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Abstract

Background: Colon cancer is often driven by mutations of the adenomatous polyposis coli (APC) gene, an essential
tumor suppressor gene of the Wnt 3-catenin signaling pathway. APC and its cytoplasmic interactions have been well
studied. However, various groups have also observed its presence in the nucleus. Identifying novel interactions of
APC in the Wnt pathway will provide an opportunity to understand APC's nuclear role better and ultimately identify
potential cancer treatment targets.

Methods: We used the all-vs-all sequencing (AVA-Seq) method to interrogate the interactome of protein fragments
spanning most of the 60 Wnt [3-catenin pathway proteins. Using protein fragments identified the interacting regions
between the proteins with more resolution than a full-length protein approach. Pull-down assays were used to vali-

date a subset of these interactions.

Results: 74 known and 703 novel Wnt 3-catenin pathway protein-protein interactions were recovered in this study.
There were 8 known and 31 novel APC protein-protein interactions. Novel interactions of APC and nuclear transcrip-
tion factors TCF7, JUN, FOSLT, and SOX17 were particularly interesting and confirmed in validation assays.

Conclusion: Based on our findings of novel interactions between APC and transcription factors and previous
evidence of APC localizing to the nucleus, we suggest APC may compete and repress CTNNB1. This would occur
through APC binding to the transcription factors (JUN, FOSLT, TCF7) to regulate the Wnt signaling pathway including
through enhanced marking of CTNNB1 for degradation in the nucleus by APC binding with SOX17. Additional novel
Whnt [3-catenin pathway protein-protein interactions from this study could lead researchers to novel drug designs for
cancer.

Keywords: Cancer, APC, Adenomatous polyposis coli, Protein interactions, Wnt signaling pathway, Transcription
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Background

The latest statistics from the American Cancer Society
show that 106,180 new colorectal cancer (CRC) cases
and 52,580 deaths are expected in 2022 [1]. The major-
ity of CRCs (~ 80%) have mutations in the adenomatous
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Fig. 1 The Canonical-Wnt signaling pathway. A In the absence of Wnt, the destruction complex (APC, AXIN, CK1q, and GSK3) binds and
phosphorylates CTNNB1 to mark it for proteasomal degradation. The reduced cytoplasmic level of CTNNB1 leads to the inactivation of Wnt target
transcription factors (TCF7, FOSL1, and JUN). B Upon Wnt binding, the destruction complex proteins (APC, AXIN, CK1a, and GSK3) are recruited to
bind FZD and LRP5/6 transmembrane proteins. This will lead to the accumulation of CTNNB1 in the cytoplasm and its translocation to the nucleus.
Subsequently, nuclear CTNNB1 binds to Wnt target transcription factors (TCF7, FOSL1, and JUN), leading to gene expression and cell proliferation [5]

signaling pathway, including Wnt/calcium and planar
cell polarity (PCP) pathways, which are not CTNNB1
dependent [4]. The Wnt/calcium pathway regulates
calcium influx from the endoplasmic reticulum to the
extracellular space, which is essential for cellular devel-
opment [4]. The second is the canonical-Wnt signaling
pathway, where the function depends on the destruc-
tion complex proteins (APC, AXIN1, GSK3p, and CKI
a). The deactivation of the destruction complex leads
to B-catenin (CTNNB1) accumulation in the cytoplasm
and its translocation to the nucleus (Fig. 1). CTNNB1
then drives gene expression leading to cell proliferation
[5].

There is clinical evidence of APC loss-of-function in
breast, liver, and gastric cancer [5-7]. Mutations in the
Wnt B-catenin signaling pathway genes cause cell pro-
liferation and uncontrolled growth [5, 8]. Tumor forma-
tion could be initiated upon a loss-of-function (LOF)
mutation of APC or a gain-of-function (GOF) mutation

of CTNNBLI [5], leading to gene expression, proliferation,
and cell cycle progression in the absence of Wnt.

The binding of CTNNBI1 with AP-1 transcription fac-
tors might be associated with tumor malignancy [9]. The
AP-1 transcription factors have a role in regulating cell
cycle progression. Both c-JUN (JUN) and Fra-1 (FOSL1),
which are part of AP-1 transcription factors, are involved
in cell proliferation and regulation of cellular differentia-
tion [10—12]. Moreover, these transcription factors (JUN,
FOSL1), along with transcription factor 7 (TCF7), pro-
mote proliferation and metastasis [13, 14]. TCF7 is part
of the TCF/LEF family proteins, which include TCF7
(TCF1), LEF1, TCF7L1 (TCF3), and TCF7L2 (TCF4)
[15]. The TCFs and LEF proteins are the final compo-
nents needed for Wnt B-catenin signaling pathway acti-
vation [5]. The TCF proteins contain the HMG box,
which is required to stabilize protein binding with DNA
and induce gene expression [15]. There is evidence of
TCF7 as a positive regulator in CRC cell lines [16], and
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tumor suppressor indicating its importance in cell prolif-
eration [17]. CTNNBI1 binds directly various transcrip-
tion factors, which are important for tumor progression
including JUN, FOSL1, SRY box transcription factor 17
(SOX17), TCF3, TCF4, and TCF7 [9, 17-20].

APC localizes to the cytoplasm and nucleus [2, 3].
However, less is known about the role of nuclear APC.
We wondered if APC had a more substantial role in
the nucleus than previously thought. The combination
of nuclear APC and the importance of transcription
factors in the WNT pathway offer an exciting axis of
investigation.

