
Oncogene (2018) 37:4273–4286
https://doi.org/10.1038/s41388-018-0267-3

ARTICLE

Ubiquitylation and degradation of adenomatous polyposis coli by
MKRN1 enhances Wnt/β-catenin signaling

Hae-Kyung Lee1 ● Eun-Woo Lee 2
● Jinho Seo1

● Manhyung Jeong1
● Seon-Hyeong Lee3 ● Soo-Youl Kim3

●

Eek-Hoon Jho4
● Chel Hun Choi5 ● Joon-Yong Chung 6

● Jaewhan Song 1

Received: 25 August 2017 / Revised: 8 March 2018 / Accepted: 27 March 2018 / Published online: 1 May 2018
© Macmillan Publishers Limited, part of Springer Nature 2018

Abstract
The adenomatous polyposis coli (APC) protein has a tumor-suppressor function by acting as a negative regulator of the Wnt
signaling pathway. While its role as a tumor suppressor is well-defined, the post-translational modifications that regulate
APC stability are not fully understood. Here we showed that MKRN1, an E3 ligase, could directly interact with and
ubiquitylate APC, promoting its proteasomal degradation. In contrast, an E3 ligase-defective MKRN1 mutant was no longer
capable of regulating APC, indicating that its E3 ligase activity is required for APC regulation by MKRN1. Strengthening
these results, MKRN1 ablation resulted in reduced β-catenin activity and decreased expression of Wnt target genes. The
ability of the Wnt-dependent pathway to induce cancer cell proliferation, migration, and invasion was impaired by MKRN1
depletion, but restored by simultaneous APC knockdown. Taken together, these results demonstrate that MKRN1 functions
as a novel E3 ligase of APC that positively regulates Wnt/β-catenin-mediated biological processes.

Introduction

Wnt proteins, secretory proteins that are highly conserved
across many species, were first identified for their onco-
genic function and later shown to be involved in embryonic
development by regulating body patterning, cellular pro-
liferation, and migration [1–6]. The Wnt signaling pathway
is mediated via ligation of the frizzled (Fz) receptor, a G-
protein coupled receptor, and its co-receptors such as lipo-
protein receptor-related protein (LRP)-5/6 [7]. Activation of
Wnt receptors is next recognized by Disheveled (Dsh),
which branches off the canonical and noncanonical Wnt
pathways [8].

Under normal conditions, β-catenin is tightly maintained
at a low level by the destruction complex consisting of
Axin1, adenomatous polyposis coli (APC), glycogen syn-
thase kinase 3 (GSK3), and casein kinase 1α (CK1α) in the
cytosol [8–10]. Activation of the canonical pathways leads
to the accumulation of β-catenin in the cytoplasm and the
nucleus by abrogation of the destruction complex [11].
Accumulated β-catenin coactivates transcription factors in
the TCF/LEF family and controls diverse biological pro-
cesses, including development, differentiation, and pro-
liferation, in various tissues, adult stem cells, and progenitor
cells [6, 12–16]. In contrast, hyperactivation of Wnt
pathways is associated with many human diseases,
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including major sporadic and hereditary colorectal
cancers [10, 17–21].

The APC gene encodes one of the main components of
the destruction complex, which places a major inhibitory
role in Wnt signaling by instigating the ubiquitin-mediated
degradation of β-catenin. APC interacts with numerous
components of the destruction complex, including AXIN1,
GSK3β, CK1, PP2A, and β-catenin, and these interactions

are critical for the phosphorylation and degradation of β-
catenin [7, 22–24].

APC is currently recognized as one of the most fre-
quently mutated genes in human cancers [25]. Most of these
mutations result from frameshifts that produce truncated
proteins lacking the serine/alanine/methionine/proline
repeats around codon 1580, or the 15 and 20 amino-acid
repeats, both of which are critical for binding to Axin or
regulating β-catenin stability, respectively [17]. Therefore,

Fig. 1 MKRN1 ablation suppresses Wnt/β-catenin signaling. a Effects
of MKRN1 depletion on β-catenin transcriptional activity. STF293
were transfected with control siRNA (siCtrl) or siRNAs targeting
MKRN1 (siMKRN1#5 and siMKRN1#7). TOP-FLASH activities
were measured after treating the transfected cells with conditioned
medium from L-CM or Wnt3a-CM (left graph), PBS, or 200 ng/mL of
recombinant human Wnt3a ligand (rhWnt3a) (right graph) for 18 h.
The data represent the average values from three independent
experiments. The error bars represent the mean ± SD of triplicates. b
Effects of MKRN1 ablation on β-catenin target gene expression.
Quantitative real-time PCR (qRT-PCR) was performed to evaluate the
expression of the indicated Wnt target genes after MKRN1 knock-
down by siRNAs in HEK293T cells treated with L-CM or Wnt3a-CM.
The quantities of the indicated mRNAs were normalized to GAPDH.
The data represent the average values from three independent
experiments. The error bars represent the mean ± SD of triplicates. c
Effects of MKRN1 ablation on β-catenin levels. HEK293T cells were

transfected with siCtrl or siMKRN1, followed by treatment with L-CM
or Wnt3a-CM for 2 h. The nuclear and cytoplasmic fractions of these
cells were analyzed by WB with antibodies against β-catenin,
MKRN1, GAPDH, and PARP. PARP and GAPDH were used for
nuclear and cytosolic markers, respectively. The MKRN1 bands are
indicated by arrowheads. The asterisk indicates nonspecific bands
above MKRN1. d β-catenin immunostaining upon MKRN1 knock-
down. H1299 cells were transfected with siCtrl or siMKRN1, followed
by L-CM or Wnt3a-CM treatment for 24 h. Endogenous β-catenin
localization was detected using α-β-catenin mouse antibodies followed
by secondary FITC mouse antibodies for immunofluorescence analy-
sis. The nuclei were stained with DAPI. The cells were analyzed using
fluorescence microscopy. All images were captured under the same
exposure conditions. Representative images of β-catenin immunos-
taining are shown (scale bar, 10 μm). ns=non-significant, *P < 0.05,
**P < 0.01, ***P < 0.001
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cancer cells expressing truncated APC have high levels of
β-catenin in the cytoplasm and nucleus, which results in the
deregulated expression of Wnt target genes. Approximately
15% of colorectal tumors with wild-type (WT) APC harbor
mutations in the β-catenin phosphodegron, which result in
β-catenin stabilization and, thus, constitutive activation of
Wnt signaling [26]. Interestingly, mutations in APC and β-
catenin are mutually exclusive, suggesting that these pro-
teins play roles in the same axis of the Wnt functional
pathway [26–28].

