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Abstract
Background: The canonical Wnt signal transduction (or the 
Wnt/β‑catenin pathway) plays a crucial role in the development 
of animals and in carcinogenesis. Beta‑catenin is the central 
component of this signaling pathway. The activation of 
Wnt/β‑catenin signaling results in the cytoplasmic and nuclear 
accumulation of β‑catenin. In the nucleus, β‑catenin interacts with 
the TCF/LEF transcription factors and, therefore, participates in 
the upregulation or downregulation of some important genes 
involved in diverse cellular activities. In addition, β‑catenin 
is a critical component of the cadherin‑mediated cell adherens 
junction. We had previously noticed that very high cellular 
concentrations of β‑catenin had a negative effect on the 
transcriptional activity of this protein and, therefore, the aim of 
this study was to find a mechanism for this negative interaction.
Methods: Cell fractionation, western blotting, and 
immunofluorescence microscopy experiments were performed 
to measure β‑catenin protein levels and β‑catenin cellular 
localization in HEK293Tcells transfected with various amounts 
of a β‑catenin‑encoding plasmid. Also, total RNA was extracted 
from the cells and used for reverse transcriptase‑PCR experiments 
to measure the expression of the β‑catenin target genes. SPSS, 
version 16, was used to analyze the results statistically.
Results: We demonstrated that overexpression of β‑catenin led 
to the formation of rod‑shaped protein aggregates. The aggregate 
structures were mainly formed in the cell nucleus and were heavy 
enough to be isolated by centrifugation. Beta‑catenin aggregate 
formation was accompanied by a decrease in the expression of 
theβ‑catenin target genes used in this study.
Conclusion: Since deregulation of β‑catenin function occurs 
in several human diseases, including cancer and neurological 
disorders, the results of this paper further support the possible 
biological and clinical significance of β‑catenin aggregate 
formation.
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Introduction

Beta‑catenin‑dependent signaling pathways play essential roles 
in various cellular processes and in normal tissue homeostasis.1‑4 
Although β‑catenin was primarily known as a central component of 
the canonical Wnt signaling, several other signaling pathways like 

What’s Known

•	 Wnt/β‑catenin pathway plays a 
crucial role in animal development and 
several human diseases. β‑catenin 
is the central component of this 
signaling pathway. Upregulation of 
β‑catenin activity has been reported in 
several human cancers. Furthermore, 
downregulation of β‑catenin function 
is the cause of some neurological 
diseases.

What’s New

•	 It	is	demonstrated	that	in	human	HEK-
293T cells, higher cellular concentrations 
of the β‑catenin protein may lead to the 
formation of its aggregate structures in the 
cell nuclei accompanied by a decrease 
in transcriptional activity of this protein. 
Our results further support the biological 
relevance of the β‑catenin aggregate 
formation.
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those mediated by tyrosine kinases, PI3‑kinases, 
and heterotrimeric G proteins can also regulate 
β‑catenin function. The regulation of β‑catenin 
by these signaling pathways is probably 
through the inhibition of the enzymatic activity of 
GSK‑3β.5‑9 The proposed mechanism is that the 
activation of the above signaling pathways leads 
to phosphorylation (at serine 9) and, therefore, 
inactivation of GSK‑3β.5‑7 The inhibition of 
GSK‑3β may result in protein stabilization and, 
thus, cellular accumulation of β‑catenin. For 
example, we have reported that the activation 
of the Gq class of heterotrimeric G‑proteins in 
Xenopus oocytes or in HEK293Tcells leads to the 
inhibition of GSK‑3β and cellular accumulation of 
β‑catenin.8,9

The cellular accumulation of β‑catenin can 
result in the translocation of this protein into 
the nucleus. In the nucleus, β‑catenin interacts 
with	 the	 TCF/LEF	 transcription	 factors	 and,	
therefore, regulates the transcription of many 
genes involved in diverse cellular processes, 
including proliferation, differentiation, migration, 
and apoptosis.2,4 In addition, β‑catenin has an 
important role in maintaining epithelial tissues by 
interacting with the E‑cadherin cell‑cell adhesion 
protein.10,11

