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Abstract

Nuclear Epidermal Growth Factor Receptor (EGFR) has been associated with worse prognosis and 

treatment resistance for several cancer types. After Epidermal Growth Factor (EGF) binding, the 

ligand-receptor complex can translocate to the nucleus where it functions in oncological processes. 

By three-dimensional quantification analysis of super-resolution microscopy images, we verified 

the translocation kinetics of fluorescent conjugated EGF to the nucleus in two mesenchymal cell 

types: human adipose tissue-derived stem cells (hASC) and SK-HEP-1 tumor cells. The number of 

EGF clusters in the nucleus does not change after 10 min of stimulation with EGF in both cells. 

The total volume occupied by EGF clusters in the nucleus of hASC also does not change after 10 

min of stimulation with EGF. However, the total volume of EGF clusters increases only after 20 

min in SK-HEP-1 cells nuclei. In these cells the nuclear volume occupied by EGF is 3.2 times 

higher than in hASC after 20 min of stimulation, indicating that translocation kinetics of EGF 

differs between these two cell types. After stimulation, EGF clusters assemble in larger clusters in 

the cell nucleus in both cell types, which suggests specific sub-nuclear localizations of the 

receptor. Super-resolution microscopy images show that EGF clusters are widespread in the 

nucleoplasm, and can be localized in nuclear envelope invaginations, and in the nucleoli. The 

quantitative study of EGF-EGFR complex translocation to the nucleus may help to unravel its 

roles in health and pathological conditions, such as cancer.
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1. Introduction

Epidermal Growth Factor Receptor (EGFR) is a member of ERBB family of receptor 

tyrosine kinase, which is expressed in cells of ectodermal and mesodermal lineage (Citri and 

Yarden, 2006). The interaction of ligands, such as the Epidermal Growth Factor (EGF), with 

EGFR leads to the formation of asymmetric homodimers or heterodimers with other ERBB 

receptors and, subsequently, to their activation by autophosphorylation of tyrosine residues 

in their C-terminal region (Lemmon et al., 2014). Activated EGFR can initiate intracellular 

signals for cell adhesion, migration, proliferation, and oncogenesis (Yarden and Sliwkowski, 

2001).

Increased expression of EGFR and mutations in its gene are associated with neoplasms such 

as non-small-cell lung cancer, glioblastomas, breast cancer, and head and neck squamous 

cell carcinoma (reviewed by Yarden and Pines, 2012). EGF family proteins have been 

documented as potential biomarkers for disease prognosis, and for progression of different 

tumor types (Briffa et al., 2015; Docea et al., 2013; Loupakis et al., 2014; Miyata et al., 

2017; Olsen et al., 2012). Cancer therapies that inhibit EGFR signaling have been developed 

with beneficial results for patient lifespan; however, tumors ultimately acquire resistance to 

them, leading to the need for treatment change (Roskoski, 2014). Thus, studies of EGFR 

biology could unveil mechanisms of therapy resistance, and potential methods to overcome 

the issue.

It has been observed that after ligand interaction, the EGF-EGFR complex can redistribute in 

the membrane forming clusters that are endocytosed in coated vesicles to the cytosol 

(Gorden et al., 1978; Haigler et al., 1979). The internalization is important for signaling 

control of the receptor, and for its transport to other cell compartments, such as 

mitochondria, Golgi, endoplasmic reticulum, and nucleus (Wang and Hung, 2012). Inside 

the nucleus, the EGFR acts as a transcriptional regulator, signal transducer, and protein 

modulator, leading to cell proliferation, DNA replication and repair, and tumor progression 

(reviewed in Lee et al., 2015).

