Sartorius, Gottingen, Germany). We found that rh-fortilin and rh-
CTNNAS3 bind to each other at a dissociation constant (Ky) of 36.1 nM
(Supplementary Fig. S1g).

Fortilin protects CTNNAS3 against proteasome-mediated
degradation

To investigate the impact of fortilin on CTNNAS3 in the cell, we first used
CRISPR-Cas9 technology”® to generate THP1 human monocyte-
macrophage cells lacking the fortilin gene (THP1X°™") and character-
ized them using western blot analysis. We found that THP1*% "™ cells did
not express fortilin (Fig. 2a-A2; Supplementary Fig. S8a), whereas the control
cells THP1V" ™ did (Fig, 2a-A1; Supplementary Fig. S8a). Next, we seeded
THP1WT ot and THP1XO®" cells in a chamber slide, immunostained
these cells using anti-CTNNA3 and anti-fortilin mAbs, counterstained the
nucleus with 4’, 6-diamidino-2-phenylindole (DAPI), and examined the
distribution of CTNNA3 within the cells using confocal microscopy. Under
these staining conditions, fortilin signals were lower in THP1¥*-*® cells
than in THP1V"™ cells (Fig, 2b, Fortilin). Strikingly, however, we also
found that CTNNA3 signals—present in both cytosol and nucleus—were
also drastically lower in THP1**™"™" cells than in THP 1" cells (Fig, 2b,
CTNNA3).

Fortilin binds MCL1*" and PRX1° and protects these proteins against
proteasome-mediated degradation®”. CTNNB, a member of the catenin
family to which CTNNA3 belongs, is degraded by the proteasome
pathway™. To test the hypothesis that the binding of fortilin to CTNNA3
protects CTNNA3 against proteasome-mediated degradation, we silenced
fortilin in 239T cells using small interfering RNA against fortilin
(siRNA™"™) and subjected the cells to a protein degradation assay. In this
assay, we kept the cells exposed to the protein synthesis inhibitor cyclo-
heximide (CHX), incubated them in the presence or absence of the pro-
teasome inhibitor MG132, harvested them at various time points (0,0.5, 1,2,
4,8, 12,24, and 36 h), and subjected their lysates to both standard and JESS™
western blot analyses to quantify the expression levels of CTNNA3. JESS™ is
an automated, capillary-based, highly quantitative western blot system
(ProteinSimple®, San Jose, CA, USA)***. We found that the treatment of
293T cells with siRNA™™™ decreased both fortilin mRNA and proteins at
time O (Fig. 2c-e, Supplementary Fig. S8b). Also at time 0, the CTNNA3
protein levels were significantly less in siRNA™"""-treated, fortilin-deficient
cells than in siRNA“""treated, fortilin-present cells (Supplementary Figs.
S2a-d, S13b). In that system and in the absence of MG132, CTNNA3
protein was found to be stable with only 4-22% loss after 36 h in siRNA“"™-
treated, fortilin-present cells (Fig. 2f, g; MG132(-), SIRNA“™™; Supple-
mentary Fig. S8¢; Supplementary Fig. S2a, e; MG132(-), SIRN Aol Sup-
plementary Fig. S13b). Strikingly, CTNNA3 disappeared very quickly in the
siIRNA"_treated, fortilin-deficient cells, in which the majority (75 - 90%)
of CTNNA3 degraded within 36 in the absence of MG132 (Fig. 2f, g,
MG132(-), siRNA™; Supplementary Fig. S8¢; Supplementary Figs. S2a, ;
MG132(-), siRNA™""™; Supplementary Fig. S13b). CTNNA3 degradations
were significantly greater in siRNA™"treated cells than in siRNA“"*-
treated cells at and after 8 h (P =0.002 at 8 h, P=0.001 at 12 h, P = 0.000 at

24 h, P =0.000at 36 h) (Fig. 2f, g, MG132(-); Supplementary Fig. S8c) by the
standard western blots and at and after 2 h (P =0.006 at 2 h, P = 0.023 at 4 h,
P=0.003 at 8h, P=0.006 at 8 h, P=0.000 at both 24 and 36 h; Supple-
mentary Fig. S2a, e, MG132 (-); Supplementary Fig. S13b) by JESS™. In
contrast, no significant differences were observed between siRN Afertilin_
treated and siRNA“"™'treated cells in the presence of MG132 (Fig. 2f, g,
MG132(+); Supplementary Fig. S8¢; Supplementary Fig. S2c, e, MG132(+);
Supplementary Fig. S13b). These data suggest that fortilin prevents
CTNNA3 from being degraded by the proteasome pathway.

Phosphorylation of CTNNABS triggers its ubiquitination and
proteasome-mediated degradation

Although the above data suggested that the lack of fortilin causes CTNNA3
to be degraded by the proteasome pathway (Fig. 2), we still did not know
what triggers its ubiquitination in the absence of fortilin. Because the ubi-
quitination of CTNNB is triggered by its phosphorylation™, we hypothe-
sized that the lack of fortilin promotes the phosphorylation of CTNNA3 and
its subsequent ubiquitination. To test this premise, we transiently trans-
fected THP1""*" and THP1*O ™" cells (Fig. 2a, b) with the pEZ-M39-
CTNNA3""-FLAG mammalian-expression plasmid vector, incubated the
cells for 48 h, lysed the cells, and subjected the cleared total cell lysates to
immunoprecipitation using anti-FLAG M2 magnetic beads. Subsequently,
we subjected the eluates to SDS-PAGE. We stained the gel first with Pro-Q
Diamond™ and then with SYPRO Ruby™ staining solutions to visualize
phosphorylated CTNNA3 and total CTNNA3, respectively. CTNNA3"'-
FLAG was successfully immunoprecipitated as visualized by SYPRO-Ruby
(Fig. 3a-B3, B4; Supplementary Fig. $9a). Strikingly, however, CTNNA3""-
FLAG was found to be phosphorylated only in the lysates from THP1*"-it»
cells (Fig. 3a-A4; Supplementary Fig. S9a) but not in those from THP1""™
fortiin. cells (Fig. 3a-A3; Supplementary Fig. S9a). These data suggest that
CTNNAS3 is more heavily phosphorylated in cells lacking fortilin.

Next, we tested the hypothesis that phosphorylation of CTNNA3 leads
to its ubiquitination. Reitz et al. reported that CTNNA3 is highly phos-
phorylated in the hearts of patients with dilated cardiomyopathy—espe-
cially in three serine (5637, S647, S650) and two threonine (T649, T653)
residues clustered within a span of 14 amino acids™. First, we generated
PEZ-M39-CTNNA35A-FLAG and pEZ-M39-CTNNA35D-FLAG plas-
mid vectors in which all five sites were mutated to alanine (5A; phospho-null
mutations; S637A, S647A, T649A, S650A, and T653A) or to aspartic acid
(5D; phospho-mimetic mutations; S637D, S647D, T649D, S650D, and
T653D), respectively (Fig. 3b). We then transiently transfected THP 1" ©rti»
or THP1XO® cells with the pEZ-M39-CTNNA3"'-FLAG or pEZ-M39-
CTNNA3*-FLAG plasmid vectors, immunoprecipitated CTNNA3""-
FLAG and CTNNA3**-FLAG using anti-FLAG M2 magnetic beads, sub-
jected the eluates to SDS-PAGE, and stained the gel first with Pro-Q
Diamond™ and then with SYPRO Ruby™ staining solutions to visualize
phosphorylated CTNNA3 and total CTNNA3, respectively. Both
CTNNA3""-FLAG and CTNNA3**-FLAG were successfully immuno-
precipitated (Fig. 3c-B1-4; Supplementary Fig. S9b). In that system, Pro-Q
Diamond staining showed a CTNNA3""-FLAG band (Fig. 3c-A3; Sup-
plementary Fig. S9b) but not a CTNNA3**-FLAG band (Fig. 3¢, A4, Sup-
plementary Fig. S9b) in the THP1*™"™" lysates, suggesting that the
majority of phosphorylation of CTNNA3 occurs at the five phosphosites
(8637, 5647, T649, S650,and T653). To further verify the negative regulatory
role of fortilin on CTNNA3 phosphorylation, we immunoprecipitated
CTNNA3 from THP1¥*®1 and THP1V rilin cells using anti-CTNNA3
mAb and visualized co-immunoprecipitated total CTNNA3 and phos-
phorylated CTNNA3 by immunoblotting the eluates with anti-CTNNA3
mAb and anti-phosphoserine/threonine pAb, respectively. We found that
CTNNA3 was significantly more phosphorylated in the absence of fortilin
than in its presence (Supplementary Fig. S4a, b; Supplementary Fig. S14a).
Finally, we tested if fortilin impacts the status of the acetylation of CTNNA3
using THP1***" and THP1V" ™" cells and by immunoprecipitating
CTNNA3 from the total cell lysates and immunoblotting the eluates using
anti-CTNNA3 mADb and anti-acetylated lysine pAb. We found no obvious