While truncating APC mutations are closely related to
cancer development, recent findings suggest that many

cancers harbor WT APC with abnormal activation of the
Wnt pathway due to other causes [9]. These observations
suggest the existence of a WT APC destabilization pathway
for inducing tumorigenesis. Despite the important roles of
APC in Wnt/β-catenin signaling, only a handful of
mechanisms that regulate APC protein levels have been
reported. For example, APC activity is known to correlate
with its phosphorylation mediated by CK1 and GSK3β
kinases [29–31]. APC phosphorylation by this method
dramatically increases its affinity for β-catenin, leading to
suppression of Wnt signaling [32, 33]. APC is itself the
target of K63 ubiquitylation by the E3 ligase HECTD1 in

Fig. 2 MKRN1 ablation suppresses Wnt/β-catenin-mediated cell pro-
liferation, migration, and invasion. a Effects of MKRN1 depletion on
β-catenin-mediated proliferation. HEK293FT cells were transfected
with siMKRN1 followed by incubation with L-CM or Wnt3a-CM. The
cells were fixed in formaldehyde and stained with crystal violet
solution. Representative images of triplicate experiments are shown. b
Clonogenic assay upon MKRN1 knockdown. HEK293FT cells were
transfected with the indicated siRNAs. After 24 h, cells were seeded in
six-well dishes. Colonies were fixed and stained with crystal violet
after 1 week. The experiments were repeated three times. c Scratch
wound-healing assay during MKRN1 depletion. HEK293FT cell
monolayers transfected with siCtrl or siMKRN1#7 were scratched and

incubated in L-CM or Wnt3a-CM. Wound closure was measured 24,
48, and 72 h after the scratch. Dashed lines represent the initial scratch
wounds. d, e Transwell migration or invasion assays under MKRN1
ablation. HEK293FT cells were transfected with the indicated siRNAs.
Cells were then seeded in collagen (d)- or Matrigel (e)-coated trans-
well chambers and incubated with L-CM or Wnt3a-CM, followed by
crystal violet staining. The migratory or invasive cells were imaged
and quantified by measuring intensity using ImageJ software (right
panel). Representative images are shown (left panel, magnification,
×40; scale bar, 250 μm). The data represent the average values from
three independent experiments. The error bars represent the mean ± SD
of triplicates. ***P < 0.001
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the absence of Wnt signaling, and these modifications are
also required for its interaction with other components of
the destruction complex [33–37].

While ubiquitin-dependent APC regulation can alter Wnt
signaling activity [34, 35, 37–39], the direct activity of an
E3 ligase leading to proteasome-dependent APC proteolysis
has not yet been described [40, 41]. Here we introduce an
E3 ligase, MKRN1, that negatively regulates APC.
MKRN1 has been previously shown to regulate various
targets, such as hTERT, p53, FADD, p14ARF, PTEN, and
PPARγ, among others [42–48]. MKRN1 interacts with the
Arm repeat domain of APC to promote its ubiquitylation
and proteasomal degradation. Overall, MKRN1 acts as a
positive regulator of the Wnt/β-catenin signaling pathway
by suppressing APC. Thus, Wnt/β-catenin-dependent bio-
logical processes, such as cellular proliferation, migration,
and invasion events, were repressed upon MKRN1 ablation,
which was reversed by the co-depletion of APC. These
results implicate MKRN1 as a plausible target to suppress
Wnt-related pathways.

Results

MKRN1 ablation downregulates the Wnt/β-catenin
signaling pathway

Based on the ability of MKRN1 to inhibit various tumor
suppressors, the possible oncogenic properties of MKRN1
in the Wnt/β-catenin signaling pathway were evaluated.
Upon MKRN1 ablation, β-catenin transcriptional activity
was impaired in the HEK293-TOP-FLASH stable cell line
(STF293) treated with control medium (L929 cell-
conditioned medium; L-CM), Wnt3a-conditioned medium
(Wnt3a-CM), or recombinant Wnt3a (Fig. 1a; Supplemen-
tary Figure S1b). For these experiments, we employed
MKRN1 siRNAs and antibodies, which had been pre-
viously validated (Supplementary Figure S1a) [42, 44].
Conversely, when MKRN1 was overexpressed, the stability
of β-catenin was increased by increasing amount of
MKRN1. Supporting these findings, TOP-FLASH activities
also escalated under this condition, suggesting a positive
role of MKRN1 in the Wnt pathway (Supplementary Figure
S2). Furthermore, overexpression of siRNA-resistant
MKRN1 (siR-MKRN1) into MKRN1-depleted cells reac-
tivated Wnt signaling, suggesting that MKRN1 is indeed an
activator of Wnt pathways (Supplementary Figures S2c and
d). Consistent with these results, expression of Wnt/β-
catenin target genes was suppressed in human embryonic
kidney (HEK)-293T cells depleted of MKRN1 upon
Wnt3a-CM treatment (Fig. 1b). Overexpression of siR-
MKRN1 under this condition reactivated Wnt/β-catenin
target genes, including Axin2 and Lef1, which were reduced

in MKRN1-depleted cells, suggesting that MKRN1 siRNA
could specifically target MKRN (Supplementary Figure
S2e). Because β-catenin targets were suppressed upon
MKRN1 depletion, the link between β-catenin protein
levels and target gene expression was further investigated
by transiently silencing MKRN1 in HEK293FT cells.
Interestingly, the levels of both nuclear and cytosolic β-
catenin were decreased in MKRN1-depleted cells (Fig. 1c).
Furthermore, immunofluorescence analysis showed that β-
catenin accumulation both in cytoplasmic and nuclear
fractions during Wnt stimulation was suppressed by
MKRN1 knockdown (Fig. 1d; Supplementary Figure S1f).
Consistently, the intensity of β-catenin was restored to
normal levels when MKRN1 was overexpressed in
MKRN1-depleted H1299 cells (Supplementary Figure S2f).
Overall, these results suggest that MKRN1 might function
as a positive regulator of the Wnt/β-catenin signaling
pathway, possibly by modulating β-catenin levels.