Nuclear EGFR is mainly observed in highly-proliferative cells, as in tumor tissues (Lin et 

al., 2001; Lo et al., 2006b; Pereira et al., 2015; Rodrigues et al., 2016). It is associated with 

poor prognosis (Hoshino et al., 2007; Li et al., 2012; Lo et al., 2005; Traynor et al., 2013; 

Xia et al., 2009) and therapy resistance (Huang et al., 2011; Lee et al., 2015) in various types 

of cancer. Although components participating in the nuclear translocation of EGFR have 

been unveiled (Campos et al., 2011; Hsu and Hung, 2007; Liao and Carpenter, 2007; Lin et 

al., 2001; Lo et al., 2006a; Wang et al., 2010a,b), little is known about the translocation 

kinetics and nuclear compartmentalization after stimulation, and how these profiles vary in 

cells with different proliferative and oncogenic capacity.

Protein inside cellular compartments can be analyzed and quantified by different 

approaches, such as cell fractioning following protein extraction, transmission electron 

microscopy, and light microscopy. Western blot of cell fractions can be performed to verify 

the EGFR nuclear translocation after EGF stimulation over time (Campos et al., 2011; Faria 

et al., 2016; Lin et al., 2001). Although this technique enables the analysis of the expression 
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profile, it is not possible to visualize the localization of the protein complexes inside cell 

compartments. Electron microscopy allows precise protein visualization inside cells, but has 

limitations regarding volume quantifications of the clusters.

On the other hand, light microscopy is a powerful approach to achieve protein intracellular 

localization and quantification, with recent advances in both aspects (Hamilton, 2009). 

Modern microscopes allows acquisition of higher resolution images than conventional 

confocal microscopy (Weisshart, 2014), and new image analysis methods are being 

developed to fulfill users requirements for protein quantifications (Coffman and Wu, 2012; 

Rizk et al., 2014; Szoboszlay et al., 2017). Although some approaches use live cells to track 

intracellular EGFR (Campos et al., 2011; Du et al., 2013), photobleaching and poor spatial 

and temporal resolution may affect the localization and quantification of proteins over time 

(Hamilton, 2009). Thus, new methods for quantification of molecules using super-resolution 

images of fixed cells could generate more precise data to verify EGFR kinetics and 

subcellular localization.

Given the importance of studying EGF-EGFR transport for a better understanding of its 

association with tumor development and therapy resistance, this study aims to use an 

innovative approach to quantify nuclear EGF clusters after increasing times of stimulation in 

tumor cells, and to compare them to non-tumor cells of the same embryonic origin. The 

comparison might unveil aspects of EGF-EGFR biology in normal and abnormal contexts.

2. Material and methods

2.1. Cell culture

Mesenchymal stem cells (hASC) were extracted from human adipose tissue freely donated 

by patients who underwent liposuction and abdominoplasty, as approved by the 

“Universidade Federal de Minas Gerais” (UFMG) Research Ethics Committee (COEP: 

55698116.2.0000.5149). Cell extraction was performed according to Zuk et al. (2001). 

Briefly, adipose tissue samples were washed twice in phosphate buffered saline (PBS; pH 

7.4, Thermo Fisher Scientific, Waltham, MA, USA), and were digested by 0.1% collagenase 

solution (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 45 min. The samples were 

centrifuged at 300×g for 10 min at 25 °C, and the pellet was resuspended in sterile 

Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific) containing 10% 

fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% penicillin/streptomycin/

amphotericin B solution (PSA; Sigma-Aldrich). Cells were transferred to culture flasks and 

kept in a humid atmosphere at 37 °C and 5% CO2. SK-HEP-1 cells were obtained from 

American Type Culture Collection. These cells were cultured in sterile DMEM with 10% 

FBS and 1% PSA and kept in a humid atmosphere at 37 °C and 5% CO2. Culture medium 

from both cell cultures was changed every 3 days. For all the experiments performed hASC 

was in passage 3–5.

