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Abstract

Affinity-purification mass spectrometry (AP-MS) is the preeminent technique for identification of
eukaryotic protein complexes in vivo. AP-MS workflows typically express epitope-tagged bait
proteins, immunopurify, and then identify associated protein complexes using mass spectrometry.
However, challenges of existing strategies include the construction of expression vectors for large
open reading frames and the possibility that overexpression of bait proteins may result in
expression of nonphysiological levels of the bait protein with concomitant perturbation of
endogenous protein complexes. To address these issues, we use human cell lines with epitope-
tagged endogenous genes as AP-MS substrates to develop a platform that we call “knock-in AP-
MS”, thereby avoiding the challenges of expression vector construction and ensuring that
expression of tagged proteins is driven by endogenous regulatory mechanisms. Using three
different bait genes (MRE11A, DNMT1 and APC), we show that cell lines expressing epitope-
tagged endogenous genes make good substrates for sensitive and reproducible identification of
protein interactions using AP-MS. In particular, we identify novel interactors of the important
oncoprotein Adenomatous Polyposis Coli (APC), including an interaction with Flightless-1
homologue (FLII) that is enriched in nuclear fractions.
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INTRODUCTION
Affinity-purification mass spectrometry (AP-MS) identifies protein interactions through
their participation in protein complexes, and is the method of choice for isolation and
identification of protein complexes on a large scale. AP-MS work flows combine the
specificity of antibody-based affinity purification with the sensitivity of mass spectrometry
for protein identification.1 Although native antibodies may be used for purification of
complexes of interest, epitope-tagged “bait” proteins enable standardization of affinity-
purification assays, and analysis of protein complexes for which suitable antibodies are not
available. AP-MS has been systematically applied to the yeast proteome, providing the first
global surveys of eukaryotic protein complexes.2–4 A principal advantage of yeast as an
experimental system for mapping the protein interactome is the robust and efficient means
by which epitope tags can be introduced via homologous recombination. In a systematic
study of the yeast protein interactome, 3′-end epitope tags were introduced into
approximately 70% of known yeast open reading frames (ORFs) and protein complexes
analyzed by mass spectrometry.4 In contrast, the lack of robust and efficient means of
engineering epitope tags into the mammalian genome has meant that most systematic studies
of mammalian protein interactomes5,6 have relied on ectopic expression of epitope-tagged
bait proteins. However, bait transgenes may lack important regulatory sequences such as 3′
UTR or introns and are driven by constitutive or inducible promoters.7 Although these
mammalian AP-MS studies have yielded fascinating functional insights into the mammalian
protein interactome,8 an ongoing concern is the potential for artifactual interactions arising
through overexpression or nonendogenous regulation of tagged bait proteins. Although there
are no (to the authors’ knowledge) systematic studies of the effects of protein
overexpression in mammalian cells, it has been shown in ORFeome wide studies in yeast
that overexpression may lead to mislocalization of tagged proteins and morphological
abnormalities.9

Workflows that specifically address the issue of bait protein expression levels have been
developed, using antibodies directed against endogenous proteins,49 or epitope tags
introduced into target loci within bacterial artificial chromosomes (BACs).10 These BAC
clones are then transfected into mammalian cells and analyzed by AP-MS.10 Although BAC
clones preserve endogenous promoters of target genes, they may not necessarily retain long
distance enhancer elements, and in addition, the copy number of introduced BAC clones
may vary from transfection to transfection.10 Knock-in and knock-out techniques using
homologous recombination have been widely used to study gene-function in mice.50 Similar
(in principle) techniques have also been applied to manipulating genes in human somatic
cells,53 although applications to human cells have been hampered by the lower rates of
homologous recombination than in mouse cells, and greater complexity of the human
genome. Technical developments that have facilitated gene-targeting in human somatic cells
include the use of recombinant adeno-associated viral vectors.56 The principal application of
gene-targeting in human somatic cells has been in functional studies of genes,53 and knock-
ins and knock-outs provide a powerful tool for understanding human gene function. We and
others have built upon these techniques to improve the ease and efficiency of the creation of
knock-in epitope-tagging in human cell lines,17,57 and showed that epitope-tagged
endogenous human genes are excellent substrates for ChIP-seq applications.17 More
generally, knock-in epitope-tagging of human genes will be an important technique for
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wider studies of protein function, including studying protein–protein interactions, as we
describe here. The knock-in cell lines described here express epitope-tagged bait proteins
under the control of endogenous transcriptional mechanisms in physiologically relevant cell
lines (in our case, human colorectal cancer cell lines), and, as we demonstrate in this study,
provide robust substrates for AP-MS. Knock-in epitope-tagging also circumvents the
challenges of cloning and expression of genes with long open reading frames, and therefore
provides a potentially universal platform for protein complex discovery in mammalian cells.

We selected three important colorectal-cancer associated proteins as targets for analysis
using the knock-in AP-MS strategy. The target genes used are MRE11A (meiotic
recombination 11), a component of the MRE11A-RAD50-NBN complex,11,12 DNMT1
(DNA methyltransferase 1), a DNA methyltransferase involved in establishment and
regulation of patterns of DNA methylation13 and APC (Adenomatous Polyposis Coli), a
critically important tumor suppressor gene14,15 and Wnt pathway regulator.8 Knock-in
MRE11A and DNMT1 cell-lines were principally used in this study as test cases to develop
the workflow, whereas the focus was to identify novel protein–protein interactions using the
knock-in APC cell-line. APC is a colorectal cancer “gatekeeper” (~80% of colorectal
cancers exhibit APC mutations),54 and significant efforts have been made to understand
APC protein function, and the mechanisms by which APC mutations exert their effects.24

APC protein has diverse cellular functions, and localizes to multiple subcellular
compartments.16,25 Although now broadly accepted, the localization of APC protein to the
nucleus was initially controversial, in part because of the lack of good antibodies.30 In
addition, ectopic expression of APC protein with constitutive promoters can result in
accumulation of APC protein in nucleoli.55 Although nuclear APC is thought to sequester β-
catenin and thereby repress Wnt signaling, the functional role of nuclear APC and nuclear
APC complexes is not fully understood.30 In addition, analysis of APC protein complexes is
challenging, due to the large size of the protein (2843 amino acids; 311 kDa) and length of
the APC coding region (>10 kb mRNA sequence length) as well as the variability of
currently available native APC antibodies.16 Knock-in AP-MS can potentially circumvent
these practical challenges, by ensuring that the epitope-tagged bait proteins are expressed at
endogenous levels and remain responsive to internal and external signaling cues. We show
that epitope-tagged baits are expressed at similar levels to endogenous proteins; using
replicate analyses, we show that knock-in cell lines coupled to AP-MS provide a robust and
reproducible platform for protein complex discovery in human cells. In addition, knock-in
AP-MS can be used to sensitively identify novel protein–protein interactions. In this study,
we identify and characterize two APC-associated proteins, Erbb2 interacting protein
(ERBB2IP) and Flightless-1 homologue (FLII), an interaction with APC that occurs more
abundantly in nuclear fractions.