Communications Biology| (2025)8:1


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07399-5

Article

a

CTNNA3 .
Knockdown targetl NA  [CTNNA3 2 fortilin fortilin b
siRNAcontrol + + + C
293T cell SIRNACTNNA3 F T+ Fl+ F +
SiRNA®rtiin + + + [+ + +
1 2 3 4 1 2 3 4
. 116 -| . K
IB: a-CTNNA3 - - WLCTNNAS _ 20 T — g 20 e 34
S <0. o
0 |- 2 7] P <0.0001
IB: a-fortilin e 03515 __P<oooot
. ili g@f "~ p<00001 5-< P <0.0001
B T LI FFortilin 22,0l =2 £<0.0001 < 10 wee P <0.0001
2% ch T 0¢C P<0.0001
190 - =9 P=0075 <o
£ - 054 £=0.075 Z 1 0.5
S ey E . ey
116 - 0 ! M_ _© 0 2
. i trol + iRNAcontrol +
Total proteins SIRNA™ si
66 - - SIRNACTNNA3 + + SIRNACTNNAS ¥ ¥
= : ] - - - : b= . . SiIRNAfrtiin + + ﬁ siRNAfortilin + =+ ﬁ
.- 1]
-/
(kDa) T 2 5 4 5 6 7 8 9 101112 0
d Trypan Blue Exclusion Assay e Activated Caspase 3 Assay f DNA Fragmentation Assay
1 2 3 1 2 3 4 1 2 3 4
> 5 P<0.0001 ™ 2.0 P<0.0001 c 2.0 P <0.0001
S 4 P<0.0001 ® i P <0.0001 kel P<0.0001
= g P <0.0001 9N~ P =0.0021 ® —~ E —_—
2 b= 0.0024 g5 1.5 ] Py *2 3 15 P <0.0001
o = 34 20000t &< P <0.0001 S ] P<0.0001
ryvy > - —_— e P <0.0001
g2 P<0.0001 0% 10 = S 1.0 —
o< 21 8o 1 P=o00046 S J J
s T8 o <3 P<0000t
g = 05 E <Z( -4 0.5]
> s ] a
e M I Jm o 8
siRNACOn(roI + siRNACOn(rOl + SiRNAconlro\ +
SIRNACTNNAS + + SIRNACTNNAS + + SIRNACTNNA3 + +
SiRNAfortin + + SiRNAfortiin + + SiRNAfortiin + +
(n=3 (n=3) (n=3

Fig. 4 | The loss of CTNNA3 leads to apoptosis. siRNA“** non-targeting pool of
small interfering RN As, siRNA“™** 5iRNA against CTNNA3, siRNA™""" siRNA
against fortilin, IB immunoblot, a-CTNNA3 anti-CTNNA3 antibody (Ab), a-
fortilin anti-fortilin Ab, NA no knockdown target, A.U. arbitrary unit. a—c JESS ™
Western blot analysis of CTNNA3 and fortilin protein levels following siRNA
treatments. a The total cell lysates from 293T cells transfected by siRNA®"™,
SIRNACTNNA RN ACTNNAfrtlin o1 GRNAP™I were subjected to JESS™ western blot
analysis using a-CTNNA3 (upper panel) and a-fortilin (middle panel) Abs while
total proteins were visualized and used as the loading control. b The fortilin
expression level (in A.U.) was calculated by dividing the area under the curve (AUC)
of the fortilin signals by that of corresponding total protein signals. ¢ The CTNNA3

expression level (in A.U.) was calculated by dividing the AUC of the

CTNNAS3 signals by that of corresponding total protein signals. d Trypan blue
positivity (in A.U.) of 293T cells transfected by siRNA™™, siRNA™N43,
SIRNACTNNAfortilin | G RN A", e Activated caspase 3 levels (in A.U.) of 293T cells
transfected by siRNA“™, siRNATNNA3 GiRNACTNNArtlin | o RN AR £ DNA
fragmentation levels (in A.U.) of 293T cells transfected by siRNA "™, siRNA“™NA,
SIRNACTNNAfortlin o GGRNA"2, d_f The values indicate fold-change of the
respective levels of the siIRNAST™NA siRNACTNNAfortlin 5 4 RN A™™_treated cells
relative to that of siRNA“"™treated cells. Data are expressed as means + s.d. (1 =3
biological replicates), and they were analyzed by one-way ANOVA and
Tukey-Kramer tests.

difference in the status of CTNNA3 in the presence or absence of fortilin
(Fig. S4c, d; Supplementary Fig. S14b).

Next, we transiently transfected 293T cells with (a) pReceiver-Hisg-
Ub; and (b) pEZ-M39-CTNNA3V-FLAG, pEZ-M39-CTNNA3**-FLAG,
or pEZ-M39-CTNNA3"-FLAG. We then pulled down His-tagged-ubi-
quitins (Hiss-Ub) using Ni-NTA Superflow® beads in the presence of
MG132 and subjected the eluates to the ProteinSimple® JESS™ system, an
automated capillary-based protein separation and detection system.
Immunodetection using anti-Hiss mAb showed that Hiss-Ub were
expressed equally in all four groups of 293T cells transfected with the
pReceiver-Hiss-Ub; plasmid (Fig. 3d-C6-9; Supplementary Fig. S10).
Expression levels of CTNNA3"'-FLAG, CTNNA3’*-FLAG, and
CTNNA3*°-FLAG—either un-ubiquitinated or mono/oligo-ubiquitinated
—were similar to each other (Fig. 3d-B7, B8, &B9; Supplementary Fig. S10).
When pulling down Hise-Ub using Ni-NTA Superflow® beads and sub-
jecting them to JESS™ to quantify the amount of ubiquitinated CTNNA3, we
found that CTNNA®"-FLAG was significantly more ubiquitinated than
CTNNA3“"-FLAG or CTNNA3**-FLAG (Fig. 3d, e; Supplementary Fig.
$10; CTNNAY'-FLAG, CTNNA™-FLAG, & CTNNA®™-FLAG = panels
A7, A8, and A9; 1.0£0.00, 0.85+0.04, and 1.28 +0.51, respectively;
P<0.0001 for CTINNA®®-FLAG vs. CTNNA3**-FLAG; P =0.0003 for
CTNNA’®-FLAG vs. CTNNA3""-FLAG, N=3, ANOVA with
Tukey-Kramer’s pairwise comparison). These data suggest that the

phosphorylation of CTNNA3—especially in S637, S647, T649, S650, and
T653—accelerates the ubiquitination of CTNNA3.

To test if phosphorylation of the five phosphosites of CTNNA3 in
fact causes the protein to be proteasomally degraded, we transiently
transfected 293T cells with pEZ-M39-CTNNA3""-FLAG, pEZ-M39-
CTNNA3**-FLAG, or pEZ-M39-CTNNA3’"-FLAG, harvested the cells
at 0, 4, 8, 12, and 24 h after exposure to CHX and in the presence or
absence of MG132, subjected the total cell lysates to JESS™, and quantified
the amounts of CTNNA3Y'-FLAG, CTNNA3*-FLAG, and CTNNA3°°-
FLAG in the cells using anti-FLAG pAb. The expression levels of FLAG-
tagged CTNNA3s were calculated first by dividing the signal intensity of
each FLAG-tagged CTNNA3 band at a given time point by the total
protein signal intensity of the same time point, and then normalizing
these values to their respective time 0 values, which were set to 1. In the
absence of MG132, the levels of CTNNA3*’-FLAG were significantly
lower than those of CTNNA3“'-FLAG and CTNNA3°-FLAG at 4, 8,
and 24 h (Fig. 3f, g, MG132(-); Supplementary Fig. S11a). In the presence
of MG132, however, there was no significant degradation in any
CTNNA3-FLAGs (Fig. 3f, g, MG132(+); Supplementary Fig. Slla).
When taken together, these data suggest that the lack of fortilin in the
cells promotes the phosphorylation of CTNNA3 mainly at its major
phosphosites (S637, S647, T649, S650, and T653), which in turn triggers
its ubiquitination and proteasome-mediated degradation.

Communications Biology| (2025)8:1


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-07399-5

Article

Fig. 5 | Fortilin binds CTNNA3, an anti-apoptotic
protein, protects it against phosphorylation-
induced ubiquitination and proteasomal degra-
dation. FT fortilin, P phosphorus, Ub ubiquitin
molecule. The figure represents a proposed model of
the positive regulation by fortilin of CTNNA3.
Under normal conditions, fortilin binds CTNNA3
and protects CTNNA3 against its phosphorylation,
ubiquitination, and proteasome-mediated degrada-
tion, thereby maintaining cellular integrity (left
panel, Fortilin (+)). Reduction of fortilin levels
within the cell disrupts this protective mechanism,
leading to increased phosphorylation, ubiquitina-
tion, and proteasome-mediated degradation of
CTNNA3, resulting in increased apoptosis (right
panel, Fortilin (-)).