2.2. Western blot

hASC and SK-HEP-1 plated cells were washed twice with cold PBS and were lysed by 

NETN buffer (150 mM NaCl; 1 mM EDTA; 20 mM Tris–HCl, pH 8.0; 0.5% Nonidet P-40) 

Faraco et al. Page 3

J Struct Biol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). After cell scraping, 

cells were collected, homogenized by vortex and sonicated. The samples were incubated on 

ice for 10 min and centrifuged at 16,000×g for 20 min at 4 °C. Supernatants were collected 

and proteins were quantified by Bradford method (Bradford, 1976). Immunoblotting was 

performed as previously described (Campos et al., 2011). Briefly, samples were submitted to 

polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred to 0.22 μm 

polyvinylidene fluoride membranes (BioRad, Hercules, CA, USA) using a Trans-Blot® SD 

semi-dry transfer cell (BioRad). Anti-EGFR (Santa Cruz Biotechnology, Dallas, Texas, 

USA) and anti-α tubulin (Sigma-Aldrich) were used as primary antibodies. Membranes 

were incubated with peroxidase-conjugated secondary antibodies and revealed with 

enhanced chemiluminescence solution ECL (Thermo Fisher Scientific) in BioMax® MR 

(Carestream/Kodak) films. Quantitative analyses of the blotting were performed using Image 

J software (https://imagej.nih.gov/ij/).

2.3. Super-resolution microscopy

Cells plated on sterile cover slips were incubated in medium without FBS overnight and 

were stimulated with 200 ng/mL of EGF labeled with Alexa Fluor® 488 (EGF-488) 

(Thermo Fisher Scientific) for 0 (control), 5, 10, 20 and 40 min. After removal of the 

stimulus, cells were washed with PBS, fixed with formaldehyde 3.7% and permeabilized 

with 0.05% Triton X-100 solution. Cells were blocked with 1% bovine serum albumin 

(BSA) solution containing 5% goat serum and were incubated at 4 °C overnight with 

primary antibodies: monoclonal anti-Fibrillarin (Cell Signaling Technology, Danvers, MA, 

USA), monoclonal anti-lamin B2 (Thermo Fisher Scientific), monoclonal anti-EGFR 

(Millipore, Temecula, CA, USA). In the other day, cells were labeled with a secondary 

antibody (Alexa Fluor® 555 and Alexa Fluor® 647) and with Hoechst 33258 (Thermo Fisher 

Scientific) at room temperature for 1 h. The coverslips were washed with PBS and slides 

were assembled using Prolong Gold Antifade Reagent (Thermo Fisher Scientific). Cells 

were analyzed in “Centro de Aquisição e Processamento de Imagens da UFMG” using the 

LSM 880 with the Airyscan detector (Carl Zeiss, Jena, Germany). For image acquisition, it 

was used 63 x, 1.4NA objective lens. The lasers used were: Diode 405 nm (excitation of 

Hoechst), Argonium 488 nm (excitation of Alexa Fluor® 488), HeNe 543 nm (excitation of 

Alexa Fluor® 555) and HeNe 633 nm (excitation of Alexa Fluor® 647). Labels were 

detected and processed using the Airyscan system, which enables resolution below the light 

diffraction limit. Images of serial optical sections were acquired at 1024 × 1024 pixels using 

16-bits color depth.

2.4. Three-dimensional quantification of EGF clusters

EGF-488-stimulated cells with labeled nucleus were selected according to their morphology 

and integrity using bright field images. Super-resolution images of the nucleus of those cells 

were analyzed using the software Image Pro Plus Premier 3D (Media Cybernetics, 

Rockville, MD, USA). By means of the “iso surface” function, a three-dimensional rendered 

surface was created for EGF and nuclei labels and it was adjusted according to the 

fluorescent structures in the original image. Cells stimulated for 40 min were used to 

determine a threshold for the minimum pixel intensity considered as a label, and not as 

background. For each of the images, an inferior threshold of fluorescence intensity to 
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identify a pixel as belonging to a 3D EGF cluster was determined. The average of those 

thresholds for each cell type was used to generate the three-dimensional EGF clusters of all 

the other EGF-stimulated cells and control (non-stimulated) cells. The number of EGF 

clusters, the volume of each cluster and the total volume (given by the number of clusters 

multiplied by the average volume of each cluster) of EGF clusters per cell nucleus were 

calculated according to the 3D surface created for both cell types.

