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β-catenin-mediated Wnt signal transduction 
proceeds through an endocytosis-independent 
mechanism

ABSTRACT The Wnt pathway is a key intercellular signaling cascade that regulates develop-
ment, tissue homeostasis, and regeneration. However, gaps remain in our understanding of 
the molecular events that take place between ligand-receptor binding and target gene tran-
scription. We used a novel tool for quantitative, real-time assessment of endogenous path-
way activation, measured in single cells, to answer an unresolved question in the field—
whether receptor endocytosis is required for Wnt signal transduction. We combined 
knockdown or knockout of essential components of clathrin-mediated endocytosis with 
quantitative assessment of Wnt signal transduction in mouse embryonic stem cells (mESCs). 
Disruption of clathrin-mediated endocytosis did not affect accumulation and nuclear translo-
cation of β-catenin, as measured by single-cell live imaging of endogenous β-catenin, and 
subsequent target gene transcription. Disruption of another receptor endocytosis pathway, 
caveolin-mediated endocytosis, did not affect Wnt pathway activation in mESCs. Additional 
results in multiple cell lines support that endocytosis is not a requirement for Wnt signal 
transduction. We show that off-target effects of a drug used to inhibit endocytosis may be 
one source of the discrepancy among reports on the role of endocytosis in Wnt signaling.

INTRODUCTION
The Wnt pathway is an intercellular signaling pathway activated by 
secreted glycoproteins of the Wnt family. Conserved in all multicel-
lular animals, Wnt pathway activity is important for developmental 
decisions such as embryonic axis establishment and cell fate deter-
mination (Rudloff and Kemler, 2012; Loh et al., 2016). In the adult 
organism, Wnt activity is essential for maintenance of stem cells in 
many tissues, including the intestine, the skin, and the blood (Willert 
et al., 2003; Logan and Nusse, 2004; Ring et al., 2014). Hyperactiva-
tion of the Wnt pathway, on the other hand, is implicated in human 
diseases including multiple types of cancer (Reya and Clevers, 2005; 

Tan and Barker, 2018). Therefore, precise regulation of Wnt signal-
ing is essential for normal development and proper maintenance of 
adult tissues.

There are branches of the Wnt signaling pathway that utilize 
overlapping sets of molecular effectors to elicit different biological 
outcomes. Of these, the β-catenin-dependent branch of Wnt signal-
ing is implicated in regulation of cell proliferation and fate specifica-
tion and plays an indispensable role in development as well as adult 
tissue homeostasis and regeneration. In the absence of Wnt ligand-
receptor interaction, the signal transducer β-catenin is constantly 
phosphorylated and degraded by GSK3β as part of a protein com-
plex. Upon Wnt ligand engagement with coreceptors Frizzled and 
Lrp5/6 at the cell surface, β-catenin phosphorylation by GSK3β is 
inhibited. This leads to β-catenin accumulation in the cytoplasm and 
concomitant translocation into the nucleus, where it can induce 
transcription of target genes. The importance of β-catenin stabiliza-
tion in Wnt signal transduction has been demonstrated in many in 
vivo and in vitro contexts (van Noort et al., 2002; Hernandez et al., 
2012). However, immediate molecular responses to the ligand-re-
ceptor interaction and how they elicit accumulation of β-catenin are 
not fully elucidated.
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One point of uncertainty is whether receptor endocytosis follow-
ing Wnt binding is required for signal transduction. Endocytosis and 
endocytic trafficking have been implicated in various signaling path-
ways. Down-regulation of membrane receptors via endocytosis 
dampens further signaling in some contexts, whereas internalization 
of receptor complexes enhances signal transduction in others 
(Tomas et al., 2014). Two endocytic pathways, caveolin-mediated 
and clathrin-mediated endocytosis, have been implicated in recep-
tor internalization in Wnt signaling (Blitzer and Nusse, 2006; Seto 
and Bellen, 2006; Yamamoto et al., 2006; Kim et al., 2013; Liu et al., 
2014; Agajanian et al., 2019). In caveolin-mediated endocytosis, ca-
veolin polymers coat the part of the plasma membrane that under-
goes endocytosis. Clathrin-mediated endocytosis, the major endo-
cytic pathway for cellular cargo uptake, initiates when the scaffold 
protein clathrin forms a coat at the membrane. Along with the AP2 
complex and other adaptor proteins, clathrin bends the membrane 
to form a pit, which is pinched off at the neck to form a vesicle that 
internalizes the cargo (Hong et al., 2015; Kaksonen and Roux, 2018).

Both clathrin- and caveolin-mediated forms of receptor endocy-
tosis have been implicated as essential steps in Wnt signal transduc-
tion (Blitzer and Nusse, 2006; Seto and Bellen, 2006; Yamamoto 
et al., 2006; Kim et al., 2013; Liu et al., 2014). In one model of path-
way activation, for instance, internalization of the Wnt receptor via 
endocytosis activates signaling through formation of multivesicular 
bodies (MVBs); upon maturation of endocytosed vesicles into MVBs, 
sequestration of the protein complex including GSK3β could allow 
β-catenin to escape degradation and induce target gene activation 
(Taelman et al., 2010). Other reports suggest that endocytosis nega-
tively regulates Wnt signaling through internalization of receptors, 
which reduces the level of receptors available for ligand binding at 
the cell surface (Liu et al., 2014; Agajanian et al., 2019). One poten-
tial mechanism for endocytosis-mediated down-regulation of Wnt 
receptors involves transmembrane ubiquitin ligases RNF43 and 
ZNRF3. RNF43 and ZNRF3 ubiquitinate Frizzled receptors to induce 
their endocytic uptake and degradation (Hao et al., 2012). Inhibition 
of endocytosis would prevent RNF43/ZNRF3-induced internalization 
of Frizzled, leading to increased cellular sensitivity to the Wnt signal. 
Therefore, the field disagrees on 1) whether receptor endocytosis is 
a positive or negative regulator of Wnt signal transduction, 2) how 
endocytosis might regulate Wnt signaling in each case, and 3) which 
endocytic pathway and molecular effectors might be involved.