Pinkaew et al. showed that fortilin binds with a higher affinity to
phosphorylated IRE1a than to un-phosphorylated IRE1a’. To evaluate the
impact of the phosphorylation of CTNNA3 on its interaction with fortilin,
we transiently transfected 293T cells with pEZ-M39-CTNNA3""-FLAG,
pEZ-M39-CTNNA3**-FLAG, or pEZ-M39-CTNNA3""-FLAG, immuno-
precipitated FLAG-tagged CTNNA3s from total cell lysates using anti-
FLAG pAb and evaluated the presence of co-immunoprecipitated fortilin in
the eluates by western blot analyses. All three transfection groups contained
similar amounts of FLAG-tagged CTNNA3 and fortilin in their total cell
lysates (Fig. 3h; INPUT; A1-3, B1-B3, and C1-3; Supplementary Fig. S11b).
Anti-FLAG pAb immunoprecipitated similar amounts of CTNNA3"'-
FLAG, CTNNA3’*.-FLAG, and CTNNA3°-FLAG (Fig. 3h, IP: a-FLAG;
A4-6; Supplementary Fig. S11b). Strikingly, CTNNA3’*-FLAG co-
immunoprecipitated fortilin significantly less than did CTNNA3"“"-FLAG
and CTNNA3°*-FLAG (Fig. 3h-B6 vs. B4 & B5; Fig, 3i; Supplementary Fig,
S11b). These data suggest that fortilin preferentially binds unpho-
sphorylated CTNNA3 over phosphorylated CTNNA3.

Depletion of CTNNAS induces apoptotic cell death

Goossens et al. reported that constitutional CTNNA3 knockout mice
exhibit decreased left ventricular (LV) function at 3 months of age”.
Cardiac-specific CTNNA1 knockout causes cardiac cells to apoptose,
leading to LV dysfunction at 15 months™. Based on these observations, we
focused on apoptosis as a pivotal consequence of CTNNA3 deficiency in the
cell. To test if CTNNA3 deficiency results in cell death through apoptosis, we
first silenced fortilin and/or CTNNA3 in 239T cells by transfecting them
with siRNA against fortilin (siRNA*"™) and/or siRNA“™™4%, We validated
the silencing of respective genes, using JESS™ (Fig. 4a; Supplementary Fig.
S12) and observed as expected that silencing fortilin with siRNAP
(Fig. 4a, panel-B of the lanes 1-3 vs. lanes 10-12; Fig. 4b, columns 1 vs. 4)
decreased CTNNA3 expression (Fig. 4a, panel-A of the lanes 1-3 vs. lanes
10-12; Fig. 4c, columns 1 vs. 4), while we found that silencing CTNNA3
with siRINACTNNAS (Fig. 4a, panel-A of the lanes 1-3 vs 4-6; Fig. 4c, columns
1 vs. 2) did not alter fortilin expression (Fig. 4a, panel-B of the lanes 1-3 vs.
lanes 4-6; Fig. 4b, columns 1 vs 2). The overall cell morphology post-
transfection remained similar to its pre-transfection state, although cell
density appeared less in the cells transfected with siRNA™™ and/or
siIRNA“™* (Supplementary Fig. S5a). We first subjected the transfected
cells to trypan blue exclusion assay and found that the siRNA“™**_treated
cells exhibited a significant (94%) increase in cell death (trypan blue

positivity) compared with SIRN A treated cells (Fig. 4d, columns 1 vs. 2).
As expected from the previous report"*’, the siRNA™"_treated cells
exhibited a significant (154%) increase in cell death compared with the
sIRNA“"™treated cells (Fig. 4d, columns 1 vs. 4). The trypan blue positivity
of the cells treated with both siRNA™""" and siRNA“™* was greater than
that of the cells treated by siRNA“™* or siRN A" alone (Fig, 4d, column
3 vs. columns 2 and 4). To determine whether apoptosis contributed to the
cell death observed in the trypan blue exclusion assay following CTNNA3
and/or fortilin silencing, we subjected the same four groups to both activated
caspase-3” and DNA fragmentation™ assays. The siRNA“™**_treated
cells showed a significant increase in both activated caspase-3 (86%) and
DNA fragmentation (121%) levels compared with the siRNA®"".treated
cells (Fig. 4e, f, columns 1 vs. 2), suggesting that CTNNA3 protects cells from
apoptosis. The siRNA™"™_treated cells also exhibited a significant increase
in both the activated caspase-3 (174% increase) and DNA fragmentation
(272%) levels, compared with the siRNA“""-treated cells (Fig. 4e, f, col-
umns 1 vs. 4), confirming previous reports that fortilin protects cells against
apoptosis"*’. Finally, both the activated caspase-3 and DNA fragmentation
levels in cells treated with both siRNA™"™ and siRNA“™** were sig-
nificantly higher than in cells treated by siRNA“™4* or siRNA™" alone,
although the effect was not fully additive (Fig. 4e, f, columns 3 vs. 2 and 4),
suggesting that the fortilin deficiency induces apoptosis both by promoting
the degradation of the anti-apoptotic protein CTNNA3 and through
CTNNA3-independent pathways.

In summary, under normal conditions, fortilin binds to the pro-
survival molecule CTNNA3 and prevents it from being phosphorylated,
ubiquitinated, and proteasomally degraded, thereby protecting cells against
apoptosis (Fig. 5, left panel). However, when fortilin levels decrease in the
cell, CTNNA3 becomes phosphorylated, ubiquitinated, and proteasomally
degraded, precipitating apoptotic cell death (Fig. 5, right panel).

Discussion

The innovation of this study lies in the discovery that fortilin physically and
functionally interacts with CTNNA3 (Fig. 1 & Supplementary Fig. S1).
Although fortilin has been shown to bind the cytoskeletal proteins actin and
tubulin, its binding to a protein of the adherens junctional complex has not
been reported previously. Despite the sequence homology of CTNNA3 to
other catenins®, fortilin binds only to CTNNA3 and not to CTNNAL,
CTNNA2, or CTNNB (Fig. 1a—f; Supplementary Fig. Sla, ¢, f, g), suggesting
that fortilin binds CTNNA3 through the region(s) of CTNNA3 that is less
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homologous to that of the other catenins (e.g., the region spanning between
Q149 and 1296) (Supplementary Fig. S3a—c). It was widely accepted that
CTNNA3 binds only a few proteins—CTNNB*, plakophilin-2 (PKP2)”,
one of the desmosome proteins implicated in arrhythmogenic right ven-
tricular dysplasia*’, and SPATA33*, a protein that is specifically expressed
in the testis and plays a role in mitophagy”**. More recently, however,
Huttlin et al. established a large-scale affinity purification-mass spectro-
metry platform in which 293T and HCT116 cells were stably transduced by
lentiviral vectors containing the cDONAs of human genes fused to the human
influenza hemagglutinin (HA)-epitope tag construct at the 3’ end (“bait”).
After the cells were lysed, HA-tagged bait-proteins were pulled down along
with their binding partners by anti-HA agarose resin and subjected to liquid
chromatography mass spectrometry. The interactome data deposited in
BioPlexExplorer (URL: https://bioplex.hms.harvard.edu) represent protein-
protein interactions from more than 15,000 human affinity-purified or
immunoprecipitated proteins®. In this database, CTNNA3 was found to
interact with at least 35 proteins (Supplementary Fig. S5b). Although many
of the proteins reported were cell structural proteins such as cadherins
(CDH1, CDH2, CDH3, CDH4, CDH10, CDH12, CDH24) and catenins
and their homologs (CTNNB, CTNND1, PKP4 (also known as P0071)",
and ARVCF"), CTNNA3 was also found to bind Wnt signaling pathway
proteins (APC* and AMER1*’), RNA processing proteins (AGO4™ and
INTS12*"), and cell-growth-related protein kinases (FYN** and PKN2>)
(Supplementary Fig. S5b). The biological significance of these interactions is
unknown and needs to be experimentally evaluated in the future. Inter-
estingly, a fortilin-CTNNA3 interaction is not listed in the database.

Herein, we also established the positive post-translational regulation of
CTNNA3 by fortilin (Fig. 2f, g). CTNNA3 is an 895-amino acid polypeptide
with a molecular weight of ~100 kDa, and it represents the newest member
of the a-catenin family, which includes CTNNAI1l, CTNNA2, and
CTNNB™. a-catenins plays a critical role in linking the cadherin-based
adherens junction complex and the actin cytoskeleton™. CTNNA3 is
abundantly expressed in cardiomyocytes, skeletal muscle cells, testis, and the
brain™. Although it Vanpoucke et al. reported that CTNNA3 expression is
regulated at the transcriptional level by transcriptional factors GATA-4 and
MEF2C*, the post-translational regulation of the CTNNA3 protein
remained unknown until now. Our results shed light on how CTNNA3 is
post-translationally regulated and clarify the biological significance of the
fortilin-CTNNA3 interaction. Specifically, they show that fortilin prevents
unphosphorylated CTNNA3 from being phosphorylated (Fig. 3a, c), ubi-
quitinated (Fig. 3d, e), and proteasomally degraded (Fig. 3f, g). Fortilin binds
more strongly to unphosphorylated CTNNA3 than to phosphorylated
CTNNA3 (Fig. 3h, i).