Cells depleted of MKRN1 display suppressed Wnt
responses

The Wnt/β-catenin signaling pathway controls various
physiological processes, including cellular proliferation,
migration, and invasion [49]. To elucidate the role of
MKRN1 in the Wnt pathway, cell proliferation assays were
conducted with HEK293FT cells stimulated with L-CM or
Wnt3a-CM. Cells grown in Wnt3a-CM showed accelerated
proliferation compared with cells grown in L-CM. In con-
trast, MKRN1 depletion resulted in severe proliferation
defects even during Wnt3a treatment (Fig. 2a; Supplemen-
tary Figure S3a). Additionally, the long-term clonogenic
ability of cells stimulated with Wnt3a-CM was also sup-
pressed by MKRN1 depletion (Fig. 2b). Next, Wnt-
dependent cell migration was tested using scratch wound-
healing assays with or without MKRN1 depletion (Fig. 2c).
Similar to the results of the proliferation assays, Wnt3a-CM
enhanced wound healing in control cells but not in
MKRN1-depleted cells. Because wound-healing analysis
does not fully represent cellular migration, cells were
allowed to migrate overnight in response to either L-CM or
Wnt3a-CM using transwell migration assays. We observed
that Wnt3a treatment stimulated cellular migration by
approximately threefold over a 12-h period. In contrast,
MKRN1 ablation attenuated Wnt3a-induced cellular
migration (Fig. 2d). Similarly, while cell invasion ability
was increased by Wnt3a-CM, cells depleted of MKRN1
failed to respond in this manner (Fig. 2e). We next tested
whether the reduction in Wnt activity observed in MKRN1-
depleted cells could be rescued by reintroducing siR-
MKRN1. Upon expression of siR-MKRN1, cellular pro-
liferation, scratch wound-healing ability, cell migration, or
invasion abilities were restored to levels similar to those of
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the positive control (Supplementary Figure S4). In sum-
mary, MKRN1 increased Wnt activity, which was reduced
in response to MKRN1 deficiency. Thus, MKRN1 deple-
tion hinders cell responses toward Wnt3a-dependent cel-
lular phenomena, implying that MKRN1 might act as a
stimulatory protein for Wnt pathways.

APC is a target of MKRN1

To identify targets affected by MKRN1, the protein levels
of factors associated with the Wnt pathway were examined
upon MKRN1 depletion. Notably, elevated levels of APC

protein, a component of the destruction complex, were
observed in MKRN1-depleted cells, which might contribute
to reduced levels of β-catenin (Fig. 3a). APC stabilization
upon MKRN1 depletion was also observed in other cell
lines, including the human lung cancer cell line NCI-
H1299, the human colon cancer cell line HCT116, and the
colon carcinoma cell line RKO (Supplementary Figure
S5c). Quantitative reverse transcriptase PCR (qRT-PCR)
result suggested that APC mRNA levels were not influ-
enced by MKRN1 ablation, indicating that APC is regulated
by MKRN1 via post-translational modification (Fig. 3b).
Furthermore, stabilized APC protein induced by MKRN1

Fig. 3 Ablation of MKRN1 induces APC stabilization. a WB analysis
of Wnt-associated proteins upon MKRN1 knockdown.
HEK293FT cells transfected with siMKRN1#5, #7, or siCtrl were
treated with L-CM or Wnt3a-CM for 2 h. The indicated endogenous
proteins were detected by WB analyses using specific antibodies. b
qRT-PCR analyses for APC and MKRN1 mRNA. Total RNAs were
purified from HEK293FT cells transfected with siMKRNs or siCtrl,
and qRT-PCR was performed. GAPDH was used as an internal con-
trol. The data represent the average values from three independent
experiments. The error bars represent the mean ± SD of triplicates. c–f
Interaction between MKRN1 and APC. c, d HEK293FT cells were
transfected with plasmids expressing HA-MKRN1 and MYC-APC or
empty vector. Cell lysates were subjected to immunoprecipitation

using α-MYC (c) or α-HA antibodies (d) followed by WB using
antibodies against MYC and HA. e, f Endogenous interaction between
MKRN1 and APC. HEK293FT cell lysates were subjected to immu-
noprecipitation using α-APC antibodies as in e or α-MKRN1 anti-
bodies as in f, followed by WB using antibodies against APC and
MKRN1. The asterisk (*) indicates IgG heavy chain. g–i Domain
mapping of APC regions interacting with MKRN1. HEK293FT cells
were transfected with plasmids expressing MYC-APC and its deletion
mutants in the presence of FLAG-MKRN1. The cell lysates were
immunoprecipitated using antibodies against MYC followed by WB
analysis. The asterisk (*) indicates the antibody heavy chains (g, h).
Schematics showing MYC-APC and its deletion mutants (i)
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depletion was reduced by the reintroduction of siR-MKRN1
without affecting the APC mRNA levels in 293FT cells
(Supplementary Figures S4b, S5a and b).

To further assess whether MKRN1 suppresses APC
stabilization, we adopted CRISPR/Cas9 technology to
knock out the MKRN1 gene in 293FT cells [50]. The tar-
geted locus of MKRN1 is shown in Supplementary Figure
S7a with the sequence of the guided RNAs. We established
three MKRN1 KO cell lines named sg#1, sg#2, and sg#3,
and one control cell line with empty vector (Supplementary
Figure S7). Consistent with our MKRN1 knockdown
experiments using siMKRN1s, sg#1, sg#2, and sg#3
exhibited stabilization of APC protein with a concomitant
reduction of β-catenin (Supplementary Figure S7a and b). In
addition, the cellular proliferation of MKRN1 KO cell lines
was significantly stifled with or without Wnt treatment
compared with the control, supporting the siMKRN1 data
(Supplementary Figure S7c and d; Fig. 2). These data
indicate that the specific ablation of MRKN could lead to
the stabilization of APC, possibly resulting in the suppres-
sion of cell growth. These results led us to test for an
interaction between MKRN1 and APC. Immunoprecipita-
tion assays performed using overexpressed MKRN1 and

APC confirmed that the two proteins can interact with each
other (Fig. 3c, d). The same analyses under endogenous
conditions further showed that Axin1, an essential member
of the destruction complex, may be involved in the MKRN1
and APC interaction (Fig. 3e, f) [15, 51]. However, Axin1
depletion had no effect on the interaction between the two
proteins or on APC levels during MKRN1 depletion, sug-
gesting that Axin1 might not be an essential component for
the association between MKRN1 and APC (Supplementary
Figures S6c and d). Next, we investigated the binding
regions responsible for the MKRN1 and APC interaction.
The data suggested that MKRN1 could bind to the N-
terminal domain of APC, amino acids 1–733, which contain
the Armadillo (Arm) repeat domain (Fig. 3g). When further
analyzed, MKRN1 was capable of binding the Arm domain
alone, indicating that this region is likely responsible for the
APC-MKRN1 interaction (Fig. 3h, i). Furthermore, the C
terminus of MKRN1 was required for its interaction with
APC (Supplementary Figures S6c and d). Taken together,
the observation that MKRN1 binds to and destabilizes APC
suggests that MKRN1 might function as an E3 ligase for
APC.