Given the critical role of β‑catenin in 
different cellular processes, the abnormal 
function of this protein has been observed in 
animal developmental disorders and also in 
several human diseases, including human 
malignancies.1‑4 The role of β‑catenin‑mediated 
signaling in colon cancer has been intensively 
investigated, and it has been well known that 
upregulation of β‑catenin oncogenic activities 
occurs in more than 85% of the sporadic forms 
of colon cancer and in almost all patients with 
familial adenomatous polyposis.1‑4,12,13 In patients 
with colon cancer, the upregulation of β‑catenin 
is mainly due to the truncating mutations of the 
tumor suppressor, theAPCgene,12,13 although in 
some patients stabilizing mutations of β‑catenin 
itself or inactivating mutations of Axin have 
been reported.14,15 Since the upregulation of 
the β‑catenin protein is an early event in colon 
cancer, the functional blockade of this protein for 
the prevention or treatment of colon cancer is a 
valuable clinical approach.

We had previously observed a reduction 
in β‑catenin‑mediated gene expression when 
the protein was produced at very high cellular 
concentrations. To find out the reason, we 
primarily used immunostaining methods; and 
during our immunofluorescence microscopy 
experiments in HEK293T cells, we noticed 
that the transfection of the cells with larger 
amounts of the β‑catenin plasmid resulted in 

the formation of rod‑shaped β‑catenin protein 
aggregates. In summary, in this paper, for the 
first time, we report that β‑catenin can form 
visible protein aggregates when expressed at 
high levels in HEK293T cells. The β‑catenin 
aggregate formation in the HEK293T cells was 
predominantly observed in the cell nucleus, 
suggesting that aggregate formation can 
negatively affect the transcriptional activity of 
β‑catenin. Our gene expression results, for the 
first time, support this suggestion.

Materials and Methods

Cell Culture and Transfection
In total, 2 × 105 HEK293T cells were seeded 

in each well of 6‑well plates and grown at 37°C, 
5% CO2 in DMEM supplemented with 10% FBS 
and antibiotics (100 µg/mL	of	 streptomycin	and	
100	 units/mL	 of	 penicillin).	At	 60%	 confluency,	
the medium was replaced with a fresh 
medium containing 25 µg/mL	 of	 chloroquine	
phosphate	(Ipca	 Laboratories,	 India);	 and	
2 hours later, the cells were transfected with 
various amounts of the β‑catenin expression 
plasmid. (See the figure legends.) A standard 
calcium phosphate protocol was used for 
transfection.9 Six hours after transfection, the 
medium was changed to a medium lacking 
chloroquine phosphate; and 48 hours later, the 
cells were harvested. The cell pellets were used 
directly or stored at ‑70°C until use.

Cell Fractionation and Western Blotting
Cell fractionation of theHEK293Tcells was 

performed using the method described by 
Holden and Horton.16 Protein concentration and 
western blotting experiments were performed as 
described previously.9

Indirect Immunofluorescence
In order to study the quantity and cellular 

localization of the β‑catenin protein, we used 
indirect immunofluorescence microscopy. The 
experiments were performed as described 
previously.9

RNA Extraction and Reverse 
Transcriptase‑PCR (RT‑PCR)