Although we found that silencing the CTNNA3 gene significantly
increased apoptosis in 293T cells (Fig. 4e, f), the biological activities of
CTNNA3 remain somewhat controversial, as some research including ours
suggested that it functions as a pro-survival, pro-proliferation protein’>*,
whereas other studies suggested that it acts as a tumor suppressor”’. On the
one hand, Tyberghein et al. generated epiblast-specific CTNNA3 transgenic
mice and found that overexpression of CTNNA3 resulted in expansion of
the spongiotrophoblast population due to increased proliferation™. Li et al.
generated constitutional CTNNA3 knockout mice and found that the
CTNNA3-null mice, although viable, fertile, and lacking gross abnormal-
ities, exhibited dilated heart with reduced LV systolic function at 3 months
of age®. Although an apoptosis assay was not performed in the hearts of
CTNNA3-null mice in that study, the hearts of cardiac-specific CTNNA1-
null mice in another study exhibited extensive apoptosis™ where the protein
sequences of CTNNA1 and CTNNA3 are 65.6% identical (Supplementary
Fig. S3b), suggesting that cardiomyocyte apoptosis at least partially con-
tributed to the LV dysfunction of the CTNNA3-null mice. On the other
hand, both He et al.** and Fanjul-Fernande et al.” found that CTNNA3
decreased the proliferation, migration, and invasion of cells. Further
investigation is needed to better elucidate the biological activity of CTNNA3
in the various microenvironmental contexts.

As a previously unreported observation, we demonstrate that phos-
phorylation of CTNNAS3 facilitates its degradation via the ubiquitin-
proteasome pathway (Fig. 3f, g). Reitz et al. performed a systematic,
unbiased, phosphoproteomic analysis of myocardial tissue explants from
heart failure patients and patients with non-failing hearts and found that
phosphorylation of CTNNA3 was increased in the hearts of dilated cardi-
omyopathy (DCM) patients™. However, the causal relationship between
hyperphosphorylated CTNNA3 and LV dysfunction was not entirely clear
in the report. They found that phosphorylation of CTNNA3 was important,
and not harmful, in maintaining the integrity of the cardiomyocyte inter-
calated disc, because AAV9-mediated overexpression of phospho-null
CTNNA3 (CTNNA3*") in the heart resulted in LV dysfunction. Over-
expression of phospho-mimetic CTNNA3 (CTNNA3°") was not evaluated
in the study™. Based on the current work, we speculate that hyperpho-
sphorylated CTNNA3 in DCM hearts is prone to ubiquitination and pro-
teasomal degradation, leading to the loss of the pro-survival protein
CTNNA3 in cardiomyocytes and the apoptotic loss of cardiomyocytes,
which in turn manifests itself in the derangement of the cardiomyocyte
intercalated disc and worsening of LV dysfunction as previously reported™.
Further studies are needed to elucidate the impact of CTNNA3 phos-
phorylation on cardiomyocytes in vivo.

Our results support the idea that fortilin might function as a negative
regulator of phosphorylation. Chattopadhyay et al. reported that fortilin
interacts with PRX1, prevents it from being phosphorylated by Mst1, and
protects it from proteasome-mediated degradation’. In addition, Pinkaew
et al. showed that fortilin interacts with IREla and prevents it from being
phosphorylated’. Herein, we demonstrated that fortilin interacts with
CTNNA3 and prevents it from being phosphorylated (Fig. 3a, ). Further
research is needed to identify additional proteins whose phosphorylation is
inhibited by fortilin and to explore whether a unified mechanism underlies
fortilin’s ability to prevent phosphorylation across a diverse group of
proteins.

As we discussed previously’, one of the unique aspects of the anti-
apoptotic activity of fortilin is that it exerts its anti-apoptotic activity by
binding to various molecules that participate in cell survival and death and
by enhancing the activity of anti-apoptotic molecules or mitigating the
activity of pro-apoptotic molecules. As examples of the former function,
fortilin (a) binds to and stabilizes MCL1, a BCL-2 family anti-apoptotic
protein”, (b) binds to and sustains the activity of PRX1, an antioxidant, anti-
apoptotic protein’, and (c) binds to and stabilizes CTNNA3, a structural
protein that is also important for cell survival (Figs. 1-4). As examples of the
latter function, fortilin (a) binds to and de-stabilizes transforming growth
factor-B-stimulated clone-22, a pro-apoptotic molecule”, (b) binds to and
sequesters Ca*" to block Ca’*-dependent apoptosis®, (c) binds to and
inhibits the tumor suppressor protein p53'’,and (d) binds to and inhibits the
activation of pro-apoptotic signaling of IRE1c’.

We still do not know the significance of the fortilin-CTNNA3 inter-
action in a whole organism. To date, a causal link has not been established
between CTNNA3 deficiency and human diseases. Although van Hengel
etal. identified CTNNA3 mutations in 2 patients among 76 arrhythmogenic
right ventricular (RV) cardiomyopathy (ARVC) patients who were negative
for other known ARV C genes—Plakophilin-2 (PKP2), Desmoplakin (DSP),
Desmoglein-2 (DSG2), Desmocollin-2 (DSC2), and Junction Plakoglobin
(JUP)*, constitutional knockout of the CTNNA3 gene in mice resulted in
progressive dysfunction of the left ventricle (LV), not the RV™*. Nevertheless,
the cardiomyopathy phenotype seen in CTNNA3-null mice suggests that
either disruption of the fortilin-CTNNA3 interaction or the simple lack of
fortilin could result in less-than-appropriate levels of CTNNA3 in the heart,
resulting in cardiomyopathy and heart failure. We previously reported that
the cardiomyocyte-specific fortilin deficiency (fortilin“°"*") leads to lethal
heart failure in mice”. Although we did not determine the levels of
CTNNAS3 in the hearts of fortilin“*"*" mice in that study, it is possible that
the reduction of CTNNA3 in cardiomyocytes in the absence of fortilin could
have at least partially contributed to LV dysfunction of fortilin®>"*" mice.
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Materials and methods

Reagents and materials

Chemicals. Cycloheximide (CHX, Catalog #: C7698), MG132 (Catalog
#: M8699), and ML364 (Catalog #: SML1920) were purchased from
Sigma-Aldrich (Burlington, MA, USA).

Recombinant proteins. We obtained recombinant human CTNNA1
(OriGene, Rockville, MD, USA; Catalog #: TP301766; cMYC-FLAG-
tagged), CTNNAZ2 (OriGene, Rockville, MD, USA; Catalog #: TP308731;
cMYC-FLAG-tagged), CTNNA3 (OriGene; Catalog #: TP313265;
cMYC-FLAG-tagged), GFP-strep-tag (IBA LifeSciences, Gottingen,
Germany; Catalog #: 2-1007-105), fortilin (OriGene, Catalog #:
TP301664; cMYC-FLAG-tagged), Hiss-NQO2 (Abcam; Catalog #:
ab93933), and p53 (OriGene; Catalog #: TP710022; cMYC-FLAG-tag-
ged) from commercial sources. We generated recombinant human for-
tilin (rh-fortilin) as described previously'. Briefly, we transiently
transfected 293T cells with the pESG-IBA5-human-fortilin mammalian
expression vector (IBA LifeSciences), in which the human-fortilin cDNA
was ligated in frame to the 3’-terminal end of the Strep-tag II sequence
using Lipofectamine™ 3000 transfection reagent (Invitrogen, Carlsbad,
CA, USA; Catalog #: L300015) and following the manufacturer’s
instructions. After collecting the cells in Buffer W (IBA LifeSciences,
Catalog #: 2-1003-100; containing 100 mM Tris HCI, pH8, 150 mM
NaCl, 1 mM EDTA, and supplemented with protease inhibitor cocktail, 1
tablet/mL, ThermoFisher, Catalog #: 87786), we lysed the cells by repe-
ated freeze-thaw and sonication, centrifuged the lysates, and passed the
cleared cell lysates through a gravity flow Strep-Tactin® XT Superflow®
high-capacity column (IBA LifeSciences, Catalog #: 2-4031-001). After
washing the column five times with Buffer W, we eluted the Strep-tagged
fortilin using Buffer BXT (Buffer W plus 50 mM biotin, Catalog #: 2-
1042-025), concentrated the eluents using the ultra-centrifugal filter unit
(Amicon™, Sigma, Catalog #: UFC501096), and dialyzed them in phos-
phate buffered saline (PBS) using a Slide-A-Lyzer™ MINI dialysis device
(Thermo-Fisher Scientific, Waltham, MA, USA, Catalog #: 88401). We
characterized the purified protein by western blot analysis using in-house
rat anti-fortilin mAb (1:1000 dilution; BioXcell, Lebanon, NH, USA;
Clone 8289).

Plasmid vectors. We obtained the following mammalian expression

vectors from GeneCopoeia (Rockville, MD, USA):

(1) pEZ-CTNNA3""-FLAG: The pEZ-M39 containing human CTNNA3
c¢DNA construct (GenBank accession NM_001127384.2) fused at the
3"-terminus to the FLAG-tag construct under the control of the
cytomegalovirus promoter.

(2) pEZ-CTNNA3’*-FLAG: The pEZ-CTNNA3""-FLAG vector in which
the following five phosphosite amino acids are mutated so that they
cannot be phosphorylated—S637A, S647A, T649A, S650A, and
T653A—as described by Reitz et al.*.

(3) pEZ-CTNNA3"-FLAG: The pEZ-CTNNA3""-FLAG vector in which
the following five phosphosite amino acids are mutated to mimic the
constitutionally phosphorylated status (phosphomimetic)—S637D,
S647D, T649D, S650D, and T653D—as described by Reitz et al™,

(4) A mammalian expression vector in which the Hisg-construct is fused to
the 5-end of human ubiquitin (UBB) c¢DNA (pReceiver-Hiss-
Ubiquitins, Catalog #: EX-F0751-MO01-50), where Hisg represents the
hexa-histidine tag.