Fig. 4 MKRN1 induces the proteasomal degradation of APC. a, b
APC destabilization during MKRN1 overexpression. a
HEK293FT cells were transfected with varying amounts of MKRN1-
expressing vectors. The protein levels of endogenous APC and over-
expressed MKRN1 were determined by WB using antibodies against
APC and MKRN1. b HEK293FT cells were transfected with plasmids
expressing MYC-APC and increasing amounts of MKRN1. Protein
levels of APC and MKRN1 were determined by WB using antibodies
against MYC, MKRN1, and GFP. pEGFP-C2 expressing enhanced
green fluorescent protein (EGFP) was used as a transfection control. c
HEK293FT cells were treated with 100 µg/mL cycloheximide (CHX)
for the indicated times after transfection with plasmids expressing
MYC-APC and HA-MKRN1 or HA only. Proteins were detected

using antibodies against MYC, HA, and β-actin. Relative amounts of
APC were calculated by normalization to β-actin levels (right panel). d
Effect of MG132 on APC destabilization. HEK293FT cells transfected
as described above were treated with MG132 for the indicated times.
Proteins were detected as described above. e Effect of H307E on APC
stabilization. e HEK293FT cells transfected with plasmids expressing
FLAG-MKRN1 or FLAG-H307E with MYC-APC were lysed and
subjected to WB using antibodies against MYC, FLAG, and GFP. f
Interaction between APC and H307E. HEK293FT cells transfected
with plasmids expressing HA-MKRN1 or HA-H307E with MYC-APC
were lysed followed by immunoprecipitation with α-HA antibodies.
Proteins were detected using antibodies against MYC and HA
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MKRN1 induces APC degradation

We next investigated the mechanism by which MKRN1
depletion stabilizes APC protein. Treatment with MG132, a
proteasome inhibitor, abrogated cycloheximide (CHX)-
induced APC destabilization as previously reported (Sup-
plementary Figure S8a) [52]. Knockdown of MKRN1 also
markedly prolonged the half-life of APC, suggesting that
MKRN1 might induce APC degradation (Supplementary
Figure S8b). Furthermore, MG132 treatment had no addi-
tional effect on APC stabilization under MKRN1 depletion
(Supplementary Figure S8c). These results suggest that
APC stability is regulated in a proteasome-dependent
manner, with MKRN1 being involved in this process. In
agreement with these observations, endogenous and

exogenous APC were dose-dependently destabilized by
MKRN1 overexpression (Fig. 4a, b). Additionally, the half-
life of APC under CHX treatment was shortened when
ectopic MKRN1 was present (Fig. 4c). MG132 treatment
inhibited MKRN1-mediated destabilization of APC, sug-
gesting the involvement of the 26S proteasome-dependent
proteolysis (Fig. 4d). Because MKRN1 is an E3 ligase, the
necessity for MKRN1 enzymatic activity was further eval-
uated. MKRN1 H307E, an E3 ligase-defective mutant, was
incapable of inducing APC degradation and reducing its
half-life, but it could still interact with APC (Fig. 4e, f) [42].
In summary, MKRN1-mediated APC destabilization
requires MKRN1 E3 ligase activity and is dependent on
proteasomal degradation processes.
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Fig. 5 MKRN1 promotes the poly-ubiquitylation of APC. a The
ubiquitylation of APC by MKRN1. HEK293FT cells were transfected
with plasmids expressing MYC-APC, His-Ub, and HA-MKRN1 fol-
lowed by MG132 treatment. Cell extracts prepared in 6M guanidine-
HCl were pulled down using Ni2+-NTA beads. The total extracts
(input) and His-purified proteins were detected by WB analysis as
indicated. b, c The effect of H307E on APC ubiquitylation. b Ubi-
quitylation assays using HEK293FT cells transfected with plasmids
expressing MYC-APC, His-Ub, FLAG-MKRN1, and FLAG-H307E
were performed as described above. c HEK293FT cells were trans-
fected with plasmids expressing MYC-APC, HA-Ub, or FLAG-
MKRN1 and FLAG-H307E followed by MG132 treatment. The cells

were lysed in 1% SDS buffer, and the lysates were immunoprecipi-
tated with α-MYC antibodies, followed by WB analysis. d The in vitro
ubiquitylation of APC by MKRN1. An in vitro Ub assay was per-
formed using purified WT APC from HEK293FT cells and GST-
MKRN1 or GST-H307E from bacteria. APC ubiquitylation status was
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MKRN1 ablation. HEK293FT cells transfected with siMKRN1#5 with
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was detected using an HRP-conjugated α-UB FK2 antibody
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MKRN1 is an E3 ubiquitin-ligase of APC