MATERIALS AND METHODS
Knock-In Epitope-Tagging in Human Cells

A ~1 kb genomic fragment upstream of the stop codon was PCR amplified to be used as the
left homologous arm and a ~1 kb genomic fragment downstream of the stop codon was PCR
amplified to be used as the right homologous arm. The left and right homologous arms were
cloned into pAAV-USER-Neo-LoxP-3×Flag vector using USER system as previously
described.17 The targeting AAV viruses were packaged in 293T cells (a T75 flask at 70%
confluence) by transfecting equal amounts of the targeting vector, pHelper and pRC
plasmids (3 μg each). Viruses were harvested 72 h post-transfection. Colon cancer cells
were infected with the knock-in targeting viruses and selected with Geneticin for 20 days.
The Geneticin resistant clones were then screened for homologous recombination by 35
cycles of genomic PCR with primers derived from the neomycin resistance gene and the
upstream region of the left homologous arm. Confirmatory genomic PCR was also
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performed with positive clones identified using primers derived from the neomycin resistant
gene and the downstream region of the right homologous arm. Correctly targeted clones
were then infected with adenoviruses expressing the Cre-recombinase to delete the drug
selection marker. While it takes around 45 days to generate 3×Flag KI clones, most of this
time is required for the clones to grow up. The actual hand-on time and effort are less than 5
days (1 day for vector construction, 1/2 day for virus package, 1/2 day for virus harvest and
infection, 2 h for cell plating, 1 day for targeted clone screening and ~1 day for excision of
drug selection marker). The targeting rates are 3% for MRE11A, 5% for DNMT1 and 2%
for APC. So far we have successfully knocked in 3×Flag sequences into ~20 loci. We have
successfully targeted loci in the following colon cancer cell lines: HCT116, DLD1, RKO
and LOVO and a detailed description of gene-targeting methods is provided in the
Supplementary Methods in Supporting Information.

Plasmid Construction, Cell Targeting, and Cell Culture
Each gene used in this study was targeted by C-terminal 3×Flag tag sequence with plasmid
pAAV-LoxP-Neo-3×Flag17 and knocked in target cells using Adeno-Associated Virus
(rAAV) transfection system followed by Geneticin (Invitrogen) selection and Cre-mediated
excision of the drug resistance marker in targeted cells. RKO, HCT116, MRE11KI-RKO,
DNMT1KI-RKO and APCKI-HCT116 cells are regularly maintained in McCoy-5A media
(Invitrogen, 16600-108, Carlsbad, CA) containing 10% fetal bovine serum (Invitrogen,
10438-026, Carlsbad, CA) and 1% streptomycin–penicillin (Invitrogen, 15140-148,
Carlsbad, CA) at 37 °C in CO2 incubator (5% CO2, 100% H2O).

Protein Extraction and Affinity Purification
All centrifugation and incubation are performed at 4 °C and all buffers are prechilled on ice.
For all cells, the media were removed from the 150 mm culture plates and the cells (3 × 107

cells were used for each affinity purification) were collected and washed three times with 25
mL of PBS. After pelleting the cells, the cells were lysed with 2 mL of cell lysis buffer (50
mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% NP-40, 1× protease inhibitor
cocktail) with homogenization for 40 times. The lysate were incubated on ice for an
additional 30 min before 13 000 rpm centrifugation. Next, 100 μL of packed anti-FLAG M2
affinity beads (Sigma A2220, Saint Louis, MO) was first equilibrated with 500 μL of TBS
buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl) followed by 500 μL of cell
lysis buffer and centrifuged at 10 000 rpm for 5 s before adding the cell lysate supernatant.
The protein–bead mixtures were then incubated on a rotator at 4 °C overnight. The mixtures
were centrifuged at 10 000 rpm for 5 s and the supernatant (flow though) was kept for later
analyses. The beads were washed twice with cell lysis buffer, four times with TBS buffer
and twice with 100 mM ammonium bicarbonate (NH4HCO3) and then eluted with elution
buffer: TBS buffer containing 5 μg/μL 3×FLAG peptide (Sigma F4799, Saint Louis, MO).

In-Gel Tryptic Digestion
Standard in-gel tryptic digestion was performed according to the published method.18 The
combined elution fractions were lyophilized in a SpeedVac Concentrator (Thermo Electron
Corporation, Milford, MA), resuspended in 100 μL of 0.1% formic acid and further cleaned
up by reverse phase chromatography using C18 column (Harvard, Southborough, MA). The
final volume was reduced to 10 μL by vacuum centrifugation and addition of 0.1% formic
acid.

Song et al. Page 4

J Proteome Res. Author manuscript; available in PMC 2013 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Subcellular Fractionation
Cytoplasmic and nuclear proteins were extracted from cells using Thermo Scientific Pierce
NE-PER Nuclear and Cytoplasmic Extraction Kit (78833, Pierce Technology, Rockford, IL)
and used immediately in SDS-PAGE and Western blots or affinity purifications.

In-Solution Tryptic Digestion
The protein elution fractions were dried by vacuum centrifugation. Each sample was
denatured with the addition of 20 μL of 8 M urea and reduced with 2 μL 100 mM DTT in
100 mM NH4CO3. The solution was mixed well and incubated at room temperature for 45
min. For each sample, 2 μL of 250 mM iodoacetamide was then added and incubated in the
dark for another 45 min. Each sample was digested by adding 5 μL of the 0.2 μg/μL trypsin
solution (Promega, PR-V5111) and 125 μL of 100 mM NH4CO3 solution and incubated at
37 °C overnight. The C18 column was wet with 100% methanol and balanced with 0.1%
formic acid. The peptide mix from each sample was loaded on the C18 column and washed
five times with 200 μL of 0.1% formic acid, and then eluted with elution buffer (50%
acetonitrile and 0.1% formic acid). The elution fractions were then lyophilized in a
SpeedVac Concentrator (Thermo Electron Corporation, Milford, MA) and resuspended in
10 μL of 0.1% formic acid prior to further analyses.