Smallinterfering RNA (siRNA) for gene silencing assays. We obtained
the predesigned Accell™ SMART siRNA pools against human fortilin
(siRNAPM™) and CTNNA3 (siRNA“™ %) from Dharmacon Horizon
Discovery (Lafayette, CO, USA). siRNA™"! targeted the following four
RNA sequences: GUGGCAAUUAUUUUGGAUC; GCAUGGUUGC
UCUAUUGGA; UGACUGUGAUUUAUUUGGA; and CUUUAUU
GGUGAAAACAUG. siRNA“™* targeted the following four RNA
sequences: CUCUCAUAAUCCAGGUUAC; CCAGGAUGCUGAUA

AUUUA; CCAGGAAGCUACAGUUUUA; and GAAGCAACUUG
GAAUUUAU. We used the non-targeting pool of siRNAs as control
(siRNA“™), We then validated the ability of siRNA™" and
sIRNA™* tg silence fortilin and CTNNA3, respectively, at the message
and protein levels using real-time quantitative PCR (RT-qPCR) (Fig. 2¢)
and western blot analyses (Fig. 2d, e).

Cell culture and cell lines. HEK293T, U20S, and THP1 cell lines were
obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA). HEK293T and U20S cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (Corning, NY, USA; Catalog # 10-
013-CV;) supplemented with 10% fetal bovine serum (Sigma, Catalog #:
21K475-A) and 1% antibiotic-antimycotic solution (GIBCO, Waltham,
MA, USA; Catalog #: 15240062) at 37 °C in an atmosphere containing 5%
CO,. THP1 cells were maintained in Roswell Park Memorial Institute
1640 medium (GIBCO, Catalog #: 61870127) supplemented with 10%
fetal bovine serum and 1% antibiotic-antimycotic solution at 37 °C in an
atmosphere containing 5% CO,. Cells are examined by Nikon ECLIPS
Ts2 inverted microscope equipped with NIS-Elements image acquisition
system (version 5.30.01, Nikon, Japan) and, when appropriate, photo-
graphed to document the overall cell morphology.

Fortilin-deficient THP1 cells and their control (THP1%0-*tin gand
THP1WT-ortiim "THP] cells in which fortilin was knocked out (THP1¥*
fortliny by targeting exon 3 of the fortilin gene using the standard CRISPR-
Cas9 system™” and the exon-targeting single guide RNA
(TTTCGGTACCTTCGCCCTCG) were obtained from Synthego (Red-
wood City, CA, USA). The final clones were characterized using indel
analysis, western blot analysis, and immunofluorescence staining. For the
indel analysis, purified genomic DNA from THP1**®"" clonal and
homozygous KO cells were amplified with PCR using the following
primers flanking the target cut site:

* Forward PCR Primer: 5-TATACCCACTGCGAAAGAACCT-3’

* Reverse PCR Primer: 5-CGTGAACTATTGGCGTGGAAG-3’

The gel-purified amplicons were subjected to Sanger sequencing
using the forward PCR primer. The sequence around the target cut site
was then evaluated using the ICE CRISPR Analysis Tool (Synthego),
which showed the insertion of one nucleotide (+1) at the site. Mock-
transfected pool THP1 cells were provided by Synthego and used as the
control (THP1WT-ortiliny,

Western blot analyses

SDS-PAGE and standard western blot analyses were performed as
described previously™'® with some modifications. Briefly, protein con-
centrations were measured using a Protein Assay Dye Reagent Con-
centrate (Bio-Rad, Hercules, CA, USA; Catalog #: 5000006), and an
appropriate amount of proteins was loaded into each lane of the 10%
polyacrylamide gel for electrophoresis. When appropriate, 0.5% (v/v)
2,2,2-trichloroethanol (TCE) was added to a polyacrylamide gel before
polymerization to quantify total proteins loaded on each lane of the gel.
After standard SDS-PAGE, the TCE-containing gel was ultraviolet-
irradiated on the Bio-Rad ChemiDoc MP Imaging System for 2 min. The
image was electronically captured, and the cumulative band densities
were calculated to assess loading conditions as described previously'.
The proteins resolved on the gel were then blotted onto a nitrocellulose
membrane (pore size = 0.45 pm; Bio-Rad; Catalog #: 1620115) using the
Trans-Blot® Turbo™ semi-dry transfer device (Bio-Rad). The membrane
was then blocked with 3% skim milk (Bio-Rad, Catalog #: 1704270) in
tris-buffered saline with 0.1% Tween 20 overnight, incubated first with a
primary antibody and then with an appropriate horseradish peroxidase
(HRP)-labeled secondary antibody as described below. Developed images
were electronically captured using the ChemiDoc MP Imaging System,
and the signal intensities of protein bands were quantified using Image]J
software (National Institutes of Health (NIH), Bethesda, MD, USA).
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To quantify fortilin expression (Fig. 2d), the signal intensity of the
fortilin band was divided by that of the TCE bands in the same lane to derive
a fortilin expression index, which was expressed as arbitrary units (A.U.).
Similarly, a CTNNA3 expression index was calculated by dividing the signal
intensity of the CTNNA3 band by that of the TCE bands in the same lane,
with values in A.U. (Fig. 2f; Supplementary Fig. S4a, ¢). To quantify fortilin
co-immunoprecipitated by CTNNA3 and its mutants (Fig. 3h), the signal
intensity of the fortilin band was divided by that of the CTNNA3 band in the
same lane, and the derived value was expressed as A.U. The following
primary antibodies were used:

(1) Mouse anti-fortilin monoclonal antibody (mAb) (1:2500 dilution;
Abnova, Corporation, Taipei City, Taiwan; Catalog #:
H00007178-M03);

(2) Rabbit anti-CTNNA3 mAb (recombinant; 1:2500 dilution; Abcam,
Waltham, MA, USA; Catalog #: ab184916);

(3) Rabbit anti-CTNNAI mAb (recombinant; 1:10,000 dilution; Abcam,
Catalog #: ab51032);

(4) Rabbit anti-CTNNA2 mAb (recombinant; 1:2000 dilution; Abcam,
Catalog #: ab76015);

(5) Rabbit anti-CTNNB polyclonal antibody (pAb) (1:2000 dilution;
Abcam, Catalog #: ab16051);

(6) Rabbit anti-fortilin mAb (recombinant; 1:3000 dilution; Abcam,
Catalog #: ab133568);

(7) Rabbit anti-FLAG pAb (1:1000 dilution; Sigma, Catalog #: F7425);

(8) Rabbit anti-phospho (Ser/Thr) pAb (diluted to 2 ug/mL; Abcam,
Catalog #: ab117253);

(9) Rabbit anti-acetylated-lysine pAb (1:1000 dilution; Cell Signaling,
Danvers, MA, USA; Catalog #: 9441S).

The following secondary antibodies were used:

(1) IRDye800CW goat anti-rabbit pAb (1:5000 dilution; LI-COR, Lincoln,
NE, USA; Catalog #: D926-32211);

(2) IRDye 680RD goat anti-mouse pAb (1:5000 dilution; LI-COR; Catalog
#: 926-68070).

JESS™ protein analyses

To assess the expression levels of FLAG-tagged CTNNA3s and Hisg-tagged
ubiquitin in a highly quantitative fashion (Fig. 3d, f), we turned to the JESS™
Simple Western System (ProteinSimple®, San Jose, CA, USA) as described
previously”™** and following the manufacturer’s instructions. We first gen-
erated total cell lysates (TCL) in Lysis Buffer (0.1% NP-40, 100 mM Tris-
HCl pH 6.8, 150 mM NaCl, 1 mM EDTA, and protease inhibitor cocktail
(Thermo-Fisher, Catalog #: 87786)) and the PhosSTOP phosphatase inhi-
bitor (Roche, Basel, Switzerland; Catalog #: 0490684500) at the concentra-
tion of 1ug/uL. We then mixed the Fluorescent 5x Master Mix
(ProteinSimple®, Catalog #: PS-FL01-8) with the sample at a ratio of 1:4,
resulting in the final sample concentration of 0.8 ug/uL. We boiled the
mixture at 95 °C for 5 min, centrifuged it at 2500 rpm for 5 min, and loaded
it into an appropriate well within the pre-filled plate for the 12-230 kDa
capillary system (ProteinSimple®, Catalog #: SM-W004-1). We used the
following primary antibodies:

(1) Rabbit anti-FLAG pAD (1:50 dilution; Sigma, Catalog #: F7425);

(2) Mouse anti-Hiss mAD (1:50 dilution; Sigma, Catalog #: 70796-M).

We used the following secondary antibodies:
(1) anti-rabbit secondary HRP mAb (ProteinSimple®, Catalog #: 042-206)
(2) anti-mouse secondary HRP mAb (ProteinSimple®, Catalog #:
042-205).

We used the Luminol-Peroxide Mix (Luminol-S, ProteinSimple®,
Catalog #: 043-311; Peroxide, ProteinSimple®, Catalog #: 043-379) to
visualize the chemiluminescent signals from bound antibodies. We then
quantified total proteins loaded in each capillary using the total protein
detection module (ProteinSimple®, Catalog #: DM-TPO01).