These questions call for a careful examination of the role of 
receptor endocytosis in Wnt signaling. To investigate this, we 
employed knockdown or CRISPR-mediated knockout of essential 
endocytic components, then assessed their effect on Wnt signal 
transduction. We used multiple cell types, including mouse embry-
onic stem cells (mESCs), which are inherently Wnt-responsive (Sato 
et al., 2004; ten Berge et al., 2011). As we show, mESCs can be used 
at the single-cell level free of other cell types that might confound 
the effect of endocytosis on signal transduction in Wnt-receiving 
cells. To monitor activation of the native Wnt pathway in these cells, 
we used readouts such as live imaging nuclear accumulation of en-
dogenous β-catenin and subsequent target gene transcription. Our 
results in mESCs demonstrate that receptor endocytosis is not re-
quired for β-catenin stabilization and target transcription, a conclu-
sion supported by results in additional cell lines.

RESULTS
β-catenin knock-in reporter provides a faithful readout 
for Wnt activity in mESCs
mESCs are equipped with the molecular machinery for Wnt signal 
transduction and depend on Wnt signaling for self-renewal and 

maintenance of pluripotency (Sato et al., 2004; Kelly et al., 2011; 
Merrill 2012), presenting a functionally relevant context to study the 
potential role of endocytosis in Wnt signaling. To determine whether 
receptor endocytosis is required for Wnt activation, we needed to 
quantitatively evaluate Wnt signal transduction in mESCs in which 
endocytic function was disrupted. We sought to rely on native Wnt 
pathway components to assess cellular responses to Wnt stimula-
tion. Therefore, we used a mESC knock-in reporter line to track en-
dogenous β-catenin in single cells. The cell line harbors a functional 
allele of β-catenin fused at the C-terminus to the yellow fluorescent 
protein Venus. To visualize the cell nucleus and track nuclear β-
catenin over time, cyan fluorescent protein mTurquoise-tagged H2B 
was introduced into this reporter cell line (Figure 1A).

In mESC colonies, the fusion protein reported β-catenin localiza-
tion at the cell membrane, while the addition of Wnt3a protein in-
duced its nuclear translocation (Figure 1A). Single cells live imaged 
for up to 10 h were used to quantify cellular accumulation and nu-
clear translocation of β-catenin. Consistent with previous reports of 
β-catenin dynamics upon pathway activation, individual cells pre-
sented significant variability in their response in terms of the rate 
and extent of change in β-catenin (Goentoro and Kirschner, 2009; 
Hernandez et al., 2012; Kafri et al., 2016). Some cells exhibited sub-
stantial increase in total and nuclear β-catenin within an hour while 
others showed slow or minor increase, reflecting the inherent vari-
ability in the cells’ molecular machinery to respond to Wnt signaling 
(Supplemental Figure S1A). However, when β-catenin dynamics 
were quantified and averaged in 20–30 single cells, Wnt3a treat-
ment consistently led to a 1.5- to 2-fold increase in the nuclear frac-
tion of β-catenin (Figures 1C, 2C, and Supplemental Figure S1B) 
and a 2- to 3-fold increase in overall cellular β-catenin (Figure 2D). 
Nuclear β-catenin manifested in a speckled pattern, possibly reflect-
ing incorporation into large nuclear complexes.

As expected, knockdown of the essential Wnt receptor Lrp6 led 
to loss of β-catenin accumulation in the nucleus even in the pres-
ence of Wnt3a (Figure 1, B and C). Therefore, the reporter mESCs 
allow visual assessment of Wnt pathway activation in a quantitative, 
temporally sensitive manner, and can be used to study potential 
effects of disruption in endocytosis on Wnt signal transduction.

Knockdown of clathrin heavy chain does not affect Wnt 
signal transduction
The scaffold protein clathrin forms a coat at the membrane to initi-
ate clathrin-mediated endocytosis (Kaksonen and Roux, 2018). The 
AP2 complex and other adaptor proteins aid clathrin in bending the 
membrane to form a pit, which is pinched off and internalized as a 
vesicle (Figure 2A). To determine whether clathrin-mediated endo-
cytosis is required for Wnt activation, we first targeted the main 
structural component of the clathrin endocytic pit, clathrin heavy 
chain (HC), via siRNA-mediated knockdown. To ensure that clathrin-
mediated endocytosis was impaired in these cells, we assessed cel-
lular uptake of transferrin, a major cargo of clathrin-mediated endo-
cytosis (Turkewitz and Harrison, 1989). Significant reduction in the 
uptake of fluophore-conjugated transferrin was observed in cells 
with clathrin HC knockdown (Figure 2B).

Surprisingly, reporter mESCs with impaired clathrin-mediated 
endocytosis exhibited similar kinetics in both cellular accumulation 
and nuclear translocation of β-catenin (Figure 2, C and D). Consis-
tent with appropriate Wnt pathway activation, transcription of Axin2 
was induced in mESCs subjected to clathrin HC knockdown just as 
in cells subjected to mock knockdown (Figure 2E).

Wnt activation and consequent maintenance of pluripotent iden-
tity in mESC culture can be achieved through the addition of either 
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the GSK3β inhibitor CHIR99021 or exogenous Wnt3a (Sato et al., 
2004; ten Berge et al., 2011). Because GSK3β inhibition is down-
stream from Wnt-induced changes at the receptor level, CHIR99021 
administration would bypass any requirement for receptor endocy-
tosis in Wnt pathway activation. In contrast, if clathrin-mediated en-
docytosis were required for Wnt activation, clathrin HC knockdown 
would impair the cells’ ability to maintain pluripotency with exoge-
nous Wnt3a in culture.

mESCs subjected to clathrin HC knockdown were cultured for 3 
days with CHIR99021, Wnt3a, or neither. We then quantified colony 
expression of alkaline phosphatase (AP), a hallmark of embryonic 
stem cell pluripotency (Lepire and Ziomek, 1989). In both control 
and clathrin HC knockdown conditions, the absence of CHIR99021 
or Wnt3a in culture led to reduced AP expression as mESCs began 
to lose pluripotency, whereas CHIR99021 addition prevented loss of 
AP expression (Figure 2F). Importantly, mESCs subjected to clathrin 
HC knockdown were able to maintain AP expression with Wnt3a. 
These results indicated that impaired clathrin-mediated endocytosis 
does not affect maintenance of pluripotency, the key biological con-
sequence of Wnt pathway activation in mESCs.