To that end, we selected 60 canonical Wnt [-catenin
signaling pathway genes for protein-protein interaction
screening. We applied the all-vs-all sequencing (AVA-
Seq) method to determine the interaction network of
this signaling pathway with the intent to identify known
and novel interactions between the 60 proteins with the
added feature of localizing which regions of the pro-
tein are involved in the interactions. It is well known
that various protein-protein interaction methods do not
recover all interactions [21]. So even well-studied path-
ways, such as the WNT pathway, would benefit from
analysis with new methods [22]. The AVA-Seq method is
a novel approach for detecting PPIs. It is based on a bac-
terial two-hybrid system with several significant changes
[23]. Briefly, AVA-Seq allows proteins of interest to be
pooled together and fused to the DNA-binding domain
(DBD) and the transcription activation domain (AD) on
a single plasmid. If the tested proteins interact, it leads to
the expression of the HIS3 gene and the cell’s survival in
histidine dropout media [24]. An interaction is reported
when there is a significant growth in the presence of a
competitive inhibitor of histidine, 3-amino-1,2,4-triazole
(3-AT), compared to the control sample. Interactions are
quantified by increases in the frequency of cells harbor-
ing the interacting fragments in liquid culture versus
other cells in the same pool. This is evidenced by next-
generation sequencing read count increases of pairs of
tested protein fragments.

Our method recovered 74 known interactions for
which there is strong evidence in the literature and 703
novel PPIs. Of particular interest were novel interactions
between APC and nuclear transcription factors. Namely
APC with SOX17, TCF7, JUN, and FOSLI. Several inter-
actions were subjected to a secondary validation using
full-length and fragmented proteins. Finally, we present
potential implications from the interactome data.

Methods

Amplification of human clones

60 Human ORF clones were purchased from GenScript
(https://www.genscript.com) for the Wnt pathway
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(Additional file 1: Table S1). Clones were PCR amplified
using T7 forward (5- TAA TAC GAC TCA CTA TAG
GG -3’) and BGH reverse (5'- TAG AAG GCA CAG TCG
AGG —3) primers from the pcDNA3.1+/-C-(K)-D vec-
tor using standard methods (NEB 2x Q5) which include
5-10ng DNA per reaction, 57 °C annealing temperature
and 5% DMSO for GC rich PCR products. After success-
ful amplification, reactions were column cleaned using
GenElute PCR Cleanup Kit.

Open reading frame filtering

The 60 clones were aliquoted into 30nM final concentra-
tion, and samples were dried and resuspended into 5 pL
water. A 30nM pool was prepared by taking 2 pL from
each sample. The final volume of 120 pL is split into two
reactions, each with 50 pL, and sheared using a Covaris
focused-ultrasonicator. Sheared DNA was end-repaired
(NEB E6050S) followed by Ampure cleaning and ligation
(NEB M0202S) into pBOREF filtering vectors, which were
described previously [22, 24].

WNT pathway selected open reading frames (ORFs) in
PAVA were transformed into NEB Turbo (NEB C2986;
discontinued) cells to obtain more than 20 million colo-
nies split into two libraries of approximately 10 million
each. DNA was extracted and quantified using Qubit
HS. 2ng DNA was transformed into the Validation
Reporter (VR) strain (Agilent Technologies #200,192;
discontinued) to obtain 30—40 million transformants
using electroporation. As described previously, the
3-amino-1,2,4-triazole (3-AT) selection is performed
[24]. Fragment pairs grown in the absence of 3-AT
(0mM conditions) serve as a baseline for the number of
read counts. The experiments had three replicates for
each condition (0mM, 2mM, 5mM 3-AT), resulting in
9 samples. This was repeated, resulting in two separate
transformation events to maximize the screening area
(meaning two replicates of 9 samples).

Data analysis

Data analysis was performed as previously [22]. Briefly,
raw sequencing data of the plasmids containing the
paired fragments grown in selective media were trans-
lated and aligned to the Wnt ORF clone database using
DIAMOND Blastp [25]. In the AVA-seq method, paired-
end reads reveal which two protein fragments were tested
against each other. Statistically significant increases in
the frequency of a pair of fragments in selective media
over non-selective media indicate higher growth and
likely a protein interaction between the two fragments.
After Blastp analysis, paired-end read counts were nor-
malized and tested for statistically significant increases
using EdgeR. An interaction was called with a log2 fold-
change (Log,FC) of 1.5 or greater, and we allowed a
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false-discovery rate (FDR) with multiple testing adjusted
p-value of less than 5% (0.05).