Because MKRN1 E3 ligase activity is required for pro-
moting APC degradation, ubiquitylation analyses were
performed under denaturing conditions. APC ubiquitylation
was increased by MKRN1 and further enhanced during
MG132 treatment (Fig. 5a). APC ubiquitylation was not
increased when MKRN1 H307E was employed, indicating
that MKRN1 E3 ligase activity is required for APC ubi-
quitylation (Fig. 5b). A similar result was obtained for
MKRN1 WT or H307E when the ubiquitylation of APC
was detected by immunoprecipitating for MYC-APC fol-
lowed by western blot (WB) detection of HA-Ub under
denaturing conditions (Fig. 5c). Supporting these results,
purified recombinant MKRN1 was able to ubiquitylate APC
in vitro, whereas H307E was not (Fig. 5d). Finally,
MKRN1 depletion reduced the endogenous ubiquitylation
of APC, suggesting that MKRN1 might continually

destabilize APC under baseline conditions. Furthermore,
reconstitution of siR-MKRN1 in MKRN1-depleted cells
reversed these processes, indicating the specific role of
MKRN1 in APC ubiquitylation (Fig. 5e). To identify the
region of APC required for MKRN1-mediated degradation,
we utilized three APC deletion mutants, hAPC 1–1337,
hAPC 1–733, and hAPC 407–775 (Arm domain), which
were able to bind MKRN1 (Figures S3g-i). All deletion
mutants except hAPC 407–775 were degraded by MKRN1
(Supplementary Figure S9a). Because hAPC 1–733 was the
minimal deletion mutant that could be degraded by MKRN1
in our assay, we further analyzed whether this mutant was
degraded by MKRN1 in a fashion similar to the WT APC.
Binding analyses employing purified recombinant proteins
showed that MKRN1 was able to bind to hAPC 1–733
directly (Supplementary Figure S9b). While WT MKRN1
or H307E was able to bind hAPC 1–733, only WT MKRN1

Fig. 6 APC depletion rescues Wnt/β-catenin activity during MKRN1
knockdown. a The effect of depleting APC and MKRN1 on β-catenin
levels. HEK293 cells were transfected with the indicated combinations
of siMKRN1#5 and siAPC. Protein levels were determined by WB
using antibodies against APC, β-catenin, MKRN1, and β-actin. Rela-
tive β-catenin protein levels normalized to β-actin are shown. b The
effect of APC and MKRN1 depletion on β-catenin transcriptional
activity. HEK293-TOP-FLASH cells were transfected with the indi-
cated combinations of siMKRN1#5 and siAPC. Experiments were

performed as described in Fig. 1a. c–g The effect of depleting APC
and MKRN1 on cellular proliferation and motility. HEK293FT cells
were transfected with the indicated combination of siMKRN1s and
siAPC followed by incubation with L-CM or Wnt3a-CM. The
experiments were performed as described in Fig. 2a–e. The data
represent the average values from three independent experiments. The
error bars represent the mean ± SD of triplicates. Representative ima-
ges are shown (scale bar, 250 μm). ns=non-significant, **P < 0.01,
***P < 0.001
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could reduce the half-life of hAPC 1–733 and mediate its
poly-ubiquitylation (Supplementary Figures S9c-g).

The implication of MKRN1 specifically targeting the N-
terminal region of APC for its degradation led us to inves-
tigate the role of MKRN1 in the modulation of APC variants
in actual cancer cells. It is well known that the N-terminal
truncated variant of APC serves as a dominant-negative
regulator of WT APC, leading to constant activation of β-
catenin and thus initiating colorectal cancer cell (CRC)
progression. Thus, we employed three CRC cell lines,
including RKO with WT APC and DLD1, SW480, and
SW620, which harbor N-terminal APC mutants as shown in
Supplementary Figure 10a. Following MKRN1 depletion,
all three cell lines displayed increased levels of WT or
mutant APC as expected (Supplementary Figure 10b and c).
Of note, RKO cell proliferation was significantly retarded
under MKRN1 depletion, while there was no change in
DLD1, SW480, and SW620 cells. Taken together, MKRN1
appeared to target amino acids 1–733 of APC for direct
ubiquitylation and proteasomal degradation. Importantly,
while MKRN1 depletion negatively affected the prolifera-
tion of cancer cell lines with WT APC, its ablation did not
greatly affect the growth of CRC cell lines with mutant
APC. These findings indicated that MKRN1 might have an
oncogenic influence over certain type of cancer cells with
WT APC regulating the β-catenin pathway.

MKRN1 ablation downregulates Wnt/β-catenin
signaling, which is reversed by APC depletion

Because MKRN1 ablation suppressed Wnt/β-catenin sig-
naling, we next questioned whether this process could be
rescued by concurrent APC depletion. First, β-catenin
destabilization during MKRN1 depletion was reversed
when APC was depleted by siRNA (Fig. 6a). Confirming
these results, the suppression of β-catenin transcriptional
activity during MKRN1 depletion was recovered by the
simultaneous removal of APC (Fig. 6b). Suppression of
Wnt3a-CM-mediated cell proliferation and clonogenic
expansion under MKRN1 depletion was also reversed by
APC depletion (Fig. 6c, d). Similar effects between
MKRN1 and APC were observed with scratch wound-
healing, migration, and invasion analyses (Fig. 6e–g). These
data imply that MKRN1 depletion leads to a repression of
Wnt/β-catenin through APC stabilization.

Finally, to examine the physiological significance of
MKRN1, MKRN1 expression was examined in silico.
Among various cancers, MKRN1 mRNA levels were
increased meaningfully in cervical cancer. These findings
corroborate our previous data showing increased protein
levels of MKRN1 in cervical cancers [45]. Based on these
observations, the effects of MKRN1 on cervical cancer cell
lines, including HeLa and ME-180, were investigated.

Under MKRN1 ablation, APC levels were significantly
increased with a concomitant decrease in β-catenin. In
accordance with these findings, cellular proliferation was
hindered, which was reversed by the simultaneous knock-
down of APC (Supplementary Figure S11). These findings
demonstrate that physiologically, MKRN1 might have
oncogenic effects in cervical cancer by modulating the
activities of β-catenin.

Discussion

Canonical Wnt/APC/β-catenin signaling plays an important
role in regulating cellular and systemic homeostasis [19, 23,
51]. It is well known that dysregulation of this pathway
causes tumors and developmental defects. For these rea-
sons, investigating molecules that regulate Wnt/APC/β-
catenin signaling has been a major interest in the biological
science field [25, 49, 53, 54]. In particular, APC is a potent
tumor suppressor that negatively regulates Wnt/β-catenin by
destabilizing β-catenin via a destruction complex containing
CK1, Axin, and GSK3β. The role of APC as a tumor
suppressor is well established based on the observation that
germline and somatic APC mutations result in neoplasia.
For example, familial adenomatous polyposis is derived
from an autosomal dominant inherited disease, which is
triggerd by germline mutations in the APC gene. Loss of the
WT APC allele via somatic mutations is also considered a
major factor in most sporadic colorectal adenomas and
carcinomas [55–57]. Epigenetically, methylation of the
APC promoter silences APC expression, which activates
Wnt signaling [58]. While the critical role of APC as a
master tumor suppressor in the Wnt signaling pathway is
well established, regulation of APC by post-translational
modifications require further investigation. Specifically,
while APC ubiquitylation and subsequent degradation is
continually observed, the specific factors involved in this
mechanism remain to be elucidated [21, 24].