One concern with the clathrin HC knockdown experiments was 
potential retention of clathrin function due to incomplete knock-
down. To address this, we took two approaches: 1) assessing Wnt 

pathway activation in cells selected for most severe impairment in 
clathrin-mediated endocytosis upon clathrin HC knockdown and 2) 
knocking out another essential component of the clathrin pathway. 
Due to clathrin’s role in mitotic spindle organization unrelated to its 
function in endocytosis, knocking out clathrin HC was not a viable 
option (Royle et al., 2005; Royle 2012).

First, mESCs were subjected to the transferrin uptake assay fol-
lowing a 3-day knockdown of clathrin HC. Of these, cells in the bot-
tom 20% of transferrin uptake function were selected via FACS 
(Figure 2G). When cells in the bottom 20% in terms of clathrin endo-
cytic function were compared with those in the top 80% and those 
subjected to mock knockdown, axin2 was induced to comparable 
levels (Figure 2G). Therefore, even mESCs most severely compro-
mised in clathrin endocytosis function retained the ability to respond 
to Wnt3a stimulation, further supporting that clathrin-mediated en-
docytosis is not required for Wnt signal transduction.

Loss of adaptor protein AP2α does not affect Wnt signal 
transduction
In a complementary approach to inhibit clathrin-mediated endocy-
tosis, Ap2α was knocked out via CRISPR targeting. Ap2α is one of 
the large subunits of the heterotetrameric adaptor complex AP2 
(Figure 2A). As AP2 initiates formation of the clathrin pit on the 

FIGURE 1: A β-catenin knock-in reporter provides a faithful readout for Wnt activity in mESCs. (A) Endogenous 
β-catenin was tagged at the C-terminus with Venus and the histone protein H2B was tagged at the C-terminus with 
mTurquoise. Snapshots of a mESC harboring the β-catenin knock-in reporter show a gradual increase in the amount of 
β-catenin (yellow) in the nucleus (cyan). Images were taken over 5 h following stimulation with 5 nM Wnt3a. Scale bar, 
10 μm. (B) Effective siRNA-mediated knockdown of Lrp6 was confirmed via Western blot. (C) Change in nuclear 
β-catenin upon stimulation with 5 nM Wnt3a was quantified. Lrp6 knockdown ablated nuclear translocation of β-catenin. 
Single β-catenin reporter mESCs were live imaged over 10 h (control siRNA, n = 23; Lrp6 siRNA, n = 22; no Wnt3a, 
n = 16).
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plasma membrane and mediates the interaction between clathrin 
and its cargo proteins, it is an essential component of the clathrin-
mediated endocytic pathway (Kaksonen and Roux, 2018).

mESCs were transfected with a CRISPR gRNA targeting exon 4 
of Ap2α and subjected to clonal selection. An Ap2α knockout 
clone with frameshift deletion alleles was identified (Supplemental 
Figure S1C) and Western blot confirmed loss of Ap2α protein 
(Figure 3A). Cellular uptake of the clathrin cargo transferrin was sig-
nificantly impaired in mESCs lacking Ap2α (Figure 3A). Upon Wnt 
exposure, cells missing Ap2α were capable of accumulating β-
catenin in the cytoplasm and the nucleus in response to Wnt3a 

stimulation (Figure 3, B and C). Transcription of the Wnt target gene 
Axin2 was properly induced by Wnt3a in the knockout mESCs 
(Figure 3D). These results are consistent with outcomes of clathrin 
HC knockdown and provide further support that clathrin-mediated 
endocytosis is dispensable for Wnt signal transduction.

As mentioned previously, individual cells have been shown to 
present significant variability in absolute level changes in β-catenin 
(Goentoro and Kirschner, 2009; Hernandez et al., 2012; Kafri et al., 
2016). Indeed, we observed variability in absolute levels and dy-
namics of β-catenin accumulation among both wild-type and Ap2α 
knockout cells (Supplemental Figure S1A). However, no significant 

FIGURE 2: Knockdown of clathrin HC impairs clathrin-mediated cargo uptake but does not affect Wnt signal 
transduction. (A) Clathrin and the AP2 complex are key components of the clathrin-mediated endocytic pathway. 
Clathrin HC (CLTC) and AP2 subunits α and μ were targeted. (B) Effective siRNA-mediated knockdown of CLTC was 
confirmed via Western blot. CLTC knockdown impaired cellular uptake of fluorescently labeled transferrin (p < 0.001). 
Scale bar, 20 μm. (C) Change in nuclear and (D) cellular β-catenin upon stimulation with 5 nM Wnt3a was quantified in 
mESCs subjected to control or CLTC knockdown (control siRNA, n = 22; CLTC siRNA, n = 22; no Wnt3a, n = 15). 
(E) Transcription of the Wnt target gene Axin2 was assayed in mESCs subjected to control or CLTC knockdown. 
(F) Alkaline phosphatase stain intensity was quantified for individual mESC colonies in the specified culture condition 
(control siRNA MEKi+CHIR, n = 24; CLTC siRNA MEKi+CHIR, n = 12; control siRNA MEKi+Wnt3a, n = 29; CLTC siRNA 
MEKi+Wnt3a, n = 22; control siRNA MEKi, n = 23; CLTC siRNA MEKi, n = 21). (G) Cells in the bottom 20% of transferrin 
uptake function, as measured by low intracellular fluorescent transferrin signal, were sorted via FACS. Axin2 
transcription was induced in these cells to a level similar to cells in the top 80% of transferrin uptake.
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difference in absolute levels of nuclear β-catenin on average was 
observed upon disruption of endocytosis (Supplemental Figure 
S1B). Therefore, cells lacking Ap2α exhibited appropriate relative 
and absolute increase in nuclear β-catenin levels in response to 
Wnt3a.

Knockdown of additional endocytosis components does not 
affect Wnt signal transduction
We also disrupted the clathrin endocytic pathway through knock-
down of Ap2m1, which encodes the Ap2μ subunit of the AP2 het-
erotetramer (Figure 2A). Ap2μ phosphorylation and subsequent 
conformation change are necessary for maturation of clathrin-
coated pits (Wrobel et al., 2019). Knockdown of Ap2μ led to se-
verely impaired transferrin cargo uptake (Supplemental Figure S2A). 
Consistent with other disruptions in the clathrin endocytic pathway, 

Ap2μ knockdown did not affect cytoplasmic accumulation or nu-
clear translocation of β-catenin or Axin2 transcription (Supplemental 
Figure S2, B and C).