We reviewed the digitized chemiluminescence signals for both specific
and total proteins and quantified them using Compass Simple Western™
software (version 6.3.0). Specifically, we calculated the protein expression
index (in A.U.) by dividing the area under the curve of a protein of interest
by the total proteins loaded in the same capillary (“in-capillary
normalization”).

We also used the JESS™ western blot system™” to quantitatively assess
the impact of fortilin silencing on CTNNA3 expression levels, as well as the
effect of CTNNA3 silencing on fortilin expression levels (Fig. 4a). Briefly, we
plated 1 x10* 293T cells in each well of 24-well plates and transfected them
with SIRNA""% sIRNA“™, IRNAC™ A, and siRNA™™, or siRNA™™.
We subjected 4 ug of the lysates to JESS™, employing the same methods
described above and the following antibodies:

56,57

Primary antibodies

a. Rabbit anti-fortilin (1:50 dilution; Abcam; Catalog #: ab133568)
b. Rabbit anti-CTNNA3 (1:200 dilution; Abcam, Catalog #: ab184916)

Secondary antibodies: anti-rabbit secondary HRP mAb (Pro-
teinSimple®, Catalog #: 042-206)

Finally, we used the JESS™ Simple Western System to further validate the
pattern of CTNNA3 degradation in the presence and absence of MG132, a
proteasome inhibitor, (Supplementary Fig. S2a, c). We plated 2 x10*
293T cells in each well of 24-well plates, incubated them overnight, treated
them with either siRNA“"™ or siRNA®"" in Opti-Mem (GIBCO, Catalog
#: 31985070), incubated them again for 48 h, washed them with PBS, and
exchanged the culture media for new media containing 100 pg/mL CHX
with or without MG132, and incubated them at 37 °C in an atmosphere
containing 5% CO2. We harvested the cells at times 0, 0.5, 1, 2, 4, 8, 12, 24,
and 36 h after the media exchange into RIPA buffer (Chem Cruz, Catalog #:
SC-24948; Chem Cruz, Santa Cruz, CA, USA) and subjected the 4 pg of
lysates to JESS™*”. We detected CTNNA3 in each capillary by anti-
CTNNA3 mAb (1:200 dilution; Abcam; # ab184916) and anti-rabbit sec-
ondary HRP mAb (ProteinSimple®, Catalog #: 042-206). We also visualized
total proteins and used them as a loading control. We calculated CTNNA
expression index as the area under curve of the CTNNA3 peak divided by
that of total proteins and expressed it as arbitrary unit (A.U.), using the
Compass software (v6.3.0., ProteinSimple®) as described above in detail.

In vivo co-immunoprecipitation (Co-IP)-western blot analyses

To evaluate whether fortilin specifically interacts with CTNNA1, CTNNA2,
CTNNA3, and CTNNB in the cell, we lysed 293T cells in 500 pL of Lysis
Buffer (PBS, 0.001% NP-40, and protease inhibitor cocktail (Thermo-
Fisher, Catalog #: 87786)) on ice, followed by brief sonication (Bioruptor®,
Diagenode, Denville, NJ, USA). We then centrifuged the lysates at
14,000 rpm at 4 °C for 10 min and generated the total cell lysates. We used
10% of the total cell lysates (50 uL) for input analyses. For forward immu-
noprecipitation (IP), we incubated 200 pL of lysate with a rabbit anti-fortilin
mADb (Abcam, #ab133568) overnight at 4 °C with rotation. The following
day, we added 50 pL of Dynabeads® M-280 sheep anti-rabbit IgG suspen-
sion (Invitrogen, Catalog #: 01266125) to the mixture, which had been
blocked with 3% bovine serum albumin in Wash Buffer (PBS, 0.0001% NP-
40, and the protease inhibitor cocktail (Thermo-Fisher, Catalog #: 87786)).
We incubated the mixture for 1h at 4 °C, washed it three times with the
same Wash Buffer, eluted the proteins from the beads in 2x SDS gel Loading
Buffer (50 mM Tris-HCI, pH 6.8, 1% 2-mercaptoethanol, 1% SDS, 25 mM
EDTA, 0.01% bromphenol blue, and 10% glycerol), and subjected the elu-
ents to SDS-PAGE and western blot analyses using (a) anti-fortilin mAb to
verify successful fortilin IP and (b) anti-CTNNAI mAb, anti-CTNNA2
mADb, anti-CTNNA3 mAb, or anti-CTNNB pAb to evaluate the presence of
respective proteins co-immunoprecipitated by fortilin (Fig. la-d). For
reverse IP, we followed the same procedure, except we incubated the lysate
with a rabbit anti-CTNNA3 mAb (Abcam, Catalog #: ab184916) and
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analyzed the eluates by western blot analyses using (a) anti-CTNNA3 mAb
(Abcam, Catalog #: ab184916) to verify successful IP of CTNNA3 and (b)
anti-fortilin mAb (Abcam, Catalog #: ab133568) to evaluate the presence of
proteins co-immunoprecipitated by CTNNA3 (Fig. 1f). For the co-
immunoprecipitation (Co-IP) experiment using recombinant proteins
(Fig. le), we added human recombinant fortilin-FLAG (OriGene;
TP301664), CTNNA3-FLAG (OriGene; Catalog #: TP313265), p53-FLAG
(OriGene; Catalog #: TP710022), and Hise-NQO2 (Abcam; Catalog #:
ab93933) lysis buffer (PBS, 0.001% NP-40, and protease inhibitor cocktail
[Thermo-Fisher, Catalog #87786]) and incubated the mixture overnight at
4°C with rotation in the presence of rabbit anti-fortilin mAb (Clone:
EPR5540, Abcam, Catalog #: ab133568). The following day, we added 50 pL
of Dynabeads® M-280 sheep anti-rabbit IgG (Invitrogen, Catalog
#01266125) and incubated for 1 h at 4 °C. After three washes with the same
buffer, we eluted the proteins from the beads using 2x SDS gel loading buffer
and subjected the eluents to SDS-PAGE, followed by western blotting. We
probed with the mixture of a-FLAG mAb (1:1,000 dilution; Sigma, Catalog
#: F1804) and a-Hiss mAb (1:1,000 dilution; Abcam, Catalog #: ab18184) to
verify both (a) successful immunoprecipitation of fortilin-FLAG and (b) the
presence of co-immunoprecipitated CTNNA3-FLAG, with p53-FLAG as a
positive control'® and Hiss-NQO2 as a negative control®’.

To evaluate the interaction of fortilin with wild-type CTNNA3
(CTNNA3""), phospho-null CTNNA3 (CTNNA3), and phospho-
mimetic CTNNA3 (CTNNA3"), we first transiently transfected
293T cells with the pEZ-M39-CTNNA3“"-FLAG, pEZ-M39-CTNNA3**-
FLAG, or pEZ-M39-CTNNA3’-FLAG mammalian expression plasmid
using Lipofectamine 3000 (Invitrogen; Catalog #: 3000-075). We then lysed
the cells in Lysis Buffer (PBS, 0.001% NP-40, protease inhibitor cocktail
(Thermo-Fisher, Catalog #: 87786)) and PhosSTOP phosphatase inhibitor
(Roche, Catalog #: 04906845001), incubated the TCL with mouse anti-
FLAG M2 Magnetic Beads (Sigma-Aldrich, Catalog #: SIAL-M8823) for 3 h
at 4 °C, washed the beads with Wash Buffer (PBS, 0.0001% NP-40, and the
protease inhibitor cocktail (Thermo-Fisher, Catalog #: 87786) and the
PhosSTOP phosphatase inhibitor), and eluted the bound proteins in 2x SDS
gel Loading Buffer. Finally, we subjected the proteins to SDS-PAGE and
western blot analyses.

Proximity ligation assay (PLA)

To verify the presence of the fortilin-CTNNA3 interaction and also to
determine whether fortilin interacts with CTNNA1l, CTNNA2, and
CTNNB in vivo, we performed the PLA® using a commercially available kit
(Sigma, Duolink® series) according to the manufacturer’s instructions.
Briefly, we seeded U20S cells into 2-chamber slides (Thermo-Fisher; Cat-
alog #: 154461), incubated them for 24h, fixed them with 4% paraf-
ormaldehyde, permeabilized them with 0.1% Triton-X-100 in PBS, blocked
them with Duolink Blocking solution at 37 °C for 1 h, and incubated them
with (a) mouse anti-CTNNA3 mAb (1:200 dilution; OriGene; Catalog #:
BM6021P), mouse anti-CTNNA1 mAb (1:200 dilution; Abcam, Catalog #:
ab231306), mouse anti-CTNNA2 pAb (1:200 dilution; Abnova (Taipei,
Taiwan), Catalog #: H00001496-B01P), or mouse anti-CTNNB mAb (1:200
dilution; Sigma; Catalog #: C7207) and (b) rabbit anti-fortilin mAb (1:200
dilution; Abcam; Catalog #: ab133568) overnight at 4 °C. The next morning,
after washing with Wash Buffer (Sigma, Duolink®, Catalog #: DUO82049),
we incubated the cells with the Duolink PLA probes, which were anti-mouse
and anti-rabbit mAbs conjugated to oligonucleotides (Sigma, Duolink®
series; PLA probe anti-mouse MINUS, Catalog #: DU092004 and PLA
probe anti-rabbit PLUS, Catalog #: DU092002) for 1 h at 37 °C. We then
added ligase and two connector oligonucleotides to the solution so that the
latter would hybridize to the two PLA probes and join them into a closed
circle if they were in close proximity (30 nm) to each other. Finally, we added
Texas Red®-labeled oligonucleotides that would hybridize to the rolling
circle amplification products to the solution (Sigma, Duolink® series; PLA
Detection Kit Red, Catalog #: DU(092008) and applied a coverslip using
mounting media containing DAPI (Sigma, Duolink® series; Catalog #:
DUO82040). We visualized the signals using a Nikon AIR confocal

microscope controlled by NIS-Elements AR image acquisition software
(version 5.11.01, Nikon, Tokyo, Japan) and analyzed the images using
Image] software (NTH).