For the measurement of the expression of 
β‑catenin target genes, the cells were harvested 
48	 hours	 post-transfection	 with	 Trypsin/EDTA	
(0.53	mM	 of	 EDTA	 and	 0.05%	[w/v]	 Trypsin	 in	
PBS) and washed twice with cold PBS. Total 
RNA was extracted from the cell pellets using 
the RNX‑plus kit (CinnaGen, Tehran, Iran) as 
described by the supplier. Thereafter, 2 µg 
of RNA was treated with 1 U of DNase I in a 
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total volume of 10 µL	 at	 37°C	 for	 30	minutes.	
The DNase enzyme was inactivated in 2.5 mM 
of EDTA at 65°C for 10 minutes, and then the 
reaction was used for reverse transcription 
by adding 200 U of reverse transcriptase 
enzyme (Fermentas), 1X RT buffer, 20 U of 
RiboLock	RNase	 inhibitor,	 1	mM	of	dNTP	mix,	
and 0.2 µg of a random hexamer primer, in a 
total volume of 25 µL.	 PCR	 amplification	 was	
performed on 1 µL	of	 the	 reverse	 transcription	
reaction using 30 pmol of each primer and 2.5 U 
of Taq polymerase in a total volume of 25 µL.	
The amplification protocol involved denaturation 
at 95°C for 60 seconds, annealing (GAPDH 
at 59°C, cyclin D1 at 57°C, and luciferase at 
62°C) for 60 seconds, and extension at 72°C for 
60 seconds. The 30 cycles of PCR were followed 
by a final extension at 72°C for 10 minutes. The 
PCR products were separated on a 1% agarose 
gel and visualized by ethidium bromide. The 
results of the RT‑PCR experiments were then 
quantified with the ImageJ software. The PCR 
primers are listed in table 1.

Statistical Analysis
The gene expression results are presented 

as mean ± standard error. SPSS, version 16, 
was used to analyze the results statistically. The 
analysis of variance (ANOVA) test was used 
to compare the means of the gene expression 
levels between the different treated groups. All 
the experiments were carried out in triplicate. 
A P>0.05 was considered significant.

Results

Formation of Protein Aggregates by ‑Catenin 
at High Concentrations

We had previously noticed that the 
overexpression and production of the β‑catenin 
protein at very high cellular levels leads to a 
decrease in the expression of the β‑catenin 
target genes (Saghaeian Jazi and A. Najafi, 
unpublished results). To find out the reason, 
we first studied the cellular β‑catenin protein 

by immunostaining methods. HEK293Tcells 
were transfected with increasing amounts 
of an expression plasmid harboring the 
‑catenin cDNA, and then the cellular levels of 
β‑catenin were measured by western blotting. 
As was expected, the cells produced more 
β‑catenin protein when transfected with greater 
amounts of the plasmid (figure 1A). When 
immunofluorescence microscopy was used, 
fluorescent rod‑like bodies were clearly seen in 
some cells (figure 1B). The aggregate structures 
were not observed in the absence of the β‑catenin 
antibody, suggesting that β‑catenin forms protein 
aggregates at high concentrations (figure 1B).

The rod bodies varied in length, and they were 
mainly seen in the cell nucleus (figure 2A). It was 
also observed that the precipitates of the β‑catenin 
aggregates could be recovered by centrifugation. 
Nuclear extracts were isolated from the cells 
and centrifuged at 63000 g to separate soluble 
and insoluble forms of the β‑catenin protein. The 
2fractions, after protein measurement, were used 
for western blotting experiments with the β‑catenin 
antibody (figure 2B). As is shown in this figure, the 
amount of both soluble and insoluble forms of 
β‑catenin increased when higher concentrations 
of the ‑catenin plasmid were used for cell 
transfection. It is likely that these β‑catenin protein 
aggregates had different sizes and only the heavier 
ones were precipitated during centrifugation.

We then considered whether β‑catenin 
aggregates were present in physiological 
conditions or whether they were only the result 
of overexpression experiments. SW480 colon 
cancer cells have naturally high protein levels 
of β‑catenin. Therefore, the β‑catenin proteins 
in these cells were carefully examined by 
immunofluorescence microscopy, but there was 
no indication of protein aggregation (figure 3).