Protein expression

Specific DNA fragments were ordered from TWIST
Bioscience and optimized for E. coli expression (Addi-
tional file 1: Table S3) except for SOX17. SOX17 frag-
ments were PCR amplified using primers containing
Electra cloning sites. SOX17"" primers: (5-ATG AGC
AGC CCG GAT GC -3) and (5-TCA CAC GTC AGG
ATA GTT GCA GTA-3); SOX17%: (5-ATG CAG CAG
AAT CCA GAC CTG-3’) and (5'- CAG GAG GCC CGG
AAT-3); and SOX17%%: (5-ATG GGC TAC CCG TTG
CCC AC-3) and (5-TCA CAC GTC AGG ATA GTT
GCA GTA-3’). TWIST fragments and SOX17 (amplified
PCR products) were ligated into bacterial expression vec-
tor pD454 plasmids (pD454-MBP or pD454-GST) using
Electra reagents kit (atum.bio EKT-03) following ATUM
Bio-protocol. The ligation was directly transformed into
NEB-5-alpha electrocompetent cells (NEB C2987H)
and plated on LB-agar supplemented with carbenicillin
(100pg/mL). DNA was extracted, and constructs were
sequence confirmed, followed by transformation into
BL21 DE3 chemi-competent cells for protein expres-
sion. 10mL of overnight culture was used to inoculate
1 L of fresh LB media supplemented with carbenicillin
(100 pg/mL). When the cells reached an ODg, of 0.5-0.6,
the 3-hour expression at 37°C was induced with 0.01-
0.05mM IPTG. The expression of the full-length or pro-
tein fragments was confirmed via SDS-PAGE (Additional
file 1: Figure S1) and (Additional file 1: Figure S2). All
APC constructs contained an N-terminal GST protein,
and the transcription factors had an N-terminal MBP to
maximize the protein solubility [26].

Pull-down

Pellets from 50mL of MBP tagged protein (or frag-
ment) expression were lysed using 1 mL Bacterial Protein
Extraction Reagent (B-PER; Thermo Scientific Catalog
number: 78,243) and 1—2x of protease inhibitor (Thermo
Scientific A32963). Overexpressed MBP without a fusion
protein was lysed and used as a negative control. For
the negative control MBP, twice the amount is used for
pull-down compared to the tested fragments of Wnt
transcription factors. Bacterial cell lysis is incubated for
15min at room temperature, followed by 4°C centrifu-
gation at 14,000 rpm for 10 min. 100 pL of amylose resin
(NEB EB8021S) is equilibrated with 1x TBS. The soluble
fraction of the cell lysis is added to the pre-equilibrated
resin and incubated for 1h rotating at 4°C. Approxi-
mately 40 min later, GST-tagged proteins are lysed using
the same method as above. After 1h incubation of the
amylose resin with MBP-tagged protein, the mixture
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is centrifuged at 1,000rpm for 5min at 4°C. The super-
natant is carefully discarded. The MBP proteins bound
to resin are gently washed twice with 1mL 1x TBS and
centrifuged. The soluble fraction of the GST-tagged pro-
teins is added to the washed resin (MBP-tagged proteins
already bound) and incubated for 2 h rotating at 4°C.

Following the 2h incubation, the resin and protein
mixtures were added to a micro Bio-spin column (Bio-
Rad 7,326,202). The flow-through was discarded, and the
resin was washed four times with 1 mL 1x TBS. The pro-
teins were eluted from the resin using 50 puL of 1x TBS
supplemented with 10mM maltose. 10 uL of each pull-
down sample was run on a reducing 12% SDS gel, and the
gel was transferred to PVDF membrane for Western blot
and imaged using LiCor.

Anti-GST antibody (Abcam EPR4236; 1:1,000) and
anti-MBP antibody (NEB E8032L; 1:10,000) in 1x TBST
supplemented with 5% low-fat milk were incubated
either at 4°C overnight or 1h at room temperature. The
secondary antibodies, IRDye 680RD anti-mouse (LiCor
926-68070; 1:15,000) and IRDye 800CW anti-rabbit
(LiCor 926-32211; 1:15,000) are compatible with the
LiCor imaging system.

Results

AVA-Seq method applied to wnt-signaling pathway
proteins

Protein fragments from 60 Wnt pathway genes (Addi-
tional file 1: Table S1) were enriched for codon frame 1
using an open reading frame (ORF) filtering method (see
methods). The ORF filtering process enriched fragments
for frame one by 75% and 80% for DBD- and AD-associ-
ated fragments, respectively (data not shown). The ORF
method reduces the number of fragment pairs required
to screen the search space by minimizing biologically
irrelevant out-of-frame fragment pairings. From ORF fil-
tering, 86% of the proteins were fully covered; however,
not all fragments were present in equal proportions. The
fragment pairs were tested in two orientations since, the-
oretically, there is an equal chance for ligation with the
activation domain (AD) a-subunit of RNA polymerase or
the DNA binding domain (DBD) AcL.

Complete coverage of the test space would result in
100% of amino acids in one protein being tested against
100% of amino acids in another. Here, the total possi-
ble test space between all covered proteins is shown in
Fig. 2A and indicates that 47% of the possible test space
was covered, with 35% covered in both orientations.
Six proteins were absent in the AD orientation (FOSL1,
CSNKI1E, CSNK2B, DKK1, DKK2, and CTNNBIP1), and
two proteins were missing in the DBD orientation (DKK2
and JUN), meaning there were no fragments for those
proteins in the specific orientation (Fig. 2A). Additionally,
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Fig.2 Sequence coverage and interaction heat map for Wnt pathway interactome. A amino acid coverage of protein pairs. The 60 clones
interrogated in this study are listed alphabetically. A value of 1 indicates 100% sequence coverage (red) for the protein pair, while a value of 0
indicates zero coverage for a given protein pair (light red). B The protein pairs in panel A were tested for interactions by selection in the presence
of 3-AT. Interactions were filtered based on Log,FC> 1.5 and FDR < 0.05. A value of 4 indicates a strong interaction with high Log,FC and minimum
FDR, whereas a value of 1 indicates no interaction. Proteins paired with AD are represented on the x-axis, while proteins paired with DBD are

proteins containing an internal BstXI site are more likely
to have poor or limited coverage [22]. This restriction
enzyme is required to ligate the fragment pairs into the
PAVA plasmid. The ORF filtering process (see methods)
may also introduce a bias toward longer proteins and
exacerbate poor coverage at the N- and C-termini. Nev-
ertheless, coverage of the search space yielded significant
and interesting novel interactions.