In the present study, we identified MKRN1 as a new
regulatory component of the Wnt signaling pathway. Our
results show that MKRN1 plays a crucial role in regulating
cellular proliferation, migration, and invasion in association
with Wnt stimulation. MKRN1 depletion leads to a down-
regulation of Wnt-dependent biological processes because
APC protein is polyubiquitylated by MKRN1 and subse-
quently degraded by the proteasome, leading to the stabi-
lization and activation of β-catenin. Our observation that the
MKRN1 H307E, the E3 ligase activity-defective mutant,
was not able to induce APC ubiquitylation and degradation
suggests that MKRN1 is the bona fide E3 ligase of APC.

APC consists of multifunctional domains, including an
oligomerization domain and an Arm domain in the N ter-
minus. Domain mapping studies indicated that MKRN1
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directly interacts with amino acids 1–733 of APC, which
includes the Arm domain. Furthermore, the Arm domain
appears to be the minimal region required for the interaction
with MKRN1 (Supplementary Figures S3a-c). The Arm
domain is the most conserved region among vertebrate and
invertebrate APC homologs, and it mediates the association
with several binding partners, including WTX, Asef,
Sam68, striatin, and IQGAP1 [59–63]. For example, WTX
enhances APC/Axin-dependent β-catenin ubiquitylation and
degradation through the interaction with the Arm domain of
APC, thereby negatively regulating Wnt signal transduction
[64]. Asef, a Rac-specific guanine nucleotide exchange
factor, associates with the Arm domain of mutant APC and
promotes cancer migration by regulating the actin cytos-
keleton [65]. Thus, the interaction of APC with MKRN1
and its subsequent degradation would not exclude other
factors from binding to the Arm domain, thereby altering
cellular responses to a number of stimuli, including Wnt.

An interesting observation is that MKRN1 was able to
induce the ubiquitylation and degradation of an APC
deletion mutant containing only amino acids 1–733. The
Arm repeat domain alone (amino acids 407–775) was not
degraded by MKRN1, while the deletion mutant 1–733 was
degraded, which could indicate that MKRN1 might be able
to target the region between amino acids 1 and 406 for
ubiquitylation while it binds to the Arm domain. Further
analyses of the ubiquitylation sites are required. Notably,
cancers such as colorectal cancer can occur in response to
the expression of truncated N-terminal forms of APC.
Because MKRN1 induced the degradation of both WT and
truncated N-terminal forms of APC, it might display
oncogenic and/or tumor-suppressive properties in tissue-
and cancer-specific ways. Furthermore, in vivo studies are
required to test this hypothesis. Using various Arm domain-
binding proteins, as mentioned above, studies on possible
exclusive or cooperative interactions of these molecules
with MKRN1 toward the regulation of APC activity would
elucidate additional Wnt signaling pathway complexity.
Finally, the evaluation of MKRN1’s ability to regulate other
proteins harboring the Arm domain would aid in discover-
ing roles of MKRN1 in other cellular processes.

The high frequency at which the Wnt pathway is acti-
vated in diverse human carcinomas positions this signaling
pathway as an essential target for therapies to decrease
cancer morbidity and mortality. Pharmaceutically, several
drugs targeting Wnt signaling components, including GSK,
Axin, and receptors, have been developed as cancer ther-
apeutic drugs, a few of which are being evaluated in clinical
trials [24, 25, 54, 66]. Identifying a novel E3 ligase that
destabilizes APC could also represent an important ther-
apeutic target for repressing cancers that exhibit high β-
catenin activity, even in the absence of mutations in APC or
β-catenin.

Materials and Methods

Cell culture and transfection

The cell lines L929, RKO, HeLa, HEK293T, HEK293FT,
and HEK293-TOP-FLASH [HEK293 cells with an inte-
grated Super8XTopFlash reporter (STF293)] were cultured
in Dulbecco’s modified Eagle’s medium (Corning Cellgro,
Manassas, VA, USA) supplemented with 10% fetal bovine
serum (Corning Cellgro) and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA) in 5% CO2 at 37 °C. NCI-
H1299 (human lung carcinoma) and ME-180 (human cer-
vical cancer) cells were grown in RPMI 1640 with the same
supplements listed above. NCI-H1299, HeLa, and
HEK293T cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). We also pur-
chased 293FT cells from Invitrogen. ME-180 cells (human
cervical cancer cell lines) were obtained from the Korean
Cell Line Bank (KCLB, Seoul, Korea). L929, L929-
hWnt3a, and STF293 cells were kindly provided by Dr.
Kang-Yell Choi (Yonsei University, Korea). Dr. Jong-In
Yook (Yonsei University College of Dentistry) kindly
offered a panel of colorectal cancer cell lines (RKO, DLD1,
SW480, and SW620). All cell lines in this study were
negative for mycoplasma when confirmed by an e-Myco™
plus Mycoplasma PCR Detection Kit (Intron), and cell lines
were maintained with plasmocin (Invivogen). Wnt3a-CM
was generated from L929-Wnt3a cells as previously
described [67]. PEI (Sigma-Aldrich, St. Louis, MO, USA)
was utilized to transfect HEK293FT cells with plasmids.
Cells were transfected with siRNAs using Lipofectamine
RNAiMax (Invitrogen) via the reverse-transfection method
according to the manufacturer’s protocols.