Next, we wanted to ensure that up-regulation of another recep-
tor endocytosis pathway did not compensate for suppression of 
clathrin-mediated endocytosis. As some reports have implicated 
caveolin-mediated endocytosis in Wnt signal transduction, we tar-
geted this endocytic pathway as well (Yamamoto et al., 2006; Liu 
et al., 2014). Caveolin expression was barely detectable in the 
mESC line at the transcript and protein levels (Kolodziejczyk et al., 
2015). Any residual caveolin function was suppressed with double 
knockdown of caveolin 1 and caveolin 2, two caveolin proteins 
that are utilized in nonmuscle cell types (Supplemental Figure S3A; 
Song et al., 1996). Knockdown of both caveolins did not compro-
mise β-catenin accumulation in the nucleus or Axin2 transcription 

FIGURE 3: Loss of adaptor protein AP2α impairs clathrin-mediated cargo uptake but does not affect Wnt signal 
transduction. (A) CRISPR-mediated knockout of AP2α was confirmed via Western blot. Loss of AP2α impaired cellular 
uptake of fluorescently labeled transferrin (p < 0.001). Scale bar, 20 μm. (B) Change in nuclear and (C) cellular β-catenin 
upon stimulation with 5 nM Wnt3a was quantified in wild-type and AP2α knockout mESCs (wild type, n = 28; AP2α 
knockout, n = 23; no Wnt3a, n = 21). (D) Transcription of Axin2 upon stimulation with 1–5 nM Wnt3a was assayed in 
wild-type and AP2α knockout mESCs.
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(Supplemental Figure S3, B and D). Even when knockdown of the 
caveolins was combined with knockdown of clathrin HC to preclude 
mutual compensation, nuclear accumulation of β-catenin and con-
sequent Axin2 transcription were unaffected (Supplemental Figure 
S3, C and D). These results indicate that neither clathrin-mediated 
nor caveolin-mediated endocytic pathways are required for mESC 
response to Wnt stimulation.

Clathrin-mediated endocytosis is not required for Wnt 
signal transduction in additional cell lines
Given that neither clathrin- nor caveolin-mediated endocytic path-
ways are required for mESC response to Wnt stimulation, we asked 
whether endocytosis is dispensable for Wnt signal transduction in 
other cell types. We tested Wnt signal transduction in additional 
human and mouse cell lines with impaired clathrin-mediated endo-
cytosis. Clathrin HC was knocked down in LS/L cells, which are 
mouse fibroblasts stably harboring TOPFlash, a luciferase reporter 
driven by Wnt-responsive elements (Blitzer and Nusse, 2006). Induc-
tion of Wnt reporter activity by increasing doses of Wnt3a was indis-
tinguishable between LS/L cells subjected to clathrin HC or mock 
knockdown (Supplemental Figure S4A). Similarly, knockdown of 
clathrin HC in human embryonic kidney 293T cells did not affect 
their ability to transcribe Axin2 upon Wnt3a stimulation (Supple-
mental Figure S4B). Results in these additional cell types support 
that clathrin-mediated endocytosis is not a general requirement for 
Wnt pathway activation.

Clathrin-mediated endocytosis is not a significant modulator 
of Wnt receptor abundance on the plasma membrane
It has been suggested that endocytosis plays a role in down-regula-
tion of Wnt signaling, either following Wnt ligand–receptor interac-
tion or without it (Liu et al., 2014). Endocytic internalization of Wnt 
receptors such as Frizzled and Lrp5/6 could dampen Wnt activity by 
reducing the amounts of receptors available for Wnt binding on the 
plasma membrane. To determine whether clathrin-mediated endo-
cytosis affects cell surface levels of Wnt receptors, we quantified 
membrane abundance of Frizzled and Lrp6 receptors in cells with 
impaired clathrin endocytosis.

To quantify Frizzled abundance, we used OMP-18R5, a mono-
clonal antibody engineered to bind Frizzled 1, 2, 5, 7, and 8 at 
their extracellular Wnt-interacting domain (Gurney et al., 2012). 
OMP-18R5 allowed us to concurrently assess multiple Frizzled re-
ceptors that are among the most highly expressed in mESCs 
(Kolodziejczyk et al., 2015). If clathrin-mediated endocytosis func-
tions as a constitutive modulator of membrane Frizzled, cells with 
impaired clathrin endocytosis would display higher Frizzled signal 
intensity. However, FACS analysis showed that knockdown of 
clathrin HC or AP2α knockout does not affect Frizzled level on the 
cell surface (Figure 4A and Supplemental Figure S1D). Because 
OMP-18R5 interacts with the cysteine-rich extracellular domain of 
Frizzled receptors that is crucial for Wnt ligand binding, it cannot 
be used to quantify Frizzled receptors on the membrane in the 
presence of Wnt3a (Gurney et al., 2012; Janda et al., 2012). In-
stead, surface biotinylation was performed to examine cell surface 
levels of another Wnt receptor, Lrp6, with or without Wnt3a 
stimulation.

For quantification of membrane Lrp6, cell surface proteins were 
biotinylated and immunoprecipitated. Lrp6 level in the immunopre-
cipitated surface fraction was measured in a quantitative Western 
blot, and the surface signal was normalized by whole cell Lrp6 signal 
of each sample. Normalized levels of Lrp6 demonstrated no signifi-
cant change in surface presentation of Lrp6 in cells with reduced 

clathrin HC (Figure 4, B–D). Membrane Lrp6 level was also surveyed 
following a 30-min (Figure 4B) or 8-h (Figure 4C) treatment with 
Wnt3a to determine whether Wnt stimulation induces internaliza-
tion of Lrp6. Quantitative Western blot in these contexts showed no 
notable difference in membrane Lrp6 level between control cells 
and cells with impaired clathrin-mediated endocytosis (Figure 4D). 
Along with the Frizzled FACS experiments, these results demon-
strated that clathrin-mediated endocytosis does not significantly 
contribute to down-regulation of Wnt receptors on the plasma 
membrane.