Significant pairs for protein-protein interactions

Figure 2A shows a heat map indicating how well the pro-
tein-protein pairs were covered in this study. Interactions
that pass significance filters, including FDR with multiple
testing adjusted p-values, are shown in Fig. 2B. The color
gradient in Fig. 2B represents the maximum detected
Log,FC for paired fragments belonging to corresponding
proteins. There were 597 PPIs identified in 2mM 3-AT,
567 PPIs in 5mM 3-AT growth conditions, and 461 PPIs
in both 2mM and 5mM 3-AT. 106 PPIs were recovered
exclusively in 5mM 3-AT, and a majority (103 of 106)
were present in 2mM conditions near the cutoff in either
FDR or Log,FC. These interactions present in the more
stringent 5mM but absent in 2mM were borderline and
deeper sequencing would likely recover them in 2mM
3-AT conditions.

74 known interactions were recovered in this study
(Additional file 1: Table S2) [27]. Half of these were
detected in both orientations (meaning AD-DBD and
DBD-AD pairings) and have multiple unique fragment
starting points present in 2mM and 5mM 3-AT condi-
tions (Additional file 1: Table S2). Fragments with mul-
tiple starting points (i.e., interacting fragments overlap)
narrow the proteins’ expected interaction region(s).
Additionally, fragments interacting in AD-DBD and
DBD-AD orientations increase the evidence that the
interaction is real and not a false positive. Additional
confidence is added for proteins that appear in two
different libraries (unique transformation events) and
interactions found in 2mM and 5mM 3-AT growth
conditions.

Detection of previously known APC and (3-catenin complex
APC|AXIN1 [28] and APC|CTNNBI1 [29] interac-
tions were recovered in this study along with other
well-established interactions, including GSK3B|AXIN1,
GSK3B|AXIN2[30], LRP5|AXIN1 [31], LRP5|CTNNBI1
(32], AXIN|CTNNBI [33], CREBBP|CTNNBI [34], and
CTBP2|CTNNBI1 [35] (Additional file 1: Table S2). The
APC|GSK3p interaction was not recovered (Fig. 2B),
even though it was covered in both orientations (Fig. 2A).



Al-Thani et al. Cancer Cell International (2022) 22:376

Detection of previously known interactions with nuclear
transcription factors

In this study, known nuclear transcription factors inter-
actions between CTNNB1|TCF7 [35], CTBP2| TCF7 [36],
CTNNB1|SOX17 [19], JUN|CREBBP [37], JUN|CTBP2
[38], JUN|LRP5 [38], and FOSL1|CREBBP[37] (Table 1;
Additional file 1: Table S2) were recovered.

Novel interactions of APC with nuclear transcription
factors

APC interacted with several nuclear proteins, of which
six interactions are known and four are novel (Table 1).
The novel binding partners for APC and their local-
ized interaction regions identified in this study (Table 1)
include JUN (Fig. 3A), FOSL1 (Fig. 3B), SOX17 (Fig. 3 C),
and TCF7 (Fig. 3D). Our data show APC binds to JUN,
FOSL1, and TCF7 in the same interaction region required
for CTNNBI binding (Additional file 1: Figure S6). Other
known nuclear protein interactions are detected for APC
and CTNNBI1 (Table 1) [18, 28, 35, 39].
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The fragment interactions between APC|JUN are
present only in one orientation since JUN is only fused
with the AD (Fig. 2A), with 19 unique interacting frag-
ments (Table 1). The fragment interactions between
APC|FOSL1 are present only in one orientation since
FOSL1 is only fused with the DBD (Fig. 2A), with eight
unique interacting fragments (Table 1). For APC|SOX17,
87 unique interacting fragment pairs were recovered in
both orientations (Table 1). For APC|TCF7, 41 unique
interacting fragment pairs were recovered in both orien-
tations (Table 1).

Secondary validation of APC interactions with nuclear
transcription factors

APC fragments used in the pull-down assays were
designed to cover the most prevalent interaction regions
observed between APC and the transcription factors
(Fig. 4). In total, four APC fragments were tested against
full-length and fragments of TCF7, JUN, FOSL1, and
SOX17 proteins. The list of tested fragment locations on

Table 1 List of nuclear protein interactions detected for APC and CTNNB1 using AVA-Seq