Mass Spectrometric Analyses and Raw Data Analysis
Tryptic peptides were separated by online reverse phase nanoscale capillary liquid
chromatography (nano-LC, Dionex Ultimate 3000 series HPLC system) coupled to electoral
spray injection (ESI) tandem mass spectrometer (MS–MS) with octopole collision cell
(Thermo-Finnegan LTQ Orbitrap). Loaded peptides were eluted on nano-LC with 90 min
gradients ranging from 6 to 73% acetonitrile in 0.5% formic acid with a flow rate of 300 nL/
min. Data dependent acquisition was performed on the LTQ-Orbitrap using Xcalibur
software (version2.0.6, Thermo Scientific) in the positive ion mode with a resolution of 60
000 at m/z range of 325.0–1800.0, and using 35% normalized collision energy, up to five
most intensive multiple charged ions were sequentially isolated, fragmented and further
analyzed. Raw LC–MS/MS data were processed by Mascot version 2.2.0 (Matrix Science,
Boston, MA). Mascot was searched with a fragment ion mass tolerance of 0.8 Da and a
parent ion tolerance of 15 ppm. The raw data were searched against the human International
Protein Index database (released in 2009 and containing 74 017 protein sequences) with
fixed modification carbamidomethyl (C) and variable modification oxidation (M). Peptides
were filtered at a significance threshold of P < 0.05 (Mascot). Raw mass spectrometry
chromatograms were processed and analyzed using Xcalibur Qual Browser software
(Thermo Fisher Scientific, Inc., Version 2.0.7) and then manually annotated and verified.

Data Processing
Scaffold (Proteome Software, Inc., Portland, OR; version 3.00.04) was used to validate LC–
MS/MS-based peptide and protein identifications.19 Peptide identifications were accepted if
they could be established at greater than 95.0% probability as specified by the Peptide
Prophet algorithm.20 Protein identifications were accepted if they could be established at
greater than 99.0% probability and contained at least 2 identified peptides.21 With these
stringent parameters of Peptide Prophet and Protein Prophet, the false discovery rate was
zero.21 Proteins that contained similar peptides and could not be differentiated based on MS/
MS analysis alone were grouped to satisfy the principles of parsimony. Selected signature
peptides were verified and annotated manually.
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Statistical and Interaction Network Analyses
Spectral counts for proteins identified as above were used to calculate bait/control ratios and
significance. For each protein, the logarithm (base 2) of the ratio of the sum of spectral
counts for replicate experiments (bait or control) was computed. For all baits, several
replicate blocks of experiments were performed, where replicate experiments are biological
replicates of bait and control experiments (independent affinitypurifications/cell-cultures
and subsequent mass spectrometry). P-values were computed using the Wilcoxon rank sum
test to identify proteins for which bait spectral counts > control spectral counts. Significant
proteins were then used in subsequent interaction network analysis and visualization using
the Ingenuity Pathways Analysis (IPA) tool. To generate the biological networks, both direct
and indirect interactions were used and the Ingenuity knowledge base was used as the
reference set. BioGRID version 3.1.78 was used in the sensitivity analysis for the APC data
sets.

SDS-PAGE and Western Blot Analysis
Equal amount (20 μg) of proteins from different samples was loaded on precast 4–12% Bis-
Tris gel (Invitrogen NP-0335, Carlsbad, CA) and subjected to electrophoresis. Afterward,
gels were either stained with Coomassie Brilliant Blue or transferred to nitrocellulose
membrane (Whatman 10402594, Dassel, Germany). Western blotting was used to detect the
protein with super signal ELISA Pico chemiluminescent substrate (Pierce 37070, Rockford,
IL). Primary antibodies anti-FLAG (Sigma F1804, Saint Louis, MO), anti-DNMT1 (Cell
Signaling Technology 5119, Danvers, MA), anti-MRE11 (Novus Biologicals NB100-142,
Littleton, CO), anti-APC (generously provided by Dr. Kristi Neufeld from University of
Kansas), anti-β-catenin (Cell Signaling Technology 9581, Danvers, MA), anti-TPM1 (Cell
Signaling Technology 3910, Danvers, MA), anti-FLII (Santa Cruz sc-55583), anti-ERBB2IP
(Sigma 09105, Saint Louis, MO) and anti-α-tubulin (Cell Signaling Technology, Inc., 2144,
Danvers, MA) as loading control were applied at 1:1000 and secondary antibodies
horseradish peroxidase (HRP)-conjugated anti-mouse (Promega W4011, Madison, WI) and
HRP-conjugated anti-rabbit (Novus Biologicals NB730-H, Littleton, CO) were added at
1:20 000. Chemiluminescence detection using SuperSignal* ELISA Pico Chemiluminescent
Substrate (Thermo Scientific PI-37070, Rockford, IL) was applied to all westerns.

RESULTS
Overview of the Knock-In AP-MS Strategy

Figure 1 provides an overview of the knock-in AP-MS pipeline. AP-MS experiments are
performed as shown in Figure 1A. Endogenous human target genes are epitope-tagged by
introduction of triple-FLAG tags directly into the human genome in selected human cell
lines as previously described.17 AP-MS experiments using these knock-in cells in parallel to
control cells (the untagged parental cell-line) are performed and analyzed using label-free
LC–MS/MS. The targeting vector used for generating knock-in cell lines and the resulting
epitope-tagged bait proteins are shown in Figure 1B. Complete details of how knock-in
epitope-tagged cell lines are created are provided in the Supplementary Methods in
Supporting Information.