Transcriptional Activity of ‑Catenin Decreases 
at Higher Concentrations

Since the β‑catenin aggregate structures 
were mainly formed in the cell nucleus, we 
asked whether this could have any effect on 
the expression of β‑catenin target genes. 
The upregulation of cyclin D1 in response to 
the	 activation	 of	 the	 canonical	 Wnt/β‑catenin 
signaling has been considered by many 
laboratories, including ours.17,18 Therefore, 
we chose cyclin D1 as a native cellular 
β‑catenin‑responsive gene. We also used 
luciferase under the control of β-catenin-TCF/
LEF	 binding	 regulatory	 elements	(pTOPFlash),	
as a β‑catenin‑responsive reporter gene.14 As 
we intended to test the β‑catenin transcriptional 
activity more directly, we used RT‑PCR 

Table 1: Oligonucleotide primers for reverse 
transcriptase‑PCR reactions
Gene Primers
GAPDH F: 5’ CCA GGT GGT CTC CTC TGA CTT 

CAA CAG 3’
R: 5’ AGG GTC TCT CTC TTC TTC CTC 
TTG TGC TGC 3’

Cyclin D1 F: 5’ TTC CTC TCC AAA ATG CCA G 3 ’
R: 5’ AGA GAT GGA AGG GGG AAA GA 3 ’

Luciferase F: 5’ CTC ATA GAA CTG CCT GCG TG 3’
R: 5’ GGC GAA GAA GGA GAA TAG GG 3’

F: Forward primer; R: Reverse primer
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experiments to measure the luciferase gene 
expression. The transcription of the above 

genes in the cells transfected with different 
amounts of the β‑catenin‑encoding plasmid was 
measured. As is shown in figure 4, compared to 
that of the cells transfected with an empty vector, 
the transcription of the cyclin D1 and luciferase 
genes was upregulated (1.5 to 2‑fold) in the cells 
transfected with 0.5 µg of the b‑catenin plasmid. 
Interestingly, the transfection of the cells with 
1.5 µg of the plasmid either did not change or 
led to a decrease in the expression of the cyclin 
D1 and luciferase genes and the use of 3.0 µg 
of the ‑catenin plasmid for cell transfection 
generally resulted in a further decrease in gene 
expression (figure 4). Interestingly, in some 
experiments, the transfection of the cells with 
3.0 µg of the ‑catenin plasmid lowered the 
transcription of the cyclin D1 and luciferase 
genes below the basal level (figure 4). It is worth 
mentioning that we observed some degree 
of variability in the gene expression results, 
which may have been due to the difference 

Figure 3: Immunofluorescence staining of SW480 colon 
cancer cells for the β‑catenin protein. The DAPI staining is 
shown in the right hand panel.

Figure 4: RT‑PCR experiments were performed to measure 
the expression of the cyclin D1 and luciferase genes in 
HEK293T cells transfected with varying amounts of the 
β‑catenin plasmid. To measure the luciferase gene, we 
also transfected the cells with 0.5 μg of the reporter, TOP 
Flash plasmid. The chart represents the average of gene 
expression for 3 independent experiments. The gene 
expression level was significantly different between the 
groups evaluated by the ANOVA test (P=0.01). The result 
of a western blot experiment measuring the corresponding 
β‑catenin protein levels is shown below the chart.

Figure 1: HEK293T cells were seeded in duplicate and 
transfected with different amounts of the β‑catenin plasmid 
(the number on top of each panel). One group of cells 
was used for western blotting experiments to measure 
β‑catenin protein levels (A) and the other group was used 
for immunofluorescence staining of β‑catenin (B). The cells 
harboring β‑catenin protein aggregates are indicated by 
arrows. The lowest panel represents the cells transfected 
with 3 μg of the β‑catenin plasmid, but the primary antibody 
was omitted from the staining protocol to test the specificity 
of the β‑catenin antibody. The expression of the GAPDH 
protein was used as a loading control for the blot shown in 
figure 1A.

A

B

Figure 2: (A) FITC (left) and DAPI (middle) staining of a 
HEK293T cell, overexpressing β‑catenin. The figure shows 
that the β‑catenin protein aggregates predominantly formed 
in the cell nucleus (the arrow). The right hand panel is the 
merged image. (B) HEK293T cells were transfected with 
increasing amounts of the β‑catenin plasmid; and 48hours 
after transfection, the cells were harvested and fractionated 
as described in Reference 16. Nuclear soluble and insoluble 
proteins were utilized for immunoblotting experiments using 
β‑catenin antibody.