Protein1 Protein2 Orient1 Orient2 2mM 5mM Log2FCmax FDRmin Library Unique Pairs APID
AXIN1 APC 227 64 159 132 8.820432722 0 2 201 1
APC AXIN2 30 122 77 75 7.520242693 2.10E-97 2 123 1
CTNNB1 CTBP1 2 0 1 1 4.103357711 2.20E—-25 1 1 1
CTNNB1 TBL1XR1 1 0 0 1 1.968622264 341E-23 1 1 1
CTBP1 APC 73 5 46 32 6.198931965 1.52E-21 2 67 1
AXIN2 CTNNB1 9 2 9 2 6.050628355 6.77E—20 2 9 1
CREBBP APC 280 79 147 212 5.577882812 3.70E—17 2 307 1
TCF7 APC 34 17 22 29 5.891080664 145E—14 2 41 0
DVL3 APC 127 25 62 90 5.171919508 5.19E—-11 2 125 0
CTNNB1 CTBP2 5 14 8 1 3.257456516 1.33E—10 2 19 1
DVL1 APC 50 10 31 29 4.154109344 1.12E—09 2 55 1
CTNNB1 AXIN1 7 6 8 5 5.025473084 3.20E—09 2 12 1
APC JUN 25 0 10 15 5.5769084 5.80E—05 2 19 0
SOX17 APC 99 25 49 75 5453437899 5.04E—09 2 87 0
DvL2 APC 30 0 15 15 5.102993509 2.17E-07 2 26 1
CTNNB1 CREBBP 12 2 8 6 3.038695645 6.17E—07 2 14 1
CTNNB1 SOX17 7 8 5 10 5.184004171 1.26E—05 2 12 1
FOSL1 APC 13 0 6 7 3.353875751 6.85E—05 2 8 0
DvL1 CTNNB1 3 3 5 1 3.155612862 0.00041615 2 5 1
DVL3 CTNNB1 4 4 5 3 3.966139708 0.00105864 2 8 1
TCF7 CTNNB1 1 2 0 3 2.067171582 0.00728363 1 3 1
CTNNB1 CSNKTA1 1 0 1 0 3.500906308 0.00888600 1 1 1
CTNNB1 DVL2 2 0 1 1 4682673739 0.00891623 1 1 1

Columns 1 and 2 (Protein 1, 2) list the protein pair tested. Orient 1 and 2, show how often the pair is detected in each orientation (Orient 1 is AD-associated; Orient

2 is DBD-associated); followed by a 3-AT condition to determine the number of pairs detected in 2mM vs. 5mM. Significant interactions filtered by Log,FCmax and
FDRmin values. The number of libraries shows if the pairs are captured in a single library or both (with 2 being the maximum). The unique fragment pairs represent
the number of unique fragments captured for each protein pair. The APID concludes if the pairs are novel (0) or known [1] previously from Agile Protein Interactomes

DataServer (APID; [27])
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detected with TCF7 protein

amino acid and base pairs is found in Additional file 1:
Table S3.

The negative control used for all pull-down experi-
ments was MBP without a fusion protein (Fig. 5 lane 4;
Fig. 6 lane 6; Additional file 1: Figures S3 lane 1; S4 lane
4; lane 3) to ensure the GST-APC fragments did not
interact with MBP itself. Based on our interaction results
(Fig. 3D) and pull-down experiments (Fig. 5 lane 3; Fig. 6
lanes 4-5), APC protein directly interacts with TCF7.
MBP-TCF7'%273% pulled down GST-APC**12% (Fig. 5
lane 3) and GST-APC?**2772 (Fig. 6 lane 4), indicating a
direct interaction of APC with TCF7. MBP-TCF7152-3%

and MBP-TCF7'' pulled down the GST-APC?*3%-2772
fragment (Fig. 6 lane 4-5). The interaction of GST-
APC®%2772 had a similar signal intensity to MBP-
TCF7'52-3% and MBP-TCF7'" (Fig. 6 lanes 4-5).

APC directly interacts with FOSL1 (Fig. 5 lane 1-2;
Fig. 6 lane 3; Additional file 1: Fig. S3 lane 3). The interac-
tion of MBP-FOSL1! with GST-APC***12% (Fig. 5 lane
1) is weaker compared to the fragment MBP-FOSL1%0-282
interaction (Fig. 5 lane 2) based on the signal intensity
obtained with GST-APC***""*%, The MBP-FOSL1%->%?
pulled down GST- APC?*¥-2772 (Fig, 6 lane 3). Also, APC
interacted directly with JUN (Fig. 6 lane 1-2: Additional
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Fig.4 Secondary validation using pull-down of protein pairs. Fragment residues are indicated with superscript, with full-length represented by
superscript FL. The fragment, APC*412%3 (red), spanned the 15R region; The APC'*'277%1 (green), spanned the fourth 20R region and SAMP1-2

2500 ’
SOX17 protein fragment and full length tested

regions; The APC19%6-2232 (h|ye), covered the sixth and seventh 20R region and the SAMP3 repeat; The AP(C2039-2772 (yellow) covered the EB1 domain.
A APC®* 1293 (red) was tested against TCF7'273% (pink). APC?39-2772 (vellow) was tested against TCF7'°273° and TCF7™ (grey). B APC''277¢T (green)
was tested against JUN'®23" (pink). APC?39-2772 (yellow) was tested against JUN'®3" (pink) and JUN (grey). € APC®*12%3 (red) was tested against
FOSL140-282 (pink) and FOSL1 L (grey). APC1512-1761 (green) was tested against FOSL140-282 (pink). AP(C2239-2772 (yellow) was tested against FOSL140-282

SOX1788-287 SOX17216-41 (pink), and SOX17

(pink) as a negative control. D APC** 2% (red) was tested against SOX172'¢41% (pink) and SOX17 (grey). APC'%5-2232 (blue) was tested against

file 1: Fig. S3 lane 2). The interaction of MBP-JUN'
with GST-APC?*-2772 appears weaker than the MBP-
JUN'0-331 jnteraction (Fig. 6 lane 2). The negative con-
trol (MBP without a fusion protein) could not pull down
GST-APC2539-2772.