Monodansylcadaverine blocks Wnt signaling independent 
of endocytosis
Some past studies of the role of endocytosis in Wnt signaling relied 
on the use of a small molecule, monodansylcadaverine (MDC), 
which reportedly inhibits clathrin-mediated endocytosis (Blitzer and 
Nusse, 2006; Yamamoto et al., 2006; Liu et al., 2014). To evaluate 
the effect of this inhibitor on Wnt signaling, β-catenin knock-in re-
porter mESCs were stimulated with Wnt3a in the presence of MDC. 
Unlike genetic disruption of clathrin-mediated endocytosis, incuba-
tion with MDC suppressed β-catenin accumulation in the nucleus 
(Figure 5A). Consistent with this, MDC inhibited Wnt3a-induced 
Axin2 transcription in mESCs and Wnt3a-induced activity of the 
TOPFlash reporter in mouse L cells in a dose-dependent manner 
(Figure 5B).

Unexpectedly, we found that Wnt pathway activation by the 
GSK3β inhibitor CHIR99021 was also blocked by MDC. MDC inhib-
ited Axin2 transcription in mESCs or TOPFlash induction in mouse L 
cells stimulated with CHIR99021 in a dose-dependent manner 
(Figure 5C). This indicated that MDC affects Wnt signal transduction 
downstream from GSK3β inhibition, not as an endocytosis inhibitor 
as previously reported. In agreement with this, MDC blocked Wnt-
induced Axin2 transcription in mESCs in which clathrin-mediated 
endocytosis was already impaired (Figure 5D). Accumulation of cel-
lular β-catenin was not blocked by MDC, as measured by Western 
blot of mouse L cells following stimulation with Wnt3a (Figure 5E). 
Altogether, these results support that inhibition of Wnt signal trans-
duction by MDC, a small molecule commonly used to block clathrin-
mediated endocytosis, is likely due to an independent, unknown 
effect on the pathway downstream from GSK3β inhibition and cel-
lular β-catenin accumulation. This unexpected effect of MDC might 
be one source of the discrepancy among reports on the role of en-
docytosis in Wnt signaling.

DISCUSSION
Conflicting reports in the field and potential involvement of recep-
tor endocytosis as an essential step in signal transduction warranted 
a careful examination of the role of endocytosis in Wnt signaling. To 
determine the role of clathrin-mediated receptor endocytosis in 
Wnt signal transduction, we used quantitative cell biological and 
biochemical tools to evaluate the effect of genetic disruption of 
clathrin-mediated endocytosis on downstream events in Wnt signal 
transduction.

Our results suggest that endocytosis is not a general require-
ment for Wnt signal transduction. First, we confirmed that a mESC 
line reports pathway activation at the level of β-catenin accumula-
tion in the cytoplasm and the nucleus in a Wnt-specific, temporally 
sensitive manner. Knockout or knockdown of essential compo-
nents of clathrin-mediated endocytosis such as clathrin HC or AP2 
subunits in these mESCs severely impaired their uptake of the 
clathrin cargo transferrin. However, Wnt signal transduction was 
unaffected by these disruptions, as evinced by appropriate increase 
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in cytoplasmic and nuclear β-catenin and target gene induction. 
Furthermore, cells with impaired clathrin function maintained their 
pluripotency, a key biological consequence of Wnt pathway activa-
tion in mESCs. Lack of Wnt signaling phenotype in additional 
mouse and human cell lines provided further support that clathrin-
mediated endocytosis is not required for Wnt pathway activation. 
Suppression of caveolin-mediated endocytosis, which has also 
been implicated in Wnt receptor endocytosis, did not compromise 
Wnt signal transduction in mESCs.

These results provide ample evidence that receptor endocytosis 
is not an essential event in Wnt pathway activation. In addition, they 
challenge an existing Wnt signal transduction model that involves 
MVBs (Taelman et al., 2010). In this model, endocytic structures con-
taining Wnt pathway proteins including GSK3β mature into MVBs 
with intralumenal vesicles. MVBs sequester GSK3β away from cyto-
plasmic β-catenin, leading to β-catenin stabilization and accumula-
tion. However, this model requires receptor endocytosis for subse-
quent MVB formation and Wnt pathway activation.

Evidence from additional experiments in the field suggests that 
internalization of the ligand and the receptor complex via endocyto-
sis is not a general requirement for Wnt pathway activation. There 
are instances in which overexpression or manipulation of Wnt path-
way components within the cytoplasm is sufficient to initiate signal-
ing: overexpression of the cytoplasmic Wnt factor Dishevelled or 
optogenetic oligomerization of the cytoplasmic portion of Lrp6 
(Yanagawa et al., 1995; Repina et al., 2019). Second, exposure to 
Wnt molecules covalently attached to a magnetic bead that there-
fore cannot be internalized by the cells is sufficient for pathway acti-
vation in mESCs (Habib et al., 2013). Third, superresolution micros-
copy of GFP-tagged Dvl2 revealed its undirected movement and 
lack of colocalization with endocytic vesicle markers (Schwarz-Ro-
mond et al., 2005). These results challenge models in which path-
way activation involves internalization of receptor complexes associ-
ated with Dvl.

There are several potential sources of discrepancy between the 
results of this study and some previous reports in the field. Among 

FIGURE 4: Clathrin-mediated endocytosis is not a significant modulator of Lrp6 or Frizzled receptor abundance on the 
plasma membrane. (A) FACS analysis of mESCs stained with OMP-18R5 and detected with Alexa-488 secondary showed 
that CLTC knockdown does not alter cell surface level of Frizzled receptors. (B) Immunoprecipitation of biotinylated cell 
surface proteins was followed by quantitative Western blot to detect surface Lrp6 with or without 30-min stimulation 
with 5 nM Wnt3a. The cytoplasmic control GAPDH was detected in lysates but not in immunoprecipitated cell surface 
fractions. (C) Immunoprecipitation of biotinylated cell surface proteins was followed by quantitative Western blot to 
detect surface Lrp6 with or without 8-h stimulation with 5 nM Wnt3a. (D) Quantification of surface Lrp6 signal 
normalized by total Lrp6 signal in Western blots in B and C.
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these are pleiotropic effects of disrupting endocytic factors. One 
example is clathrin’s role in mitosis, which is independent of its func-
tion in endocytosis (Royle et al., 2005). Consistent with clathrin’s re-
ported role in mitotic spindle organization, knockdown of clathrin 
HC led to reduced cell proliferation. In addition, Gagliardi and col-
leagues reported a decrease in levels of multiple Wnt pathway pro-

teins with or without Wnt stimulation in the presence of endocytosis 
inhibitors and suggested that inhibition of endocytosis may trigger 
degradation of multiple proteins through an unknown mechanism 
(Gagliardi et al., 2014). Finally, disruption of dynamin, which has 
been employed to inhibit endocytosis, could lead to pleiotropic ef-
fects and confound study conclusions. Dynamin is responsible for 