We selected 3 target human genes for development and proof of principle of the knock-in
AP-MS pipeline. These 3 target genes, Meiotic Recombination 11 Homologue A
(MRE11A), DNA-methyltransferase 1 (DNMT1) and Adenomatous Polyposis Coli (APC),
were selected based upon their significance to human colorectal cancer, an area of interest in
our laboratories, and epitope-tagged in relevant human colorectal cancer cell lines. MRE11A
(meiotic recombination 11 homologue A) encodes a component of the heterotrimeric MRN
complex (with Rad50 homologue, RAD50 and Nijmegen breakage syndrome 1, NBN), that
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plays a key role in DNA double-stranded repair and other recombination-related
processes.22 The MRE11A gene was tagged in the RKO colorectal cancer cell-line
(MRE11KI-RKO) and we previously showed that the subcellular localization in nuclei of
epitope-tagged MRE11A in MRE11KI-RKO cells resembled that of untagged MRE11A.17

In addition, immunopurification with anti-FLAG from MRE11KI-RKO cells showed
association of MRE11A with RAD50 and NBN using Western blots.17

In this study, we used the MRE11KI-RKO cell line to test knock-in AP-MS in terms of the
reproducibility and significance of mass spectrometry based identification of MRN complex
components. A second target gene, DNMT1, was epitope-tagged in two colorectal cancer
cell lines, RKO (DNMT1KI-RKO) and HCT116 (DNMT1KI-HCT116). Subsequent AP-MS
experiments were conducted using the DNMT1KI-RKO cell line. DNMT1 establishes and
maintains patterns of DNA methylation during development and differentiation, and
disregulation of DNMT1 is associated with many different cancers and implicated in
colorectal carcinogenesis.23

The third target gene, APC, is a large (2843 amino acids; 311 kDa) multifunctional protein,
best characterized as a tumor suppressor in colorectal cancer. APC is a negative regulator of
the Wnt Signaling pathway and defects of the APC gene are tightly associated with the
development of colorectal cancer.24 There is significant interest in identification of novel
APC interacting proteins, both because of the importance of APC in colorectal cancer as
well as understanding the diverse cellular functions of APC.25 Other possible AP-MS
approaches to identification of APC interactors include transgenic expression of epitope-
tagged APC or immunopurification of APC using native antibodies. However, neither of
these approaches is straightforward. In the first case, the large size of APC makes
construction and cloning of the epitope-tagged APC gene challenging, and in the second
case, the variability of native APC antibodies16 hinders immunopurification of native APC.
Knock-in AP-MS circumvents these issues. We knock-in tagged APC in the HCT116 cell
line (APCKI-HCT116) and used this cell line to identify APC interacting proteins.

Expression of Epitope-Tagged Target Proteins
Prior to developing knock-in AP-MS, we observed considerable variability of bait protein
expression levels following transient transfection of overexpression clones. For example,
transient transfection of RKO cells with a FLAG-MRE11A construct showed significant
variability of FLAG-MRE11A protein expression (Supplementary Figure 5A), although
there is little difference between overall FLAG-MRE11A protein expression level after
pooling multiple overexpression clones and FLAG-MRE11A expression in difference in
MRE11KI-RKO cells (Supplementary Figure 5B in Supporting Information).

The previously described knock-in tagging approach17 was used to generate triple-FLAG
epitope-tagged target proteins (Figure 1B) for the 3 loci of interest in two different human
colorectal cancer cell lines (RKO and HCT116). The knock-in approach (Figure 1B)
generates cell lines expressing full-length target proteins with a C-terminal triple FLAG tag
(N-DYKDDDDKDYKDDDDKDYKDDDDK-C). To confirm expression of the
recombinant proteins, Western blot analysis of whole cell lysates from knock-in cell lines
and parental (RKO and/or HCT116) cell lines was performed (Figure 2A). For each of the 3
target genes (MRE11A, DNMT1 and APC), immunoblots of two independently tagged cell
lines with either the anti-FLAG or a respective native antibody are shown. Since a key
motivation for development of knock-in AP-MS is that bait protein expression should be
maintained at endogenous levels, we compared expression levels of FLAG-tagged proteins
with untagged equivalents and found that these are approximately similar (Figure 2A). High
resolution anti-DNMT1 Western blots of the DNMT1KI-RKO and DNMT1KI-HCT116 cell-
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lines are provided in Supplementary Figure 7 showing untagged and tagged endogenous
DNMT1 alleles.

Recovery and Identification of Protein Complexes
To purify protein complexes for each target protein from total cellular extracts, we used
affinity purification using anti-FLAG resin (Figure 1A). Protein complexes of protein baits
were captured by affinity binding of FLAG-tagged bait protein and anti-FLAG resin and
nonbinding proteins were washed off the protein–resin mixture. The protein complexes were
then eluted by FLAG peptide competition to the resin. Bait proteins were identified in both
whole cell lysates and elution fractions from affinity purifications (Figure 2B), indicating
successful recovery of protein complexes and their respective baits. Figure 2B also shows
that affinity purification using anti-FLAG significantly amplifies the bait protein signal as
compared to whole cell lysates (Figure 2B). In the case of MRE11A, a trace of FLAG signal
of the same protein size (~100 kDa) as FLAG-MRE11A (Figure 2B) was detected in flow
through fractions (FT). This is likely due to the saturation of FLAG-tagged proteins loaded
on a given amount of anti-FLAG resin. To estimate the quantitative enrichment of bait
proteins that we observe in affinity purifications, we performed 3 replicate purifications
from MRE11KI-RKO cells. Quantitative Western blot analysis showed an estimated 25-fold
enrichment of bait proteins from affinity purification compared to whole cell lysate
(Supplementary Figure 1).

Elution fractions from affinity purification were directly desalted, digested and analyzed by
nano-HPLC coupled LTQ mass spectrometer. The raw data were searched against the
human International Protein Index (IPI) sequence database using the Mascot search engine
and analyzed with Scaffold software.20,21 Example base peak chromatograms for replicate
mass spectrometry runs and annotated spectra for selected peptides corresponding to RAD50
and NBN from the MRE11A AP-MS experiments are in Supplementary Figure 3.