Microscale Thermophoresis (MST) analysis

For Microscale Thermophoresis (MST), we used the NanoTemper
Monolith NT.115 Pico, Microscale Thermophoresis (MST) system
(NanoTemper Technologies GmbH, Miinchen, Germany), following the
manufacturer’s instructions™*. We first labeled rh-fortilin [3] with the
Monolith™ red-maleimide 2™ generation protein labeling kit (NanoTemper
Technologies, Catalog #: MO-L014) according to the manufacturer’s pro-
tocol. We mixed 5nM red-maleimide-labeled rh-fortilin with varying
concentrations of CTNNA3 (range: 30 pM to 250 nM ; OriGene, Catalog #:
TP313265) in PBS, loaded the mixture into Monolith NT.115 series pre-
mium glass capillaries (Catalog # MO-K025), placed the capillaries in the
MST system, and measured the pattern of thermophoresis of rh-fortilin at
25 °C using the medium MST power and 1% LED excitation power. We first
determined the normalized fluorescence value (F,,,.m1) by dividing the post-
thermal signal (F) by the pre-thermal signal (Finita), where Fiisal
represented the fluorescence measured before the temperature gradient was
applied, and Fy represented the fluorescence measured after heating
induced thermophoresis. We then calculated the dissociation constant (Kj)
using the NanoTemper analysis software after conducting three indepen-
dent experiments. We repeated the same experiments for CTNNAL1 (Ori-
Gene; Catalog #: TP301766) and CTNNA2 (OriGene; Catalog #:
TP308731).

Bio-layer interferometry (BLI) analysis

We performed BLI as previously described*”'. Briefly, we first dipped a
streptavidin-coated biosensor attached to the BLItz system (ForteBio,
Menlo Park, CA, USA) into biotinylated human recombinant fortilin
protein in PBS at a concentration of 25 pg/mL for 600 s to immobilize the
protein on the sensor tip. We then applied various concentrations of
recombinant human CTNNA3 (0, 250, 500, 1000, 2000 nM) to the sensor
tip for 180 s to evaluate the association between the two molecules. We then
exchanged the CTNNA3 solution for PBS for 300's to evaluate their dis-
sociation. We calculated the dissociation constant (K4) using BLItz analysis
software. The data depicted in Supplementary Fig. S1g represent the results
of three independent binding experiments.

Real-time reverse transcription quantitative PCR (RT-qPCR)

We performed real-time RT-qPCR assays as previously described®”'*.
Briefly, we harvested 293T cells that had been treated by either siRNA“™™ or
siIRNA™™ jsolated total RNA using the GeneJET RNA Purification kit
(Thermo-Fisher; Catalog #: K0731), and subjected 100 ng of the isolated
total RNA to real-time RT-qPCR using the QuantiNova® Probe RT-PCR kit
(QIAGEN, Hilden, Germany, Catalog #: 208354) and the following primer
and probe sets (Integrated DNA Technologies, Coralville, IA, USA):

(1) Human fortilin —Forward: 5-ATGACTCGCTCATTGGTGGAA-3/,

Reverse: 5-TGCTTTCGGTACCTTCGCCC-3’, Probe 5-FAM-
TGCCTCCGC/ZEN/TGAAGGCCC-IBFQ-3’
(2) Human 18S rRNA—Forward: 5- CTGAGAAACGGCTACCA-

CATC-3/, Reverse: 5-GCCTCGAAAGAGTCCTGTATTG-3/, Probe
5'-JOEN-AAATTACCC/ZEN/ACTCCCGAC-IBFQ-3'where FAM =
carboxyfluorescein, ZEN™=an internal quencher to enhance the
quenching activity of the Iowa Black FQ 3’ Quencher (IBFQ) (IDT),
and JOEN = 6-carboxy-4,5"-dichloro-2',7’-dimethoxyfluorescein.
We used the 2*“" method to calculate the expression levels (in A.U.)
of the fortilin gene relative to the 18S rRNA levels in the sample.

CTNNAS3 degradation assays

Assay of native CTNNA3 degradation. We plated 2 x10* 293T cells in
each well of 24-well plates, incubated them overnight, treated them with
either siRNA“™™ or siRNA®™ in Opti-Mem (GIBCO, Catalog #:
31985070), incubated them again for 48 h, washed them with PBS, and
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exchanged the culture medium for new medium containing 100 ug/mL
CHX with or without MG132. We incubated the cells at 37 °C in an
atmosphere containing 5% CO,. We harvested cells at 0,0.5, 1,2, 4, 8, 12,
24, and 36 h after the medium exchange and placed them in RIPA Buffer
(Chem Cruz, Santa Cruz, CA, USA; Catalog #: SC-24948). We then
subjected 20 pg of lysates to standard quantitative western blot analysis
using anti-CTNNA3 mAb (1:2500 dilution; Abcam, #ab184916). We
calculated the CTNNA3 expression index (in A.U.) as described above.
To further validate the pattern of CTNNA3 degradation, we also sub-
jected 4 pg of the lysates to JESS™ as described previously” and as
detailed above.

Assay of the degradation of plasmid-derived, FLAG-tagged wild-
type and mutant CTNNA3s. We plated 2 x10* 293T cells in each well of
24-well plates, incubated them overnight, and transiently transfected the
cells using Lipofectamine 3000 (Invitrogen, Catalog #: 3000-075) with (a)
pReceiver-Hisg-Ubiquitiny and (b) pEZ-CTNNA3"“'-FLAG, pEZ-
CTNNA3**-FLAG, or pEZ-CTNNA3°-FLAG. We incubated the cells
for 48 h, washed them with PBS, exchanged the culture medium for new
medium containing 100 pg/mL CHX with or without MG132, and
incubated them at 37 °C in an atmosphere containing 5% CO,. We
harvested cells at 0, 4, 8, 12, and 24 h after the medium exchange and
placed them in Lysis Buffer (0.1% NP-40, 100 mM Tris-HCI pH 6.8,
150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Thermo-Fisher,
Catalog #: 87786)) and the PhosSTOP phosphatase inhibitor (Roche,
Catalog #: 04906845001)). We then subjected 4 pug of lysates to JESS™ as
previously described™’. We detected plasmid-derived CTNNA3-FLAG
in each capillary using anti-FLAG pAb (1:50 dilution; Sigma; Catalog #
F7425). We also visualized total proteins and used them as a loading
control. We used compass software (v6.3.0., ProteinSimple®) to calculate
the CTNNA expression index as the area under the curve of the
CTNNA3-FLAG peak divided by that of total proteins. Results were
expressed in A.U.

Immunocytochemistry assays

To visualize the intracellular localization of CTNNA3 and fortilin, we
performed immunocytochemical staining using THP1 human monocyte-
macrophage cells as described previously’. In brief, we seeded THP1 cells on
a 4-chamber slide (Thermo-Fisher, Catalog #: 154526), treated them with
100 ng/mL phorbol 12-myristate 13-acetate (Sigma, Catalog #: P8139) for
96 h, fixed them with 4% paraformaldehyde for 20 min, permeabilized them
with 0.1% Triton-X-100 in PBS (PBST) for 15 min, and blocked them with
10% goat serum in PBST for 1h. We then incubated the cells with both
rabbit anti-fortilin mAb (1:500 dilution; Abcam; Catalog #: ab133568) and
mouse anti-CTNNA3 mAb (1:500 dilution; OriGene; Catalog #: BM6021P)
overnight at 4°C. The next day and after several washes, we incubated the
cells with Alexa Fluor 488 goat anti-rabbit IgG (F + L) (1:2000 dilution;
Invitrogen; Catalog #: 2179202) and Alexa Fluor 555 goat anti-mouse IgG
(F+1L) (1:2000 dilution; Invitrogen; Catalog #: A-21422), and then we
counterstained the nucleus with DAPI. We visualized the fortilin and
CTNNAS3 signals using a Nikon A1R confocal microscope controlled by
NIS-Elements AR image acquisition software (version 5.11.01, Nikon,
Tokyo, Japan).