2.5. Colocalization analysis between EGF and EGFR

Cells stimulated with EGF-488 for 10 and 40 min and labeled with anti-EGFR antibody 

were used for a colocalization analysis between EGF and EGFR, which was performed 

according to Everett, M. using the ZEN Black edition software (Carl Zeiss). Briefly, 

horizontal and vertical thresholds of the scattered plot were determined using control 

images, in which only EGF or EGFR were labeled. Threshold values were used to analyze 

the colocalized pixels of the experimental images in which both ligand and receptor were 

labeled. Images used in this analysis were originated from serial optical sections 

reconstruction using the maximum intensity projection mode. Pearson correlation coefficient 

was calculated for each image using ZEN software.

2.6. Statistical analysis

Cluster data in stimulated cells was normalized to non-stimulated cells (background) when 

nonspecific staining occurred. Only cells with EGF clusters were considered for the 

analyses. Kruskal-Wallis with Dunn’s multiple comparisons test was performed to analyze 

the parameters of the EGF clusters for each cell type separately. Two-way ANOVA with 

Bonferroni’s multiple comparison tests was used to compare the Pearson correlation 

coefficient and the total volume occupied by clusters in cell nucleus between the cell types. 

Student-T test was used for densitometric analysis of the blotting. Data are represented as a 

mean ± standard error, and all statistical tests were performed using GraphPad Prism 7.0 

(GraphPad Software Inc., La Jolla, CA, USA).

3. Results and discussion

3.1. EGFR is expressed and colocalizes with EGF-488 in hASC and SK-HEP-1 cells

Translocation of EGFR to the nucleus is associated with a proliferative and tumor phenotype 

(Han and Lo, 2012; Lee et al., 2015). Based on the significance of this process in different 

cell types, the present study aimed to quantify the amount of EGFR that can translocate to 

the nucleus in a non-tumor cell, and in a tumor cell with mesenchymal origin characteristics. 

A previous study suggested that SK-HEP-1 is a tumor mesenchymal stem cell since they 

exhibit expression markers and differentiation capacity similar to adipose and bone marrow 

derived mesenchymal stem cells (Eun et al., 2014). The present work quantitatively verified 

the translocation kinetics of EGF clusters conjugated with Alexa Fluor® 488 (EGF-488) to 

the nucleus of cells with a mesenchymal profile, but with different oncogenic capacity. 

Adipose tissue-derived stem cells used in this work were characterized by expression of 

mesenchymal surface markers (Supplementary Fig. 1A), and for differentiation into 

adipogenic and osteogenic lineages (Supplementary Fig. 1B), in accordance with established 

criteria (Bourin et al., 2013).
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Before quantifying nuclear EGF-EGFR clusters in the nucleus, the expression levels of 

EGFR and its colocalization with EGF-488 in both cell types were verified. Western blot of 

total protein of non-stimulated cells showed that SK-HEP-1 cells express a higher quantity 

of this receptor than hASC (Fig. 1A). Tumor cells are known to show a higher expression of 

EGFR, which is related to tumorigenic potential (Yarden and Pines, 2012).

Colocalization analysis was performed using super-resolution images of cells stimulated for 

10 and 40 min with EGF-488, and subsequently fixed and labeled for EGFR by 

immunofluorescence. In the merged image of both of cell types (Fig. 1B), yellow clusters 

were observed, indicating overlap between EGF (green) and EGFR (red). The Pearson’s 

correlation coefficients (r) of the pixel-by-pixel covariance in the signal levels of two images 

(Dunn et al., 2011) for both of cells were positive, indicating that EGF and EGFR are 

colocalized. The analysis demonstrated a higher colocalization of EGF with EGFR in SK-

HEP-1 cells (r > 0.79), which may be due to higher EGFR expression levels in this cell 

model (Fig. 1C). Because EGF-488 was shown to interact with EGFR for both cells, the 

measurements of EGF-EGFR clusters for all the following experiments were performed 

based on labeled EGF clusters formed after stimulation with EGF-488.