Knock-in Cell Lines Are Robust and Reproducible Substrates for AP-MS
To gage the sensitivity and reproducibility of knock-in AP-MS, replicate AP-MS
experiments, each consisting of a control and bait immunoprecipitation, were performed for
two baits, MRE11A (n = 7) and DNMT1 (n = 5). Bait/control spectral count ratios were
calculated for each identified protein (Scaffold probability ≥99%; 2 or more peptides/
protein) and significance assessed for each protein based upon the replicate experiments
(Wilcoxon rank sum test). The significance (y-axis) versus the log2 (bait/control) (x-axis)
are plotted for each protein identified in the volcano plots in Figure 3. All proteins above the
horizontal lines in each plot are significant at p < 0.05 (Wilcoxon rank sum test). Thus,
putative bait-interacting proteins appear in the upper right segment of each plot, and selected
proteins are labeled (protein identification and spectral count data and analysis are in
Supplementary Tables 1A–D and Supplementary Tables 2A–D, respectively).

Using the MRE11KI-RKO cell line and parental RKO cells as control, the MRE11A-
RAD50-NBN complex was reproducibly identified. MRE11A, RAD50, and NBN peptides
were uniquely detected in all replicate MRE11KI-RKO affinity purifications with p-values of
p < 0.003, p < 0.003, and p < 0.01, respectively (Wilcoxon rank sum test). Thus, as a test
case, knock-in AP-MS using MRE11A bait showed significant, reproducible identification
of MRN complex components. We also compared the knock-in approach to overexpression
of MRE11A-FLAG constructs in RKO cells. In two replicate overexpression experiments,
we observed substantially similar sets of proteins as knock-in experiments, indicating that
the knock-in approach performs as well as the overexpression approach, at least for the
MRE11A bait (spectral count data for these experiments are provided in Supplementary
Table 4).
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Replicate AP-MS experiments with the DNMT1KI-RKO cell-line revealed ubiquitin-specific
peptidase (USP7) as a DNMT1 associated protein (p < 0.003). We recently showed that
USP7 deubiquitinates DNMT1 and functions in concert with several other proteins to
regulate DNMT1 stability.26 Thus, using knock-in cell lines in conjunction with AP-MS is
able to identify physiologically and functionally relevant interacting proteins. We also note
the identification of both isoform 1 and 2 of DNMT1. Although DNMT1 isoform 1 is
predominantly identified in the anti-DNMT1 pull-downs, we also identified DNMT1
isoform 2 with two unique peptides, suggesting that the endogenously tagged DNMT1
produces both known protein isoforms.51

Identification of APC Interacting Partners Using Knock-In AP-MS
As a key determinant of colorectal carcinogenesis, there is significant interest in identifying
proteins associated with the APC protein that may further shed light on the cellular functions
of this protein. We therefore used the APCKI-HCT116 cell line in AP-MS experiments and
analyzed the results as shown in Figure 4A. The volcano plot in Figure 4A summarizes
results from a replicated (n = 5) knock-in AP-MS experiment using APCKI-HCT116 cells.
In all cases, replicate experiments refer to biological replicates, in which independent
affinity purifications are performed. In a separate replicate experiment (n = 2), additional
significant APC interactors were identified such as alpha-catenin (CTNNA1)
(Supplementary Table 1B).

To functionally organize these data, we assembled them into interaction networks using the
Ingenuity Pathways Analysis (IPA) tool. Proteins significant at p < 0.05 (Wilcoxon rank
sum test) were initially organized into the network shown in Figure 4B. Several additional
proteins (POLR2E, RQCD1, KPNB1 and RAN) significant at p < 0.1, were added where
these extended the core functions present in the network. This network identifies the key
cellular functions of APC, including interaction with chromatin,27 as a tumor suppressor in
the Wnt signaling pathway,24 and as an organizer of microtubule networks in cellular
mobility and migration.25

A previous proteomics study comparing colonic mucosa from patients heterozygous for an
APC mutation with control patients28 identified several proteins in common with proteins
identified in the knock-in AP-MS experiments. Specifically, Patel et al. identified many
proteins involved in cytoskeletal and microtubule regulation that were more abundant in
cells harboring the APC truncation mutation. Multiple Tropomyosin family proteins were
identified by Patel et al. that were also present in the APC knock-in AP-MS data set. In
addition, Patel et al. identified Ras Suppressor 1 (RSU1) as more abundant in control
colonic mucosa cells than FAP colonic mucosa. In our AP-MS experiments, RSU1 was
identified as more abundant in APCKI-HCT116 AP-MS experiments than in control (p <
0.1). We therefore tested several of these proteins for their presence in APC-associated
protein complexes.

First, we checked the existence of β-catenin as well as APC in affinity purification elution
fraction by Western blot using anti-β-catenin and anti-FLAG antisera, respectively. In two
experimental replicates, FLAG-tagged APC and β-catenin were only present in elution
fractions originating from APC knock-in HCT116 cells, and not in parental HCT116 cells
(Figure 5), indicating that endogenously epitope-tagged APC binds to β-catenin in APCKI-
HCT116 cells.

In addition, we used independent affinity purification and Western blot analysis using
antisera against two additional proteins, Tropomyosin 1 (TPM1) and Ras Suppressor 1
(RSU1). As shown in Figure 5, TPM1 is clearly more abundant following anti-FLAG
immunopurification in elution fractions from APCKI-HCT116 cells than in HCT116 cells,
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validating the AP-MS data and implying an association between APC and TPM1. We were
unable, however, to detect RSU1 in Western blot experiments in APCKI-HCT116 cells (data
not shown), and are therefore unable to conclude that APC and RSU1 occur in the same
protein complexes.

Combining Subcellular Fractionation with Knock-In AP-MS Identifies Novel Nuclear APC
Interactions

The diverse functions of APC in different subcellular locations of the cell25,29 prompted us
to attempt to identify APC associated proteins in specific subcellular compartments. In
particular, there is significant interest in defining the functions of APC in the nucleus and in
how the nuclear functions of APC relate to colorectal cancer progression.30 We also
reasoned that the sensitivity of knock-in AP-MS would be increased by an additional
subcellular fractionation step. Subcellular fractionation techniques were used to generate
enriched nuclear and cytosolic fractions prior to affinity purification. Western analysis using
native antibodies showed that subcellular compartment-specific proteins (DNMT1 and
GAPDH) were uniquely present in nuclear and cytosolic fractions, respectively (Figure 6A).
Using either native anti-APC antibodies or anti-FLAG antibodies, native and epitope-tagged
APC were found to be present in both cytosolic and nuclear fractions. Both antibodies show
higher signal in cytosolic fractions than in nuclear, in line with other reports that wild-type
APC is primarily cytoplasmic in colorectal cancer cells.29 Thus, the subcellular distribution
of the knock-in epitope tagged APC allele is similar to that of the endogenous untagged
APC protein, with predominant signal in the cytoplasm.