Ubiquitination assays

To evaluate the impact of CTNNA3 phosphorylation on its ubiquitination,
we performed a standard ubiquitination assay as previously described” with
modifications. First, we transiently transfected 293 T cells using Lipofecta-
mine 3000 (Invitrogen, Catalog #: 3000-075) with (a) pReceiver-Hiss-
Ubiquitin and (b) pEZ-CTNNA3""-FLAG, pEZ-CTNNA3**-FLAG, or
pEZ-CTNNA3’P-FLAG and incubated the cells for 48 h. We then treated
the cells with 20 uM MG132, a proteasome inhibitor, and 10 uM ML364
(Sigma, Catalog #: SML1920), a deubiquitinase inhibitor, for 12 h. We lysed
the cells in Denaturing Buffer (6 M guanidine-HCI, 0.1 M Na2HPO4/
NaH2PO4, and 10 mM imidazole at pH8.0), incubated the total cell lysates

with Ni-NTA Superflow beads (QIAGEN, Catalog #: 30410) for 1 h, washed
them four times with Wash Buffer (6 M guanidine-HCI, 0.1 M Na2HPO4/
NaH2PO4, and 50 mM imidazole), and eluted the bound proteins in Elu-
tion Buffer (6 M guanidine-HCI, 0.1 M Na2HPO4/NaH2PO4, and 250 mM
imidazole). We subjected the eluents to JESS™, using mouse anti-Hiss mAb
(1:50 dilution; Sigma, Catalog #: 70796-M) and rabbit anti-FLAG pAb (1:50
dilution; Sigma; Catalog #: F7425). Using Compass software (Pro-
teinSimple®), we calculated the CTNNA3 ubiquitination index by dividing
the total signal intensity of ubiquitinated CTNNA3 that was pulled down by
Ni-NTA beads by the signal intensity of unmodified CTNNA3 present in
the total cell lysates before pulldown. Results were expressed in A.U.

Phosphorylation assays

To evaluate the impact of fortilin on the phosphorylation of CTNNA3, we
transiently transfected THP1"" ™ and THP1*"" cells with pEZ-M39-
CTNNA3""-FLAG using Lipofectamine 3000. We incubated the cells for
48 h and then lysed them in Lysis Buffer (PBS, 0.001% NP-40, protease
inhibitor cocktail (Thermo-Fisher; Catalog #: 87786) and the PhosSTOP
phosphatase inhibitor (Roche; Catalog #: 04906845001)). We incubated the
total cell lysates with anti-FLAG M2 Magnetic Beads (Sigma, Catalog #:
SIAL-MS8823-1 ML) for 3h at 4 °C, washed it with Wash Buffer (PBS,
0.0001% NP-40, and protease and phosphatase inhibitors), eluted the
proteins in Elution Buffer (0.1 M Glycine-HCI, pH 2.5, protease inhibitor
cocktail (Thermo-Fisher, Catalog #: 87786) and the PhosSTOP phosphatase
inhibitor (Roche, Catalog #: 04906845001)), added the SDS Loading Buffer,
and heated the eluates at 95 °C for 5 min. We performed SDS-PAGE on
these samples along with PeppermintStick™ Phosphoprotein Molecular
Weight Standards (Thermo-Fisher, Catalog #: P27167), fixed the gel in Fix
Solution (50% methanol, 10% acetic acid), stained it with Pro-Q® Diamond
(ThermoFisher, Catalog #: P33300) for 70 min to visualize phosphorylated
CTNNA3, and captured the image of the stained gel using the ChemiDoc
MP Imaging System (Illumination source: Epi-green, 520-545 nm excita-
tion; Filter: 590/110 nm standard filter). We subsequently stained the gel
overnight with SYPRO® Ruby (Thermo-Fisher, Catalog #: S12000) to
visualize total CTNNA3, and we captured the image of the stained gel using
the ChemiDoc MP Imaging System (Illumination source: Trans-UV,
302 nm excitation; Filter: 590/110 nm standard filter).

Trypan blue exclusion assay

We plated 1 x10* 293T cells in each well of 24-well plates; transfected them
with sIRNA®"™; iRNA“™, iRNAC™™A and siRNA™™", or siRNA™ "™,
After 48 h of incubation, we assessed cell viability using the Trypan Blue
exclusion method by mixing 5 uL of Trypan Blue dye (0.4%) with 5 uL of cell
suspension and loading the mixture onto the Countess Cell Counting
Chamber Slides (ThermoFisher, Catalog #:C10228). We then calculated the
percentage of viable (unstained) and non-viable (stained) cells, using the
Countess™ IT automated cell counter (ThermoFisher).

Activated Caspase-3 assay

We quantified activated (cleaved) caspase-3 using the Human/Mouse
Cleaved Caspase-3 (Aspl75) DuoSet IC ELISA kit (R&D Systems; Min-
neapolis, MN, USA, Catalog #: DYC835-2), following the manufacturer’s
instructions. Briefly, we plated 1 x10* 293 T cells in each well of 24-well
plates and transfected them with SIRNA®™L GIRN ACTNNAS
SIRNACTNNAS 4 GRNAP o iRNAP™M After 48 hours of incubation, we
harvested and lysed the cells in a lysis buffer containing 0.5% Triton-X-100,
followed by a 15-min incubation on ice. We then added 100 pL of the cell
lysates or standards to wells coated with an anti-caspase-3 capturing anti-
body and incubated them for 2 h at room temperature. After washing, we
added 100 pL of a biotinylated anti-cleaved caspase-3 detection antibody
(150 ng/mL) to each well and incubated for another 2 h at room tempera-
ture. After additional washes, we added 100 uL of streptavidin conjugated to
horseradish peroxidase (HRP) solution to each well and incubated for
20 min at room temperature, followed by the addition of 100 pL of 3,3’,5,5-
tetramethylbenzidine (TMB) substrate solution for a 20-min incubation at
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room temperature, protected from light. We stopped the reaction by adding
50 uL of 2 N H,SOy, stop solution and immediately measured the optical
density (OD) using a microplate reader set to 450 nm, with wavelength
correction at 570 nm. Activated caspase-3 activity was calculated as OD** —
OD and expressed in arbitrary units (A.U.).

DNA fragmentation apoptosis assay

We assessed the amount of DNA fragmentation, which is a marker of
apoptosis, as described previously® with modifications. We plated 1 x10*
293T cells in each well of 24-well plates and transfected them with
SIRNA“™; SIRNA“™, IRNA“™A, and siRNA™™, or siRNA"™". We
incubated the mixtures for 48 h, harvested and lysed the cells in 200 pL Lysis
Buffer provided in the Cell Death Detection ELISA PLUS kit (Roche; Cat-
alog #: 11774425001), and added 20 pL each of cell lysates and 80 pL each of
Assay Buffer containing anti-histone-biotin and anti-DNA-peroxidase to
the streptavidin-coated wells of a 96-well plate in triplicate. After incubation
and wash, we detected captured nucleosomes using 2,2’-azino-di (3-ethyl-
benzthiazoline-6-sulphonic acid), whose signal intensity was measured at
405 nm (A405). We calculated the DNA fragmentation index in A.U. using
the following formula:

(A4055tudy _ A405medium)/(A405positive control __ A405mediuxn) %100
where A.U. A405™Y is the A405 of the study cell sample, A405™4"™ is the
A405 of the medium only sample, and A4057*1% <™ s the A405 of
medium containing DNA-histone-complex provided in the kit.

Phylogram generation, homology and domain analyses, and
sequence alignment

We used the following protein sequences from the database at the National
Center for Biotechnology Information for the analyses:

(1) CTNNAL NP_001277238.1

(2) CTNNAZ2, NP_001269526.1

(3) CTNNA3, NP_001120856.1

(4) CTNNB, NP_001895.1

We first determined percent (%) identify matrices using the Simple
Phylogeny platform available on the European Molecular Biology
Laboratory-European Bioinformatics Institute (EMBL-EBI) website (URL:
https://www.ebi.ac.uk/jdispatcher/phylogeny/simple_phylogeny) and by
entering the protein sequences of these four catenins. We then visualized
them by generating a phylogenetic tree using the same platform and cal-
culated the evolutionary distances among these four catenins. Next, we
evaluated the domain structures of the catenins using the InterProScan tool
available on the EMBL-EBI web site (URL: https://www.ebi.ac.uk/interpro/
). We found no vinculin head domain in CTNNB. Finally, we used Snap-
Gene (version 7.2; Dotmatics, Boston, MA, USA) to align the protein
sequences of CTNNA1, CTNNA2, and CTNNA3.

Identification of CTNNABS interacting proteins using the BioPlex
Interactome database

We used the BioPlex Interactome website (URL: https://bioplex.hms.
harvard.edu/explorer/home)* and entered CTNNA3 in the search field to
identify the proteins that were identified as CTNNA3-interacting molecules
by Huttlin et al.*.

Statistics and reproducibility

The degree of the spread of data was expressed by the standard deviation
(%s.d.). Two-tailed unpaired t-tests were used to compare the means of
two groups. To compare the means of three or more groups, we used
one-way analysis of variance (ANOVA) with Fisher or Tukey-Kramer’s
pairwise comparison. P <0.05 was considered to be statistically sig-
nificant. P <0.10 was considered to show a trend toward statistical sig-
nificance. Prism Software 10.1.2 (GraphPad Software, San Diego, CA,
USA) and Minitab 21 (State College, PA, USA) were used for statistical

analyses. The numbers of biological replicates used in each experiment
and the statistical test used to analyze the particular experiment are
provided in the manuscript.

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

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information files. The
numerical source data can be found in Supplementary Data 1. All relevant
data are available from the authors upon request.
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