FIGURE 5: Monodansylcadaverine blocks Wnt signaling independent of endocytosis. (A) Change in nuclear β-catenin 
upon stimulation with 5 nM Wnt3a was quantified in mESCs in the presence of 150 μM MDC (Wnt3a, n = 33; Wnt3a with 
150 μM MDC, n = 21; no Wnt3a, n = 30). (B) Wnt3a-induced transcription of Axin2 in mESCs and Wnt3a-induced 
TOPFlash luciferase activity in LS/L cells were assayed in the presence of increasing doses of MDC. (C) CHIR99021-
induced transcription of Axin2 in mESCs and CHIR99021-induced TOPFlash luciferase activity in LS/L cells were assayed 
in the presence of increasing doses of MDC. (D) MDC blocked Wnt3a-induced Axin2 transcription in mESCs subjected 
to CLTC knockdown. (E) Western blot measured accumulation of β-catenin in L cells stimulated with 5 nM Wnt3a for 2 h 
with increasing doses of MDC. Bar graph on the right shows β-catenin signal normalized by GAPDH loading control 
signal averaged from two biological replicates.
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pinching off vesicles from the Golgi network as well as from the 
plasma membrane (Jones et al., 1998; Kreitzer et al., 2000). Secre-
tory pathways as well as clathrin- and caveolin-mediated endocytic 
pathways could be affected in cells with impaired dynamin function. 
This would make it difficult to separate the effect of dynamin disrup-
tion on Wnt ligand secretion from that on ligand uptake, both of 
which could attenuate Wnt signaling.

To address pleiotropic consequences of endocytosis disruption, 
it is important to carefully control for the quantity and quality of 
samples with or without endocytosis suppression when assaying for 
Wnt pathway activation. In addition, endocytic genes should be dis-
rupted specifically in Wnt-receiving cells. To this end, we utilized 
single mESCs removed from other cell types, which allowed us to 
probe the effects of endocytosis disruption on single Wnt-receiving 
cells.

In addition, the use of overexpressed or nonnative Wnt pathway 
components might have led to disagreements among study conclu-
sions. In some studies, a truncated, constitutively active form of Lrp6 
was expressed in order to activate Wnt signaling rather than adding 
a purified Wnt ligand or media containing Wnt ligand (Taelman 
et al., 2010; Vinyoles et al., 2014). In others, assessment of receptor 
internalization and Wnt signal transduction was conducted with 
overexpressed, tagged receptors (Yamamoto et al., 2006; Hage-
mann et al., 2014). As overexpressed or nonnative Wnt pathway 
proteins might be endocytosed or trafficked differently, endoge-
nous Wnt pathway components are better suited for mechanistic 
investigation of signal transduction. Therefore, we relied on purified 
Wnt ligand for pathway activation and accumulation of endogenous 
β-catenin and target gene transcription for signal transduction 
readouts.

A third possible source of discrepancy is nonspecific effects of 
endocytosis inhibitors. Some previous efforts relied heavily on the 
small molecule inhibitor MDC to suppress clathrin-mediated endo-
cytosis (Blitzer and Nusse, 2006; Yamamoto et al., 2006; Bryja et al., 
2007; Liu et al., 2014). Our evaluation at different points along Wnt 
signal transduction showed that MDC affects the Wnt pathway 
downstream from GSK3β inhibition. MDC inhibited Wnt-induced 
target transcription in mESCs in which clathrin-mediated endocyto-
sis was already impaired, further supporting that MDC suppresses 
Wnt signaling independent of endocytosis. Future endeavors to 
study the mechanism of Wnt signal transduction should be wary of 
off-target actions of small molecule inhibitors as well as pleiotropic 
effects of disrupted genes and behavior of overexpressed proteins.

It should be noted that Wnt signal transduction could involve 
receptor endocytosis under specific circumstances. A recent study 
identified one such context in which EGFR functions as a coreceptor 
to facilitate Wnt9a-Fzd9b–specific interaction in hematopoiesis 
(Grainger et al., 2019). In this context, clathrin-mediated endocyto-
sis and subsequent activation of β-catenin–dependent Wnt signal-
ing were required for differentiation of zebrafish and human hema-
topoietic stem and progenitor cells. This is consistent with other 
accounts of endocytosis induction upon EGFR activation, and leaves 
open the possibility that Wnt pathway activation facilitated by un-
conventional coreceptors might depend on receptor endocytosis.

We also addressed involvement of clathrin-mediated endocyto-
sis as a negative regulator of Wnt signaling through receptor down-
regulation. Clathrin HC knockdown or AP2α knockout did not alter 
cell surface levels of Frizzled and Lrp6. Even with Wnt3a stimulation, 
disruption of clathrin endocytosis did not lead to a detectable in-
crease in cell surface Lrp6 level. This is consistent with a previous 
observation that Wnt stimulation does not induce Lrp6 internaliza-
tion (Kim et al., 2013). Together, results from these experiments in-

dicate that clathrin-mediated endocytosis does not have a signifi-
cant role in constitutive or Wnt-induced receptor down-regulation.

In summary, requirement for endocytosis in Wnt signal transduc-
tion was tested in an investigation that combined a Wnt-responsive 
in vitro system, genetic approaches to target essential components 
of endocytosis, and means to monitor endogenous Wnt signal 
transduction in single cells to assess pathway activation. We con-
clude that receptor endocytosis is not required for Wnt signal 
transduction.

MATERIALS AND METHODS
Cell culture and reagents
R1 mESCs were purchased from ATCC and cultured at 37°C and 5% 
CO2. Routine culture of mESCs was carried out in media containing 
DMEM with GlutaMAX (Thermo Fisher, Waltham, MA), 15% fetal 
bovine serum (GE Healthcare, Chicago, IL), 1 mM sodium pyruvate, 
MEM nonessential amino acids, 50 μM β-mercaptoethanol, 100 U/
ml penicillin, 100 μg/ml streptomycin (all from Thermo Fisher), and 
1000 U/ml LIF (Millipore Sigma, Burlington, MA) in tissue culture 
plates coated with 0.1% gelatin. For serum-free culture, cells were 
maintained in one volume DMEM/F12 with GlutaMAX combined 
with one volume Neurobasal media, with 0.5% N2 Supplement, 1% 
B27 Supplement, 0.033% bovine serum albumin (BSA), 50 μM β-
mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin 
(all from Thermo Fisher) in tissue culture plates coated with 2.5 μg/
cm2 human fibronectin (Thermo Fisher). HEK293T cells and L cells 
were cultured in DMEM with GlutaMAX supplemented with 10% 
fetal bovine serum (FBS; Omega Scientific, Tarzana, CA), 100 U/ml 
penicillin, and 100 μg/ml streptomycin. Carrier-free recombinant 
mouse Wnt3a was purchased from R&D, reconstituted in 0.1% BSA/
phosphate buffered saline (PBS), and added to culture at specified 
concentrations.