Antibodies and chemicals

The following antibodies were used: APC (Santa Cruz, sc-
7930 or Abcam, ab58, Cambridge, UK) for IP; APC (1:500,
Abcam, ab58) for WB; MKRN1 (1:1000, Bethyl Labora-
tories, A300-990A); β-catenin (1:4000, Cell Signaling,
C19220); Axin1 (1:1000, Cell Signaling, C76H11); MYC
(1:1000, Santa Cruz, sc-40 or 1:1000, Roche, 9E10,
11667149001); HA (1:1000, Santa Cruz, sc-805 or Roche,
12013819001, Mannheim, Germany); FLAG (1:1000,
Sigma-Aldrich, F3165 or F7425); horseradish peroxidase-
conjugated-α-Ub FK2 (1:3000, Biomol-Enzo, PW0150,
Farmingdale, NY, USA); GST (1:3000, Santa Cruz, sc-
138); GFP (1:5000, Santa Cruz, sc-8334); β-actin (1:10 000,
Sigma-Aldrich, A5316); normal mouse IgG (Santa Cruz, sc-
2025); normal rabbit IgG (Santa Cruz, sc-2027); PARP
(1:2000, Cell Signaling, 9532); GAPDH (1:5000, Santa
Cruz, sc-25778); GSK3β (1:1000, Cell Signaling, 27C10,
9315); phospho-LRP6 (1:1000, Cell Signaling, Ser1490,
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#2568); Dvl3 (1:1000, Cell Signaling, 3218); LEF (1:1000,
Cell Signaling, C12A5, Rabbit mAb, 2230); TCF1/TCF7
(1:1000, Cell Signaling, C63D9 Rabbit mAb, 2203); and
non-p-β-catenin (1:1000, Cell Signaling, non-phospho
(Active) β-catenin (Ser33/37/Thr41) (D13A1) Rabbit mAb
#8814).

Recombinant human Wnt3a was acquired from R&D
Systems (5036-WN-010/CF, Minneapolis, MN, USA).
MG132 was purchased from A.G. Scientific (San Diego,
CA, USA). CHX (C4859); N-ethylmaleimide (NEM,
E3876), trypan blue (T8154), and dimethylsulfoxide
(D8418) were purchased from Sigma-Aldrich.

Plasmids

The MKRN1 constructs (pcDNA3.1-MKRN1 WT,
pcDNA3-HA-MKRN1 WT, and H307E, and deletion
mutants pcDNA3-FLAG-MKRN1 WT and H307E,
pcDNA-FLAG-siR-MKRN1, and pGEX-4T-1-GST-
MKRN1 WT and H307E) [44–46], pcDNA3-His-Ub [44],
and pCS2-MT-MYC-APC WT and its mutants [52] have
been previously described. The APC 1–733 fragment was
generated from pCS2+MT-APC by PCR and subcloned
into pCS3-MT-BX and pGEX-4T-1 vectors (Invitrogen).
The pET28a-APC-Arm repeat domain (407–751) construct,
which was subcloned into the pCS3-MT-BX-APC-Arm
repeat domain (407–751), was kindly provided by Prof.
Geng Wu (Shanghai Jiao Tong University, China) [68].
His-T4L-MKRN1 was generated by PCR and subcloned
into a bacterial expression vector, His-PH-4TL-THR, which
was kindly provided by Prof. HS. Cho (Yonsei University)
[69]. pEGFP-C2 (Clontech, San Diego, CA, USA) was used
as a transfection control. All constructs were sequenced to
verify their identity (Genotech, Korea). Various mutants
were produced by PCR and subcloned into mammalian
expression vectors.

qRT-PCR and siRNA

For qRT-PCR analysis, total RNA was prepared employing
TRIzol reagent (Invitrogen) following the manufacturer’s
protocols. cDNA was generated from 1 μg of total RNA
using PrimeScript Reverse Transcriptase (2680A, Takara
Bio, Shiga, Japan). The amplified cDNA was analyzed
using a QuantiTect SYBR Green PCR Kit and for qRT-
PCR (Qiagen) analysis employing the following primers: c-
Jun (5′-GTCCACGGCCAACATGCTCA-3′ and 5′-
TGTTTGCAACTGCTGCGTTAG-3′); LEF1 (5′-
CATCCTCCAGCTCCTGATATC-3′ and 5′-
CTGACCTTGCCAGCCAAGAG-3′); and Nkd1 (5′-
GGTCGAGGCACTCGGGAACTCGT-3′ and 5′-
GTCCACTCTTGCCGGCTGTCCTC-3′). The primers for
Axin2, CyclinD1, c-MYC, APC, and MKRN1 were

obtained from Integrated DNA Technologies. Relative
mRNA expression was calculated using the ΔΔCt method.
Control siRNA (siCtrl, 1027281), siMKRN1#5 (5′-
ACCGATTCTATTGGCCTAGTA-3′), and siMKRN1#7
(5′-CTGCGTCGGGTACGTGATGAA-3′) were aquired
from Qiagen-Xeragon. ON-TARGET plus SMARTpool for
human APC siRNA (L-003869-00-0005), human
AXIN1 siRNA (L-009625-00-0005), and non-targeting
pool (siNON, D-001810-10) were purchased from Dhar-
macon/Thermo Scientific (Waltham, MA, USA).

Wnt luciferase reporter assays

For cell-based luciferase assays, cells were plated and
transfected with siRNA or DNA as described above. L-CM
or Wnt3a-CM was added to HEK293 STF cells for 24 h
after transfection, and luciferase activity was assayed using
a dual luciferase assay kit (Promega, Madison, WI, USA)
following the manufacturer’s instructions. Luciferase
activities were normalized to the viable cells using a
CellTiter-Glo Assay (Promega).

Cell lysis and western blotting

For WB of APC protein, cells were lysed using lysis buffer
(50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40,
0.5% Na-deoxycholate, 0.5% Triton X-100, 1 mM EDTA,
and a protease inhibitor cocktail [2 mg/mL aprotinin, 2 mg/
mL leupeptin, 1 mg/mL pepstatin A, and 100 mg/mL phe-
nylmethane sulfonyl fluoride, Sigma-Aldrich]). Cell lysates
were subjected to WB with a monoclonal APC antibody
(Ab58, Abcam) or a polyclonal APC antibody (H290, Santa
Cruz) for human APC overnight at 4 °C. For APC detection,
lysates were separated by 5% SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
in transfer buffer containing 20 mM CAPS buffer (C2632,
Sigma), 10% methanol, and 0.01% SDS (pH 11) at 100 mA
for 1000 min at 4 °C. To detect the ubiquitylation of WT
APC, a 3–8% Criterion XT Tris-acetate gradient gel (18-
well, #345-0130, Bio-Rad) was employed for protein
separation.