A

B
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in the efficiency of cell transfection from one 
experiment to another. Collectively, the results 
of these experiments suggest that β‑catenin is 
transcriptionally active only up to certain cellular 
levels and higher concentrations of this protein 
have a negative effect on the transcription of the 
target genes, perhaps due to the formation of 
inactive protein aggregate structures.

Discussion

Beta‑catenin is a multifunctional protein which 
regulates different cellular activities.1‑4 As a 
component of cell adherens junctions, β‑catenin 
physically interacts with the cell membrane 
protein, E‑cadherin, to stabilize the epithelial 
tissues.10,11 In addition, as a signaling protein, 
nuclear β-catenin	 interacts	 with	 the	 TCF/LEF	
transcription factors to regulate the expression 
of many cellular genes encoding very 
important proteins, including growth factors, 
transmembrane receptors, and transcription 
factors. A list of these genes is available at 
the Wnt‑signaling homepage (www.stanford.
edu/~rnusse/wntwindow.html). For years, 
β‑catenin has been the focus of research by 
scientists in the field of developmental biology, 
cancer biology, and cell and molecular biology. 
Beta‑catenin was primarily known as a central 
component of the canonical Wnt signaling.10,11 
Upon interaction between some Wnt ligands 
and their cognate receptors, the canonical 
Wnt signaling becomes activated and leads to 
the chemical and functional modification of a 
protein complex (destruction complex), which 
is involved in the regulation of β‑catenin cellular 
stabilization.1‑4 The activation of the canonical 
Wnt signaling blocks GSK‑3β‑mediated 
β‑catenin phosphorylation at a few serine or 
threonine residues located at the N‑terminal 
segment of the protein.5‑7 The phosphorylation 
of β‑catenin at these sites makes this protein 
susceptible to the proteasome degradation 
system, thereby decreasing the stabilization and 
cellular accumulation of β‑catenin. Interestingly, 
the natural oncogenic mutants of β‑catenin carry 
mutations in the GSK‑3β phosphorylation sites 
and these mutants are much more resistant to 
proteolysis and are, thus, dominantly active.14 
The growth, proliferation, and survival of some 
human cancer cells are dependent on β‑catenin 
function, and the deregulation of this protein 
has been observed in some human cancers.1‑4 
The oncogenic function of β‑catenin has been 
highlighted in colorectal cancers since most 
patients carry genetic and epigenetic alterations 
leading to the upregulation of β‑catenin 
function.1‑4

In this paper, we showed that the 
overexpression of β‑catenin in HEK293T cells 
might cause this protein to form aggregate 
structures. We also showed that the β‑catenin 
aggregate structures were mainly formed in the 
cell nucleus (figure 2). This was an interesting 
observation because it could be a mechanism 
for our previous finding that β‑catenin had 
a lower transcriptional activity at very high 
cellular concentrations. We repeated gene 
expression experiments and, consistent with 
previous results, observed that the transcription 
of cyclin D1 was decreased when the cells 
were transfected with a higher amount of the 
β‑catenin‑encoding plasmid (e.g. 3.0 µg for each 
well of a 6‑well plate) (figure 4). The decrease 
was also observed for the luciferase gene in the 
TOPFlash plasmid (figure 4). In this construct, 
the luciferase gene is under the control of 
3repeats of a β-catenin-TCF/LEF-binding	
element.14 These results suggest that β‑catenin 
aggregate formation could functionally block 
β‑catenin‑dependent gene expression.