DNA constructs
mESC line harboring a β-catenin knock-in reporter, with the C-termi-
nus of β-catenin tagged with the yellow fluorescent protein Venus, 
was a kind gift from Alexander Aulehla at EMBL Heidelberg. To add 
a nucleus marker to the reporter mESCs, CSII-EF1-MCS vector en-
coding the histone protein H2B tagged with the cyan fluorescent 
protein mTurquoise was introduced via lentiviral infection.

CRISPR-mediated knockout
For CRISPR-mediated knockout of AP2α, single guide RNAs 
(sgRNAs) targeting exon 4 of mouse AP2a1 were introduced into a 
vector encoding Cas9 from Streptococcus pyogenes with 2A-Puro 
selection cassette, pSpCas9(BB)-2A-Puro v2.0 (Plasmid #62988 from 
Addgene). sgRNAs were designed using CHOPCHOP v2 (Labun 
and Montague et al., 2016). sgRNA-mediated cutting efficiency at 
the target genomic site was evaluated with Surveyor Mutation De-
tection Kit (Integrated DNA Technologies, Coralville, IA). mESC 
transfection with pSpCas9(BB)-2A-Puro v2.0 containing confirmed 
sgRNAs was performed using Effectene Transfection Reagent (Qia-
gen, Germantown, MD). After clonal selection, colonies were tested 
for loss of AP2α through genotyping and Western blotting. Geno-
typing analysis was assisted with the web tool TIDE: Tracking of In-
dels by DEcomposition (Brinkman et al., 2018).

Western blots
Cells were lysed in RIPA buffer (150 mM NaCl, 1% IGEPAL CA-630, 
0.5% of sodium deoxycholate, 0.1% sodium dodecylsulfate [SDS], 
and 50 mM Tris) supplemented with protease inhibitor cocktail (Bio-
vision, Milpitas, CA). Total protein concentration of the lysates was 
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measured using bicinchoninic acid (BCA) assay (Thermo Fisher) with 
BSA as a standard. Proteins were resolved via SDS–PAGE in 10% 
Mini-PROTEAN Tris-glycine gels (Bio-Rad, Hercules, CA) and wet 
transferred to 0.45 μm nitrocellulose membrane (GE Healthcare). 
Membranes were blocked with either 5% milk dissolved in Tris buff-
ered saline (TBS) or Intercept TBS blocking buffer (LI-COR Biosci-
ences, Lincoln, NE) for 1 h at room temperature, then incubated 
overnight at 4°C with primary antibodies diluted in the blocking 
solution containing 0.1% Tween-20. Membranes were washed in 
TBS, 0.1% Tween-20 (TBST) and incubated with HRP- or IRDye-con-
jugated secondary antibody diluted at 1:5000 in blocking solution 
containing 0.1% Tween-20. After washing, protein signals were de-
tected via enhanced chemiluminescence (Western Lightning Plus 
ECL; Perkin Elmer, Waltham, MA) followed by exposure to film (CL-
XPosure; Thermo Fisher). For quantitative blots, protein signals 
were detected on LI-COR Odyssey CLx and quantified using Em-
piria Studio software.

AP stain
mESCs were cultured in serum-free mESC media with Wnt3a or 
CHIR99021 for 4 d at low to medium density. AP activity was de-
tected using the Alkaline Phosphatase Detection Kit (Millipore 
Sigma) according to the manufacturer’s protocol. mESC colonies 
were fixed with 4% paraformaldehyde (PFA) in PBS for 2 min and 
rinsed with TBST. Cells were then stained with AP solution at room 
temperature for 15 min in the dark and imaged in PBS after another 
TBST wash. Mean stain intensity for each mESC colony was quanti-
fied using ImageJ following background subtraction.

siRNAs and antibodies
The following antibodies were used for Western blots: β-catenin (BD 
Biosciences, San Jose, CA; BD 610154; 1:1000), Lrp6 (Cell Signaling 
Technology, Danvers, MA; CST 3395; 1:1000), Lrp6 (gift from Gary 
Davidson at Karlsruhe Institute of Technology; 1:1000), clathrin HC 
(Santa Cruz Biotechnology, Dallas, TX; SC-12734; 1:1000), AP2 sub-
unit α (BD 610501; 1:1000), AP2 subunit μ2 (BD 611350; 1:1000), β-
tubulin (SC-9104; 1:1000), GAPDH (Proteintech, Rosemont, IL; 
60004-1; 1:2000). The following siRNAs from Dharmacon (GE Health-
care) were used: siGenome Mouse Lrp6 (16974) siRNA SMARTpool, 
siGenome Mouse Cltc (67300) siRNA SMARTpool, siGenome Mouse 
Cav1 (12389) siRNA SMARTpool, siGenome Mouse Cav2 (12390) 
siRNA SMARTpool, siGenome Mouse Ap2m1 (11773) siRNA 
SMARTpool, siGenome Human Cltc (1213) siRNA SMARTpool, 
Custom control siRNA (5′-CGCACGUAUAUGACAAUCGUU-3′).