MBP-JUN-331 and MBP-FOSL1%-%2 pulled down
GST-APCP12-1761 (Additional file 1: Fig. S3 lanes 2-3,
respectively), suggesting these transcription factors bind
this region of APC. Pull-down validation for SOX17 uti-
lized MBP-SOX17%-2%7, MBP-SOX17*'**!%, and MBP-
SOX17f to pull down GST-APC!®¢-2232 (Additional
file 1: Fig. S4 lanes 1-3, respectively). MBP-SOX17"
and MBP-SOX17%1%"#* proteins pulled down GST-
APC?*1203 (Additional file 1: Fig. S5 lanes 12, respec-
tively). The interaction of MBP-SOX17*1¢-4!* appears to
bind GST-APC'*%7222 yeaker than MBP-SOX17%2%
and MBP-SOX 17", which is indicated by the GST signal
(Additional file 1: Fig. S4 lane 2).

Discussion

APC is an integral protein of the Wnt B-catenin signal-
ing pathway and forms a complex with several proteins in
the cytosol, including AXIN1, CTNNBI1, and GSK3. For
the first time, we applied the AVA-Seq method to deter-
mine protein-protein interactions in the Wnt pathway.
Adding another dimension to the previously observed
localization of APC in the nucleus, we found APC inter-
acted with JUN, FOSL1, TCF7, and SOX17 transcription
factors (Table 1). Our data indicate the enrichment of
interacting fragments in the known interaction region for
APC|AXINT1 [28], APC|CTNNBI [29], AXIN1|CTNNB1
[39], and CTNNBI1|JUN [9]. As well as the interac-
tions of GSK3B|AXIN1 and GSK3B|AXIN2 [30]. The
APC|GSK3p [40] and CTNNB1|GSK3p interaction was
not recovered even though the protein pairs were cov-
ered and tested for interaction (Fig. 2A). A likely expla-
nation is the interaction of APC|GSK3p requires AXIN
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- - - + MBP negative control
GST signal
75 h _+APC (954)
MBP signal
FOSLI-FL
50—
FOSL1 (40)
TCF7 (152)
37 = MBP
Fig.5 Pull-down of APC**2% containing the 15R region. GST-APC** 1203 was tested against the following MBP-tagged proteins: Lane 1: FOSL1™,
Lane 2: FOSL14%-282 | ane 3: TCF7'°273%% and Lane 4: MBP alone (negative control). All proteins expressed with MBP show a leaky expression of
MBP as indicated by a red band of 40.3 kDa and are present in protein expression gels (Additional file 1: Fig. S1BD). The signal of MBP alone in all
samples (lanes 1-3) represents the binding of MBP protein to the amylose resin. Samples FOSL1™, FOSL140-282 and TCF7'°273%° show fragmentation
represented in the gel by multiple bands below the expected target protein. Arrow points to the expected molecular weight of the target protein/
fragment (green signal GST; red signal MBP). Each pull-down experiment was conducted in triplicate

binding to enhance GSK3p phosphorylation of APC [33]
and this process is modulated by CTNNBI1 [41]. The
interactions were missed due to the limitation of two-
hybrid-based system as they test for binary PPIs, not pro-
tein complexes.

Notably, the APC protein interacts and functions in
phosphorylated and unphosphorylated forms [3, 29, 40].
The interactions detected using AVA-Seq likely rely on
the unphosphorylated form of APC. Despite this, several
known interactions of unphosphorylated APC with the
Wnt/B-catenin signaling pathway exist. Here we recov-
ered more than 70 known interactions, many of which
are novel [9, 18, 19, 28, 29, 31, 32, 34-36, 38, 39, 42-45].
It was interesting to investigate novel interactions of APC
with nuclear transcription factors which could expand
on the functional importance and role of APC in cancer
(Fig. 3; Table 1). We validated novel APC interactions
with the transcription factors using a secondary assay
(Fig. 4) which strengthened our findings.

APC is known to form a complex with Src associated
with mitosis (Sam68) protein to regulate alternative splic-
ing of TCF7 [48]. Upon LOF of APC, a TCF7 splice vari-
ant accumulates and induces the expression of the Wnt

target gene [48]. The overexpression of TCF7 is also
associated with tumor formation [49]. The interaction of
TCF7 and CTNNBI targets cyclin D and c-myc [50] and
cell proliferation (Fig. 7 pathway B), which induce cell
cycle progression and metastasis, and has been targeted
to prevent transcriptional activation of the Wnt signal-
ing pathway [50, 51]. A previous study showed that APC
competes with TCF4 for CTNNB1 binding [52]. How-
ever, the role of the direct binding of APC with TCF7 is
not yet known. Moreover, TCF7 mRNA expression posi-
tively correlated with the mutation of CTNNB1, whereas
APC levels were unaffected [53]. Transcriptome profile
showed elevated TCF7, CTNNB], and JUN expression in
pancreatic ductal adenocarcinoma [54]. Several reports
have shown both TCF7 and CTNNBI is implicated in
tumor formation and metastasis in several types of can-
cer [53, 54]. However, the role of APC as a possible medi-
ator has not been investigated.