Immunoprecipitation

HEK293FT cells were collected in phosphate-buffered
saline (PBS) and lysed using the above-described lysis
buffer. Cell lysates were incubated with antibodies for 2 h,
and incubated with protein G Sepharose beads (GE
Healthcare, Buckinghamshire, UK) for 2 h at 4 °C. Immu-
noprecipitates were washed and then boiled in 2× sample
buffer for 5 min and analyzed by WB.
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Ubiquitylation analyses

The in vivo ubiquitylation assay was conducted as descri-
bed previously [44, 46]. Briefly, cells were prepared in 6M
guanidinium-HCl buffer (pH 8) with 5 mM NEM (Sigma-
Aldrich) to prevent deubiquitylation. His-ubiquitin-
conjugated proteins were pulled down by Ni2+-NTA agar-
ose beads (Qiagen), followed by washing and then elution
in sample buffer with 10 mM β-mercaptoethanol and
200 mM imidazole. Proteins were then analyzed by WB. To
evaluate endogenous APC ubiquitylation, cells were col-
lected in PBS with 10 nM NEM and lysed in 1% SDS
followed by 10 min boiling. Cell lysates were dissolved in
0.1% SDS followed by addition of lysis buffer by adding
containing NEM and protease inhibitors. The lysates were
immunoprecipitated with α-APC antibodies and analysed
by WB. The ubiquitylation analyses were done as described
before [44].

For the in vitro ubiquitylation assay, GST, GST-MKRN1
WT, GST-MKRN1 H307E, and GST-APC 1–733 or pur-
ified APC from HEK293FT cells were used. APC 1–733
and purified APC were incubated in 5 µg of ubiquitin
(Sigma), 2 mM ATP (Fermentas), 100 ng of an E1 enzyme
(UBE1; E-305; Boston Biochem), and 250 ng of an E2
enzyme (UbcH5c; E2-627; Boston Biochem) together with
GST, GST-MKRN1 or GST-H307E in 40 mM Tris-HCl
(pH 7.6), 50 mM NaCl, and 1 mM dithiothreitol for 3 h. The
mixture was boiled in sample buffer and analyzed by WB.

Protein purification and in vitro binding assays

Recombinant human GST-MKRN1, GST-H307E, and
GST-APC 1–733 proteins were purified as previously
reported [46]. Recombinant His-T4L-MKRN1 was purified
using Ni-NTA affinity chromatography as described before
[69]. For in vitro binding assays, recombinant His-T4L-
MKRN1 was incubated with GST or GST-APC for 2 h, and
the proteins were precipitated by glutathione sepharose
beads. Proteins were analyzed by WB.

Subcellular fractionation assays

Cytoplasmic and nucleic fractionations of HEK293FT was
done using NE-PER Nuclear and Cytoplasmic Extraction
Reagents following the manufacturer’s protocol (Thermo
Scientific, 78835).

Immunocytochemistry

H1299 cells were transfected with siCtrl, siMKRN1#5, or
siMKRN1#7. L-CM and Wnt3a-CM were added 48 h after
transfection, and cells were then fixed with 4%

paraformaldehyde followed by staining with α-β-catenin
antibodies and 4′,6-diamidino-2-phenylindole (DAPI). For
immunofluorescence staining, the cells were incubated with
an Alexa Fluor 488-conjugated secondary antibody (1:500)
at room temperature for 1 h, counterstained with DAPI and
mounted. Fluorescence was visualized by immuno-
fluorescence microscopy (Carl Zeiss Vision, San Diego,
CA, USA) at excitation wavelengths of 488 nm (Alexa
Fluor 488) and 405 nm (DAPI).

Colony-formation assays

HEK293FT cells were transfected with siCtrl, siMKRN1#5,
or siMKRN1#7. After 24 h, the cells were detached with
trypsin/EDTA, seeded (103 cells/35-mm plate) with L-CM
(as a control) or Wnt3a-CM and incubated for 1 week. After
incubation, the cells were fixed in 10% paraformaldehyde
for 10 min and washed three times with PBS before crystal
violet staining.

Scratch wound-healing, cell migration, and invasion
assays

For the scratch wound-healing assays, HEK293FT cells
were transfected with siCtrl or siMKRN1#7 together with
siAPC using the above-described methods. After 24 h, a
wound was introduced into a confluent monolayer of cells
by scraping a pipette tip across the cell layer, and the cells
were then rinsed with fresh medium removing cell debris.
The wound-healing process was evaluated by imaging at the
indicated times followed by microscopic analysis. The
wound widths were measured and determined as a percen-
tage of wound confluence. Wnt3a-induced cell migration
and invasion were evaluated by modifying previously
described methods [42]. Briefly, migration or invasion
assays were performed using transwell chambers (for 24-
well plates, #3422, Corning Costar, Cambridge, MA, USA).
Both sides of the filter membrane were coated with 10 µg/
mL collagen type 1 for migration assays or Matrigel (BD)
for invasion assays. HEK293FT cells transfected with
siRNA (2 × 104 cells/well) were plated onto each upper
chamber in serum-free medium, and L-CM or Wnt3a-CM
was added to the lower chamber. These cells were grown on
the transwell upper chamber for 24 h. Transwell membranes
were fixed in 10% paraformaldehyde for 10 min, washed
three times with PBS, stained with crystal violet solution,
and subjected to histologic analysis. The stained cells from
different area were imaged under light microscopy and
quantified by measuring the staining intensity using ImageJ
(NIH). All experiments were independently performed three
times.
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Generation of MKRN1 knockout cell lines using
CRISPR/Cas9

For vector construction, the pLentiCRISPR v2 vector con-
taining Cas9 sequences (GeCKO, Plasmid #52961) that was
used to knock out human MKRN1 via the CRISPR/
Cas9 system was cloned and purchased from Genscript
(USA). Correct insertion of the sgRNA sequences was
validated by Genscript (USA).

For the second-generation lentiviral vectors, the pLenti-
CRISPR v2 containing individual sgRNAs, pMD2-VSVG
and psPAX2, HEK293T cells were transfected with a
mixture of DNAs using Lipo3000 (Invitrogen) according to
the manufacturer’s protocol. At 48 h after transfection, the
produced viruses were used to infect target cells. At 48 h
after infection, the cells were cloned by serial dilution.
Three different clones for MKRN1 were used for functional
experiments.

In silico analysis

To examine the differential expression of MKRN1 and APC
in cancer, data from the Gene Expression Omnibus were
analyzed. GDS3233 includes 33 primary cervical cancers
and 24 normal cervical epithelial samples.

Statistical analysis and reproducibility

The values are presented as the mean ± SD. Significance
was determined with an unpaired two-tailed t-test using
Prism (version 5.0; GraphPad). P values < 0.05 were con-
sidered significant.
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