At least 2 other research groups have also 
noticed β‑catenin aggregates in cells having 
large amounts of this protein,19,20 and the 
protein regions necessary for the formation 
of such aggregates have been mapped.20 
The most important region appears to be the 
armadillo repeat domain of β‑catenin since 
the expression of the proteins that bind to this 
domain (e.g. N‑cadherin, Tcf‑4, and APC) 
can block the formation of aggregates.20 The 
formation of β‑catenin aggregates has been 
reported in several cell lines, including PC12, 
MDCK, and NIH3T3.19,20 Here, we showed that 
β‑catenin aggregates were also able to form 
inHEK293Tcells, suggesting that the formation of 
these aggregate structures could occur in many 
cells. Other laboratories have also discovered 
that β‑catenin aggregates are mainly found 
in cell nucleus,19,20 and it has been suggested 
that	 vinculin	 and	 LEF-1	 are	 also	 present	 with	
β‑catenin in the aggregates.20

An important question is whether β‑catenin 
can form aggregate structures at normal 
and physiological concentrations. In normal 
cells, β‑catenin is mainly found at the cell 
membrane (as a component of cell adherens 
junctions) and its intracellular concentrations is 
very low.1‑4 However, some cancer cells have 
increased the intracellular protein levels of 
β‑catenin which provide them with growth and 
proliferative advantages.12,13 An appropriate 
example is the invasive SW480 colon cancer 
cell, which carries easily detectable amounts 
of intracellular β‑catenin (figure 3). However, 
we did not find any indication of β‑catenin 
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aggregate formation in SW480 cells (figure 3). 
This was expectable, because if β‑catenin 
formed aggregate structures in the SW480 
cells, this protein could not function as a potent 
oncogene in these cells. It is very interesting 
to know whether the cells like SW480 have 
a mechanism to block β‑catenin aggregates. 
It is also likely that β‑catenin protein levels in 
SW480 cells do not reach those levels to form 
protein aggregates. Among the HEK293T cells 
transfected with 0.5 µg of β‑catenin encoding 
plasmid, we found cells which had β‑catenin 
protein levels apparently higher than those of 
the SW480 cells, but these cells did not have 
visible aggregate structures (figure 1B). The 
results shown in this paper only demonstrate 
that β‑catenin forms protein aggregation at very 
high cellular concentrations, but they do not 
measure the cellular levels of this protein which 
initiate protein aggregation. A stable transfection 
of HEK293T cells with β‑catenin, followed by a 
selection of different clones expressing different 
amounts of β‑catenin, might create a more 
defined direction toward estimating the β‑catenin 
concentrations required for aggregate formation.

The formation of protein aggregates has 
been observed in several neurodegenerative 
diseases.21,22 In general, protein aggregation is 
toxic to cells because the aggregate structures 
can functionally block important cellular proteins. 
There are several studies indicating that the 
downregulation	 of	 the	 Wnt/β‑catenin signaling 
pathway is involved in the pathogenesis of 
some neurodegenerative disorders, including 
amyotrophic lateral sclerosis, Alzheimer’s 
disease, and Huntington’s diseases.23‑25 
Beta‑catenin aggregate formation might be 
one	 of	 the	 mechanisms	 for	 the	 Wnt/β‑catenin 
signaling deficiency in neurodegenerative 
diseases. Interestingly, Pinto and colleagues23 
used NSC34 cells stably expressing the 
enzyme superoxide dismutase‑1 (as an in vitro 
model)	 to	 study	 Wnt/β‑catenin signaling in 
the neurodegenerative disease, amyotrophic 
lateral sclerosis. The authors suggested 
that	 the	 decrease	 in	 the	 Wnt/β‑catenin 
pathway‑dependent gene expression in the 
NSC34 cells was probably due to the cellular 
aggregation of β‑catenin.

Beta‑catenin is a critical protein with at 
least 2 important biological functions.1‑4 As was 
mentioned above, deregulation of β‑catenin 
activity has been observed in several human 
cancers and also in other human diseases, 
including neurodegenerative disorders. 
Accordingly, further research is warranted with a 
view to establishing whether the aggregation of 
this protein is biologically relevant.

Conclusion

In summary, in this paper, we report that 
β‑catenin can form visible protein aggregates 
when expressed at high levels in HEK293T cells, 
re‑emphasizing the possible biological significance 
of this phenomenon. The β‑catenin aggregate 
formation in the HEK293Tcells was predominantly 
observed in the cell nucleus, suggesting that 
aggregate formation can negatively affect the 
transcriptional activity of β‑catenin.
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