APC interacted with TCF7 in the region required for
CTNNBI binding (Additional file 1: Fig. S6D) through
multiple unique fragments indicating the robustness of
the interaction in our system. This interaction region was
further validated with pull-down assays (Figs. 3D and 5
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Fig.6 Pull-down of GST-APC?**-?"7? containing the EB1 domain. GST-APC?>3°-?"/2 was tested against the following MBP-tagged proteins: JUN'%
31 (lane 1), JUN™ (lane 2), FOSL1%92%2 (lane 3), TCF7'%273*% (lane 4), TCF7™" (lane 5), and MBP alone (negative control; lane 6). The signal of MBP alone
in all the samples (lanes 1-5) represents the binding of cleaved MBP protein to the amylose resin, likely resulting from leaky expression or cleavage
during purification. The TCF7'°?73%% and TCF7™ constructs show fragmentation represented by multiple bands below the expected target protein.

An arrow indicates the expected molecular weight of the target protein/fragment (green signal GST; red signal MBP)

lane 3). In addition, the interaction of TCF7 with 15R
and 20R repeats of APC might serve a similar function to
APC’s interaction with CTNNBI1 as APC binds CTNNB1
tightly through the 15R repeat [55] and requires the 20R
repeat to down-regulate CTNNB1 [55]. The 15R region
of APC is critical for C-terminal binding protein (CTBP)
to down-regulate TCF [52] and most CRC is associated
with mutations in the third 20R repeat [56]. We propose
that APC binds TCF7 to suppress and down-regulate
the CTNNB1|TCF7 interaction and not compete for
CTNNBI binding alone (Fig. 7 pathway C).

CTNNBI drives proliferation through direct binding
to FOSL1 and JUN [9]. APC-mutated mice had reduced
tumor size and number upon inactivating JUN [57]. A
recent study showed that fat-1 transgenic mice had a
decreased expression of JUN and FOSL1 compared to
wild-type upon following an ethanol lipopolysaccharide
diet [58]. Whereas APC expression was not increased in
fat-1 transgenic mice [58]. Even with these gene expres-
sion correlations, there has not been a report of direct
binding of APC with the two proteins. To our knowledge,
this is the first report of APC interacting with FOSL1
and JUN. To our surprise, APC interacted with FOSL1
and JUN in the region required for CTNNB1 binding
(Additional file 1: Fig. S6AB domain: white box). Based
on our findings, we suggest APC could inhibit CTNNB1
gene expression by directly binding JUN and FOSL1

transcription factors (Fig. 7 pathway C) since APC binds
to both transcription factors in the same region required
for CTNNBI binding.

SOX17 functions similarly to APC by acting as a tumor
suppressor and negatively regulates the Wnt pathway
[19] (Fig. 7 pathway A). It has been reported that SOX17
is a vital target in CRC since it targets CTNNBI for deg-
radation [19] (Fig. 7 pathway A). Further, more than 80%
of cancer patients have methylation of SOX17 promoter,
which is negatively associated with the accumulation
of nuclear CTNNBI [59]. In addition to detecting the
novel SOX17|APC interaction, the known interaction
of SOX17|CTNNBI1 [20] was recovered (Table 1). In
our findings, APC is mainly bound to the central region
of SOX17 and not in the region of CTNNBI contact
(Additional file 1: Fig. S6C). Furthermore, since APC and
SOX17 are tumor suppressor genes, we conclude that
APC’s interaction with SOX17 might enhance CTNNB1
degradation in the nucleus (Fig. 7 pathway D).

Conclusion

Here we have shown that APC interacts with nuclear
transcription factors JUN, FOSL1, TCF7, and SOX17 in
the bacterial two-hybrid-based AVA-Seq method and
validation pull-down assays using both truncated and
full-length proteins. We suggest a possible mechanism of
nuclear APC activity to bind TCF7, JUN, and FOSL1 in
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Fig. 7 Wnt pathway APC/CTNNB1 nuclear model known and proposed. Known nuclear model: A For nuclear CTNNB1 degradation, both APC
anchored with AXIN [46] binds to CTNNB1 along with SOX17 [20] and marks it for ubiquitin degradation. BWhen CTNNB1 enters the nucleus, it
could proceed and bind transcription factors TCF7 [47], JUN, and FOSL1 [9] to initiate cell proliferation. Proposed nuclear model: C When CTNNB1
enters the nucleus, it could be inhibited through APC binding to TCF7, FOSL1, and JUN transcription factors. D For nuclear CTNNB1 degradation,

APC, AXIN1, and SOX17 bind to CTNNB1. However, this might require the binding of SOX17 to both CTNNB1 (known) and APC (novel) to mark
CTNNB1 for ubiquitin degradation. Green pathway (known); red pathway (a proposed mechanism)

the region required for CTNNBI1 binding, while nuclear
APC binds SOX17 to enhance CTNNBI1 degradation.
This information supplements previous observations of
APC localizing to the nucleus and helps to shed light on
APC nuclear function. The interactions recovered in this
study may offer new drug targets to reduce tumor forma-
tion and malignancy. We plan to focus on understanding
how mutations in the identified contact regions might
affect the protein interactions.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512935-022-02799-1.