We next used AP-MS to analyze nuclear and cytosolic fractions from the APCKI-HCT116
cell line (protein identification and spectral count data from subcellular fractionation
experiments are in Supplementary Tables 3A and 3B, respectively). We focused on proteins
identified solely in the nuclear fractions from APCKI-HCT116 cells following AP-MS that
may represent nuclear-specific interactors of APC. One such protein, Flightless-1
homologue (FLII), has previously been shown to functionally interact with β-catenin and
inhibit β-catenin-mediated gene-transcription.31,32 To test whether the association between
APC and FLII was exclusive to, or enriched in the nuclear fraction, we performed Western
blot analysis. As shown in Figure 6A, Western analysis of cell lysates (without
immunopurification) of endogenous FLII indicates significantly more FLII in the cytosolic
fraction than in the nuclear fraction. However, in anti-FLAG immunoprecipitates of nuclear
and cytosolic fractions, FLII is significantly enriched in the nuclear fraction (Figure 6B). As
shown in Figure 6B, FLII was only detected by mass spectrometry in the nuclear fraction
after anti-FLAG pull-down of APC. In addition, although there is some cytosolic signal,
Western analysis (Figure 6B) indicates significant enrichment of FLII in nuclear fractions
after APC pull-down. Thus, although FLII and APC proteins are both more abundant in the
cytoplasm than they are in the nucleus, their coassociation is enriched in the nucleus. Given
the previous studies of FLII interaction with β-catenin,31,32 it is quite probable that FLII,
APC and β-catenin all co-occur in the same protein complexes in the nucleus.

We observed that many of our knock-in AP-MS interactions were also found in a recent
yeast-two-hybrid study34 using APC as a bait (see next section). A feature of yeast-two-
hybrid is the sensitivity with which direct interactions between potentially low-abundance
proteins can be assayed. Erbb2 interacting protein (ERBB2IP) was found in both the yeast-
two-hybrid study and in our knock-in AP-MS subcellular fractionation study. The PDZ
domain of ERBB2IP was previously shown to mediate its interaction with both APC and β-
catenin.36 ERBB2IP was also shown to negatively regulate β-catenin dependent gene
expression.37 ERBB2IP is a paralog of scribble (SCRIB), both members of the LAP (LRR
and PDZ domain containing family), and SCRIB functions in the Wnt signaling pathway
and also interacts with APC via a PDZ domain.38 Peptides corresponding to ERBB2IP were
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identified only in the nuclear fraction from APCKI-HCT116 cells. To further validate the
APC–ERBB2IP association, Western blot analysis using anti-ERBB2IP antibodies was
performed as shown in Figure 6B. This analysis revealed significant enrichment of
ERBB2IP protein in anti-FLAG immunoprecipitates from APCKI-HCT116 cells. Although
ERBB2IP signal was found only in the nuclear fraction in AP-MS experiments, the antibody
shows cytosolic signal as well, possibly indicating that the sensitivity of our AP-MS
experiments could be further increased. Interestingly, while in the process of preparing this
manuscript, another study identified ERBB2IP as an APC interactor, and showed that the
APC-ERBB2IP was increased in the presence of Wnt stimulation.39

Comparing Knock-In AP-MS Interactions versus Known
To benchmark knock-in AP-MS, we compared the APC data sets to physical interactions in
BioGRID, a resource that collates interactions acquired using diverse techniques.33

BioGRID lists 98 distinct APC interactions from 21 different studies where APC was used
as a bait. The majority of these 98 interactions have been identified from single studies, with
only 3 (CTNNB1, CTNNA1 and JUP) identified as APC interactors in more than one study.
We used the BioGRID data set to benchmark knock-in AP-MS data sets as follows. First, we
computed the overlap between our data sets and the BioGRID data set at varying statistical
thresholds. Figure 7A plots the proportion of proteins identified that are present in the
BioGRID data set at different p-value thresholds (Wilcoxon rank sum test, as in Figure 3),
and shows how this proportion increases with increasing statistical stringency. Thus, at p-
value <0.05, ~1/3 of the proteins identified are already in the APC BioGRID data set.
Similarly, we plotted the proportion of identified proteins that are in BioGRID versus the
bait/control ratio threshold (Supplementary Figure 7). Overall, ~20% (22 proteins) of the
existing BioGRID set is found in the knock-in AP-MS data sets, and of these 22 proteins, 19
have log2 (bait/control ratio) greater than 0). We observed that a recent yeast-two-hybrid
study34 showed a particularly high overlap with the set of knock-in AP-MS APC proteins.
Indeed, 17 of 22 proteins present both in the knock-in AP-MS data set and BioGRID are
also represented in the yeast-two-hybrid of Bandyopadhyay et al.34 This is a significant
overlap, given that previous comparisons of AP-MS and yeast two-hybrid studies from
different laboratories have tended to show minimal overlap.35

We next ascertained whether subcellular fractionation enhances the sensitivity of knock-in
AP-MS experiments. All proteins in fractionated or unfractionated data sets with 2-fold or
greater bait/control ratios were compared to the BioGRID data set (198 proteins from
fractionated experiments and 44 proteins from unfractionated experiments). The subcellular
fractionation experiments identified 15 BioGRID proteins, whereas the unfractionated
experiments identified only 5 BioGRID interactions, 4 of which were also identified in the
fractionated experiments (Figure 7B shows a Venn diagram of this analysis). Therefore,
subcellular fractionation substantially increased the sensitivity of knock-in AP-MS to detect
protein interactions, as judged by the number of known interactions detected. In addition,
although we cannot directly compute the rates of false positives in these data sets, the
proportion of true positives is approximately similar between fractionated and
unfractionated experiments (8% and 11%, respectively), suggesting that the larger numbers
of proteins identified in the fractionated experiments does not necessarily equate to larger
numbers of false positives.