Live cell microscopy and analysis
All time-lapse microscopy experiments were performed using a 
Zeiss Cell Observer Spinning Disk confocal system. β-Catenin re-
porter mESCs were adjusted to a Wnt-inactive state for 24 h in me-
dia without 2i or Wnt3a. Single-cell suspensions of these reporter 
mESCs were plated in Nunc eight-well chambered coverglass slides 
(Thermo Fisher) coated with 2.5 μg/cm2 human fibronectin at 104 
cells per well density. Cells were allowed to adhere for 2 h at 37°C 
and 5% CO2 before addition of 5 nM Wnt3a at the beginning of the 
imaging session. For live imaging experiments with MDC, 150 μM 
MDC was added with Wnt3a. During time-lapse experiments, DIC 
and fluorescence images were acquired every 20 min using a 20×/
NA 0.8 air objective, Evolve 512 EMCCD camera, and Zeiss Zen 
Blue software. Individual time frame images in each channel were 
exported for subsequent analysis in Matlab 9.2 (Mathwork). Cells 
undergoing division or in contact with other cells were excluded 
from analysis. For each time frame, a cell mask was created using 

the DIC image and a nucleus mask was created using the 405-nm 
channel image. Cellular and nuclear signal intensity of β-catenin, 
measured in the 488-nm channel, was quantified using these cell 
and nucleus masks, respectively. Change in cellular β-catenin signal 
and change in nuclear β-catenin signal relative to the first time point 
were tracked for each cell. Prism 8 (GraphPad) was used to plot the 
average and standard error of relative changes for all cells, and to 
perform a Student’s t test to examine the difference between control 
and endocytosis perturbed conditions.

Luciferase reporter assay
β-Catenin–mediated transcription activation was determined using 
mouse L cells stably expressing SuperTOPFlash (firefly luciferase re-
porter driven by 7× TCF/LEF β-catenin binding sites) and β-
galactosidase for normalization. Cells were seeded at 5 × 104 cells 
per well in 96-well culture plates, incubated overnight with Wnt3a or 
CHIR99021 at specified concentrations, then lysed in passive lysis 
buffer (Promega, Madison, WI) for reporter assay. For experiments 
with MDC, L cells were incubated with MDC with Wnt3a or 
CHIR99021 for 6 h at specified concentrations. Relative luciferase 
activity units were measured and normalized against β-galactosidase 
activity using the Dual-Light assay system (Thermo Fisher) on an LB 
960 Centro luminometer (Berthold Technologies, Oak Ridge, TN). 
All assays were performed in triplicate.

Reverse transcription and quantitative real-time PCR
To activate Wnt signaling, cells were stimulated for a specified 
amount of time with 1–5 nM Wnt3a or 3–6 μM CHIR99021 in media. 
For Axin2 transcription experiments with MDC, mESCs were prein-
cubated with MDC for 15 min before Wnt3a or CHIR99021 was 
added for 2 h at specified concentrations. Total RNA was prepared 
using an RNeasy mini kit (Qiagen) according to the manufacturer’s 
protocol. RNA was reverse transcribed using random primers (High 
Capacity cDNA Reverse Transcription kit, Applied Biosystems, Fos-
ter City, CA). Gene expression was assayed by real-time PCR using 
TaqMan Gene Expression Assays (Applied Biosystems) on an Ap-
plied Biosystems StepOne Plus real-time PCR system. All PCRs were 
carried out in triplicate with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as a reference gene. The following TaqMan probes 
were used: mouse Axin2 (Mm00443610), mouse Caveolin1 
(Mm00483057), mouse Caveolin2 (Mm01129337), mouse clathrin 
HC (Mm01307036), mouse GAPDH (Mm99999915), human Axin2 
(Hs00610344), and human GAPDH (4326317E).

Transferrin uptake assay
Prior to assay, cells were cultured in serum-free media on coverslips 
for 24 h. Cells were pulsed with 25 μg/ml transferrin-488 (Thermo 
Fisher; T13342) in serum-free media on ice for 30 min. Coverslips 
with cells were transferred to 37°C for 20 min induce transferrin up-
take while control coverslips were kept at 4°C. After PBS washes, 
cells were rinsed for 40 s with acidic stripping solution (500 mM 
NaCl and 100 mM glacial acetic acid in distilled water) to remove 
surface-bound transferrin. This was followed by PBS washes and fix-
ing with 3.2% PFA in serum-free media at 4°C for 20 min. After PBS 
washes, coverslips were mounted in Prolong Gold Antifade reagent 
with DAPI (Thermo Fisher; P36930), dried overnight, and imaged.

Fluorescence-activated cell sorting
mESCs were harvested with Accutase (Thermo Fisher) and washed 
with FACS buffer (2% FBS in PBS) at 4°C. Primary antibody staining 
was performed on ice for 1 h followed by a FACS buffer wash and 
secondary antibody incubation on ice for 45 min in dark. To exclude 
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dead cells, samples were incubated with 5 μg/ml DAPI (Thermo 
Fisher; D1306) in FACS buffer on ice for 15 min. Cells were washed, 
resuspended in FACS buffer, and analyzed on LSRFortessa (BD Bio-
sciences) or sorted on FACSAria IIu (BD Biosciences). Data were pro-
cessed with FACSDiva software and FlowJo v10. Doublets were ex-
cluded by FSC-W × FSC-H and SSC-W x× SSC-H analysis, and dead 
cells were excluded by DAPI detection. The following antibodies 
were used: OMP-18R5 (OncoMed Pharmaceuticals, Redwood City, 
CA) at 10 μg/ml with anti-human IgG (Fc) secondary conjugated to 
FITC (Millipore Sigma; AP113F).

Cell surface protein biotinylation
For quantification of surface Lrp6, cell surface proteins were biotinyl-
ated using EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher) according 
to the manufacturer’s protocol. Surface proteins were labeled with 
800 μM sulfo-NHS-SS-biotin in PBS for 30 min at 4°C. Cells were 
washed twice with ice-cold 20 mM Tris buffer to quench nonreacted 
biotinylation reagent, and then with ice-cold PBS. Cells were lysed 
in RIPA buffer supplemented with protease inhibitor cocktail (Biovi-
sion) and 1 mM phenylmethylsulfonyl fluoride. Total protein concen-
tration of the lysates was measured via BCA assay and biotinylated 
proteins were immunoprecipitated using streptavidin magnetic 
beads (Thermo Fisher). Magnetic beads (500 μg) were incubated 
with up to 70 μg of lysate rotating overnight at 4°C, washed with 
RIPA buffer, and eluted in 1× Laemmli sample buffer supplemented 
with 2 mM biotin and 20 mM dithiothreitol by boiling for 3 min at 
95°C. Quantitative Western blot was performed with elutes and 
whole cell lysates as described above and imaged on LI-COR Odys-
sey CLx. Lrp6 antibody was a kind gift from Gary Davidson at Karl-
sruhe Institute of Technology.
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