Additional file 1: Figure S1. Protein expression gels of full-length and
fragments used for pull-down experiments. A) two fragments of APC
were expressed with GST tag for 3 hours GST-APC1512-1761 and GST-
APC2539-2772.Time zero indicates the start point for protein expression
cells OD = 0.5-0.6, then followed by 3 hours of expression with IPTG. B)
MBP-FOSL140-282 and MBP-JUN100-331 at time zero, followed by 3 hours
of expression with IPTG. C) GST-APC938-1239 and GST-APC954-1203 at
times zero followed by 3 hours expression with IPTG. D) MBP-TCF7152-359,
MBP-TCF7FL, and MBP-FOSL1FL expression at time zero, followed by 3
hours expression with IPTG. The red arrow (—) points to target protein
fragment expression, while () is the leaky expression of MBP seen in

B, and D. Protein loading concentration 40-60 ug. Figure S2. Protein

expression of SOX17 pull-down. Three fragments of SOX17 expressed
with MBP tag for 3 hours SOX1788-247; SOX17216-415; SOX17FL; along
with MBP tag alone (negative control for pull-down). Time zero indicates
the start point for protein expression cells OD = 0.5-0.6, then followed

by 3 hours expression with IPTG. The red arrow (—) points to target
protein fragment expression, while (*) is the leaky expression of MBP.
Protein loading concentration 40-60 ug. Figure S3. Pull-down of GST-
APC1512-1761 containing the fourth 20R region, SAMP1, and SAMP2
repeats. GST-APC1512-1761 was tested against the following MBP tagged
proteins: Lane 1: MBP alone (negative control), Lane 2: JUN100-331, Lane
3: FOSL140-282. All proteins expressed with MBP show a leaky expres-
sion of MBP as indicated by a red band 40.3 kDa and present in protein
expression gels (Fig. S1BD). The signal of MBP alone in the samples (well
2-3) represents the binding of MBP protein to the amylose resin. Lane 3:
sample GST-APC1512-1761 shows fragmentation represented in the gel
by multiple bands below the expected target protein. Arrows point to the
expected molecular weight of the target protein fragment (green signal
GST; red signal MBP). Figure S4. Pull-down of the GST-APC1956-2232
which contain the sixth 20R region and SAMP3 repeat. GST-APC1956-2232
was tested against the following MBP tagged proteins: Lane 1: SOX1788-
287, Lane 2: SOX17216-415, Lane 3: SOX17FL, and Lane 4: MBP alone
(negative control). Lane 1 and 3: GST-APC1956-2232 shows fragmenta-
tion represented in the gel by multiple bands below the expected target
protein. The arrows point to the expected molecular weight of the target
protein fragment (green signal GST; red signal MBP). Figure S5. Pull-down
of GST-APC954-1203 containing the 15R region. GST-APC954-1203 was
tested against the following MBP tagged proteins: Lane 1: SOX17FL, Lane
2:SOX17216-415, and Lane 3: MBP alone (negative control). Lane 1 and

2: GST-APC954-1203 shows fragmentation represented in the gel by
multiple bands below the expected target protein. Arrows point to the
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expected molecular weight of the target protein fragment (green signal
GST; red signal MBP). Figure S6. High-resolution interaction mapping of
APC with Transcription factors. A, B, C, D) APC domain are marked in order:
oligomerization 6-75 aa.; armadillo 453-767 aa.; 15R repeat (amino acids
1020-1034; 11555-1169; 1172-1186); 20R repeats (amino acids 1260-1280;
1372-1393; 1486-1509; 1637-1660; 1841-1865; 1950-1972) seven domains
*dark grey; SAMP 1-3 repeats (amino acids 1567-1588; 1717-1737; 2031-
2051) three domains *light grey; Basic domain 2224-2575 aa.; EB1 2670-
2843 aa,; DLG 2772-2843 aa. A) JUN domain: Transactivation domain 31-59
aa.; CTNNB1 binding region DBD 252-279 aa.; leucine zipper 280-308. B)
FOSL1 domain: CTNNBT1 binding region 1-54 aa.; DBD and Leucine zipper:
165-218 aa. C) SOX17 domains are marked in order: HMG box 68-136 aa.;
CTNNB1 binding 280-413 aa. D) TCF7 domain: CTNNB1 binding region
20-212 aa,; followed by HMG box 300-370 aa. (CTNNB1 binding with
transcription factors: JUN, FOSL1, TCF7, and SOX17, is marked by a white
box domain). Y-axis represents the total screened fragments (left) and

the number of interacting fragments (right). Black traces represent total
screened fragments (coverage), while blue traces represent the number of
interacting fragments. The x-axis represents protein length in amino acids.
Table S1. List of the 60 Wnt pathway clones purchased from Genscript.
Table S2. A list of stringent known protein-protein interactions recovered.
Around 50% of the known interactions (37 out of 74) were detected in
both orientations (protein fragments being associated with AD “Orient 1"
and associated with DBD “Orient 2"). Columns 1 and 2 list Protein 1 and
Protein 2, which are the tested protein pair. The following two columns,
Orient 1 and Orient 2 show how many times the protein pair is detected
in each orientation (Orient 1 is AD-associated; Orient 2 is DBD-associated)
and then followed by a 3-AT competitive inhibitor condition to determine
the number of pairs detected in 2 mM vs. 5 mM. Significant interactions
filtered by Log2FCmax and FDRmin values. The number of libraries shows
if the pairs are captured in a single library or both (with 2 being the
maximum). The unique fragment pairs represent the number of unique
fragments captured for each protein pair. The APID concludes its known
interaction = 1. Table S3. A list of tested fragments used for pull-down.
TWIST fragments: APC, FOSL1, JUN, and TCF7. While SOX17 fragments
were PCR amplified using primers compatible with Electra cloning.
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