Since one of our goals in these experiments is to identify nuclear APC-associated proteins,
we also established whether subcellular fractionation measurably increases the proportion of
known nuclear proteins. Of the 198 proteins in the subcellular fractionation experiments
with a bait/control ratio >2-fold (either in cytosolic or nuclear fractions), 57% were classed
as cytosolic-specific, 34% as nuclear-specific, and 9% as neither (based upon spectral count
signal in the nuclear or cytosolic fraction exceeding 50% of the total spectral counts from all
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other fractionated samples. Within the “nuclear-specific” proteins, we observed that 41% of
proteins are annotated with the Gene Ontology term “nucleus”. In contrast, considering all
proteins identified, only 31% are annotated with “nucleus”, suggesting that subcellular
fractionation when combined with knock-in AP-MS does improve identification of nuclear
proteins. In summary, this analysis shows that knock-in AP-MS is able to identify a
significant fraction of known interactions, and that subcellular fractionation substantially
increases the sensitivity of the approach.

DISCUSSION
Here we describe knock-in AP-MS, a technique combining knock-in epitope-tagged cell
lines and affinity-purification mass spectrometry (AP-MS) for identification of protein
complexes and networks. Knock-in techniques were used to endogenously tag genes in
human cancer cells by expressing C-terminal FLAG-tagged proteins at endogenous levels.
Label-free mass spectrometry was used to identify interacting proteins for three target
proteins, MRE11A, DNMT1 and APC. Our results show that knock-in AP-MS with
endogenous target proteins expressed at physiological levels provides a robust tool for
mapping protein interactions.

Knock-in AP-MS reproducibly identifies all components of the MRN complex, of which the
bait MRE11A is a component. Utilizing knock-in AP-MS to identify DNMT1 associated
proteins, we identified USP7 as a reproducibly occurring protein in AP-MS experiments.
We previously showed that USP7 forms a complex with DNMT1 regulators UHRF1, Tip60,
HDAC1 and PCNA and that this complex regulates DNMT1 stability through
deubiquitination and acetylation.26 Knock-in AP-MS enabled identification of multiple APC
interacting proteins. Several of these were previously reported, including multiple proteins
only previously observed in APC yeast two-hybrid experiments. We show that knock-in AP-
MS is able to identify APC interacting proteins such as Flightless-1 homologue (FLII), and
that the association between APC and FLII occurs more abundantly in nuclear fractions. AP-
MS, in common with other protein–protein interaction techniques, is susceptible to false-
negatives (failure to identify already known protein interactions). These may be biological
(interactions only occurring in specific cells or tissues) or technical, such as lack of
sensitivity (AP-MS may fail to detect transient interactions). For example, we did not
identify ARHGEF4 protein in anti-FLAG pull-downs from APCKI-HCT116 cells, and
ARHGEF4 (Asef) was previously shown to link APC to G-protein signaling.52

A primary motivation for developing knock-in AP-MS as a platform for protein interaction
network mapping is to exploit the efficiency of epitope-tagging for immunopurification
while expressing tagged proteins at physiological levels. The most commonly used
approaches for identification of protein complexes using AP-MS use either ectopic
expression of epitope-tagged cDNAs (driven by generic promoters) or native antibodies for
endogenous proteins. These methods have been widely applied in multiple model organisms
such as Oryza sativa,40Caenorhabditis elegans,41Saccharomyces cerevisiae3,42 and Homo
sapiens5,6 and have provided significant insights into eukaryotic interaction network
biology. However, both the cDNA approach and native antibody approach have important
drawbacks. In the cDNA approach, inappropriate expression of epitope-tagged proteins may
alter natively occurring protein interactions and networks. A previous systematic study of
protein overexpression in yeast showed that approximately 15% of yeast ORFs when
overexpressed resulted in reduced growth rate.43 Using native antibodies circumvents the
issue of protein overexpression, but may suffer from the variability or lack of antibodies for
all proteins, thus not being scalable to the complete proteome. Methods that combine the
efficiency and scalability of epitope-tagging while ensuring that tagged proteins are
expressed at physiologically relevant levels will therefore be powerful, scalable tools for
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accurately mapping eukaryotic interaction networks. A promising approach that makes use
of recombineering to engineer large bacterial artificial chromosomes (BACs) constructs
containing the tagged target gene and its associated regulatory sequences was previously
described.10 The engineered BACs integrate into the host genome and express the epitope-
tagged transgene at endogenous levels.10 The QUBIC platform combines expression of
tagged genes from BAC constructs with quantitative proteomics and has been shown to
provide a sensitive platform for identification of in vivo protein interactions.44 As noted by
the authors, BAC TransgeneOmics does not necessarily guarantee integration and
expression of a single BAC transgene per cell.10 In addition, untagged endogenous proteins
may compete with the epitope-tagged protein for incorporation into multiprotein complexes
decreasing the sensitivity of the assay.45 It was previously shown in Drosophila AP-MS
experiments that RNAi depletion of endogenous, untagged target protein increased the
sensitivity of AP-MS and enabled detection of novel interactors.45 Knock-in AP-MS, as
described here, results in epitope-tagging of an endogenous allele of the target gene,
therefore, potentially reducing the overall expression of untagged target gene.17 In addition,
if desired, the knock-in technique may be used to sequentially target both alleles of the
target gene (data not shown), further increasing the sensitivity of AP-MS. Though knock-in
cell lines can be fairly rapidly produced (3 months from start to finish in the Wang
laboratory) and would be amenable to being scaled up, the throughput may not ultimately
match that of BAC transgene engineering.

Whether epitope-tagging of proteins significantly alters protein function or interaction is
best evaluated on a case-by-case basis. A previous global study of protein localization of
budding yeast46 found excellent (~80%) overlap with previously published localization data
arguing that the C-terminal tag does not widely alter appropriate subcellular localization.
There are, however, individual examples of epitope tags interfering with endogenous protein
function.4 The epitope-tagged proteins used in our study appear to function similarly to
untagged, endogenous equivalents. FLAG-MRE11A was nuclear localized17 and associated
with known protein partners (this paper). FLAG-STAT3 retained the ability to activate the
expression of a target gene47 and FLAG-DNMT1 maintains its regulatory pathway through
coordinated deubiquitination and acetylation-driven ubiquitination.26 In addition, Western
analysis (Figure 6A) indicated that both native APC and FLAG-APC are present in nuclear
fractions, but are more abundant in cytosolic than nuclear fractions. These examples suggest
that epitope-tagging, at least for the genes investigated in this study does not radically
disrupt protein function or interactions.

In the current study, we use knock-in AP-MS to identify novel proteins associated with the
important oncoprotein APC. These include FLII, Flightless-1 homologue, previously
discovered to inhibit β-catenin dependent gene transcription. The identification of novel
nuclear APC interacting proteins is significant because the nuclear functions of APC are not
well understood.30 Studying the APC protein interactome using AP-MS is challenging
because of the size of the full-length APC protein (~312 kDa) and variability of available
antibodies.29 Endogenous tagging of APC through knock-in techniques circumvents these
issues and provides a platform for discovery of APC interacting proteins in an environment
in which the endogenous APC expression mechanisms are maintained.

The potential of knock-in AP-MS is underscored by our identification of multiple APC
interacting proteins only previously identified using yeast two-hybrid techniques.34

Although two-hybrid methods are the preferred technique for identification of direct
physical interactions between low-abundance proteins, the downside is that experiments are
typically performed in a heterologous system (yeast). Our experiments confirm that multiple
APC interacting proteins, previously only identified through yeast-two-hybrid, do indeed
occur in human cells. In addition, we show that by performing subcellular fractionation in
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conjunction with knock-in AP-MS, we are able to identify interactions enriched in different
subcellular compartments, which is of significant interest because APC exists in multiple
different cellular pools with diverse functions.16,30

We also anticipate that knock-in AP-MS will be a useful tool for identifying proteins
associated with mutated oncoproteins. In the case of APC, mutations in the Mutation Cluster
Region encode truncated APC proteins and occur frequently in colorectal cancer tissues. The
truncated APC protein product is hypothesized to be selected for by cancer cells, potentially
to maintain an optimal level of Wnt signaling.48 Knock-in tagging of endogenous mutant
APC protein could be a powerful means of uncovering mutant APC specific functions and
protein interactions, although we recognize that the C-terminal tagging approach described
here may not be appropriate for mutations that truncate the protein. Finally, using knock-in
AP-MS in conjunction with signaling pathway stimuli or drugs will enable the dynamics of
protein complexes and networks to be unraveled. As a key component of the Wnt signaling
pathway, understanding how APC interactions and/or functions may be controlled is of
significant biomedical interest.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Knock-in AP-MS workflow. (A) Experimental design of knock-in AP-MS in this study. (B)
Targeting vector (previously described in Zhang et al. 2008)17 and three targeted human
genes (MRE11A, DNMT1 and APC) used in this study are shown. Each gene was tagged
with a 3×FLAG at the C-terminal end.
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Figure 2.
Western blots revealed protein expression levels in knock-in cells and monitored the
efficiency of affinity purification. (A) 3×FLAG tagged proteins expressed at similar levels
as endogenous proteins in knock in cells. (B) Significant enrichment of target proteins and
their respective complexes by affinity purification. M refers to standard protein marker, L
refers to lysate, W refers to wash, E refers to elution fraction and FT refers to flow through.
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Figure 3.
Statistical analysis of knock-in AP-MS experiments. (A) MRE11A bait, (B) DNMT1 bait.
Volcano plots of proteins identified from replicated AP-MS experiments are plotted with
log2 (bait/control spectral counts ratio) on x-axis and –log10 P-value (Wilcoxon) on y-axis.
Horizontal and vertical dashed lines indicate log2 ratio > 0 and p < 0.05, respectively.
Selected significant proteins labeled with gene symbol. Complete sets of significant proteins
for MRE11A and DNMT1 studies are highlighted in Supplementary Tables 2C and 2D,
respectively.
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Figure 4.
Analysis of knock-in AP-MS experiments with APCKI-HCT116 cell line. (A) Volcano plot
of proteins identified from replicated AP-MS experiments with APCKI-HCT116 and
HCT116 control cells (details as Figure 3). (B) Selected interaction network from knock-in
APC AP-MS experiments. Each node in the network represents a protein identified as
significant (p < 0.05) in APC AP-MS experiments. All proteins shown were found with
increased abundance in APC bait experiments compared to control and node shade (red)
indicates the magnitude of the bait/control ratio of spectral counts. AP-MS proteins are
superimposed on known networks for corresponding genes and proteins (from Ingenuity
Pathways Analysis). Edges between nodes indicate known interactions (solid edge = direct
interaction, dashed edge = indirect interactions). Complete sets of proteins from APC AP-
MS experiments are in Supplementary Tables 2A and 2B.
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Figure 5.
Western blot verifications of selected known and novel APC interactors. Elutions from IP by
α-FLAG/APC were loaded on SDS-PAGE followed by Western blot analyses with antisera
against APC interactors, β-catenin, APC, and TPM1. M refers to standard protein marker
and rep in sample name refers to biological replicates. Antisera α-tubulin and β-catenin
were used as loading controls for equal loading of cell lysate for each IP experiment.
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Figure 6.
Subcellular fractionation coupled to knock-in AP-MS increases sensitivity for detection of
novel APC-interacting proteins. (A) Cellular fractionation of APC knock-in and parental
HCT116 cells. Twenty micrograms of proteins from each fraction was loaded on SDS-
PAGE followed by Western blot analyses with anti-FLII, anti-FLAG, anti-APC, anti-β-
catenin, anti-α-tubulin, anti-DNMT1. M refers to standard protein marker and the numbers
at end of sample names refer to biological replicates. (B) Western blot verifications of novel
APC interactors Flightless-1 (FLII) and erbb2 interacting protein (ERBB2IP) in cellular
fractions. Elutions from IP by α-FLAG/APC were loaded on SDS-PAGE followed by
Western blot analyses with antisera against FLII. M refers to standard protein marker, R
refers to biological replicates, Cyto refers to cytoplasmic fraction and Nuc refers to nuclear
fraction. The Western blot was then quantified and compared to spectral counts in LCMS
data (bar charts below the Western blot).
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Figure 7.
Benchmarking knock-in AP-MS against known interactions. (A) The proportion of
interactions identified that are already known (BioGRID) vs the bait/control p-value for the
APC (unfractionated) replicated data sets. At p < 0.05, approximately 1/3 of proteins
identified are known APC interactions according to BioGRID. (B) Overlap between APC
BioGRID interactions and proteins identified using knock-in AP-MS (all proteins with bait/
control ratio ≥2), with or without prior subcellular fractionation. Proteins in bold were also
identified as APC interactors in the Bandyopadhyay et al.34 study using yeast two-hybrid.
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