3.2. EGF translocates to the nucleus of hASC and SK-HEP-1 cells

Given that hASC and SK-HEP-1 cells express EGFR that colocalized with EGF, it was 

possible to verify if labeled EGF translocates to the nucleus after stimulation in both cell 

types. We have previously shown the translocation kinetics of EGFR for SK-HEP-1 cells by 

Western Blot analysis (Campos et al., 2011). Here, we show the EGF clusters inside the 

nucleoplasm of SK-HEP-1 cells and hASC, using the tridimensional reconstruction of 

optical sections acquired by Airyscan detection of immunofluorescence-labeled cells (Fig. 

2A). After 5 min of stimulation with EGF-488, it is possible to verify few EGF clusters in 

SK-HEP-1 cells and none in hASC cells. With the increase of EGF stimulus time to 10, 20 

and 40 min, the clusters visually rise in number or volume in the nuclear region (Fig. 2B).

3.3. Translocation kinetics of EGF to the nucleus differs quantitatively between SK-HEP-1 
and hASC

To quantify fluorescent-labeled three-dimensional EGF clusters in images acquired using 

LSM 880 with the Airyscan detector, the Image Pro Plus Premier 3D software was used. A 

three-dimensional rendered surface was created for each nucleus and for each EGF cluster of 

hASC (Fig. 3A) and SK-HEP-1 (Fig. 3B) cells, and clusters inside nucleoplasm were 

quantified in number and volume for every stimulation time.

Fig. 3A, left bottom, shows that the number of EGF clusters for hASC increased and 

stabilized in 10 min of stimulation with EGF. Similarly, the nuclear total volume occupied 

by EGF clusters reaches its peak between 5 and 10 min of stimulation (Fig. 3A, right 

bottom). Based on the results, the EGF translocation kinetic analysis for hASC suggests that 

these cells achieve translocation equilibrium to the nucleus within 10 min of stimulation. 

The average volume of each EGF cluster increases in 10 min and is higher for cells 

stimulated for 40 min (Fig. 3A, middle bottom), indicating an agglomeration of clusters 

inside the nucleus.
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Like hASC, the number of EGF clusters in the nucleus of SK-HEP-1 cells increased in 10 

min of stimulation (Fig. 3B, left bottom). However, the total volume of EGF cluster in the 

nucleus was higher for cells stimulated for 20 and 40 min compared to cells stimulated for 5 

and 10 min (Fig. 3B, right bottom). Thus, for SK-HEP-1 cells, the quantitative analysis of 

total EGF volume suggests that EGF translocation from the plasma membrane to the nucleus 

reach its peak between 10 and 20 min of stimulation. The average volume of each EGF 

cluster also indicated an agglomeration of clusters inside the nucleus with longer time of 

stimulation, once it is higher in cells stimulated for 20 and 40 min (Fig. 3B, middle bottom).

The profile of EGF translocation kinetics differs between the two cell types (Fig. 4). In 

hASC nuclear EGF clusters were visualized at 10 min of stimulus, and after that, the total 

volume of EGF clusters did not change. In SK-HEP-1 cells nuclear EGF was visualized at 5 

min, and there was an increase in the nuclear volume occupied by them at 20 min of 

stimulus. The difference in translocation kinetics profile between hASC and SK-HEP-1 cells 

might be related to their differential expression levels of EGFR. The higher expression of 

EGFR by SK-HEP-1 cells (Fig. 1A) might be responsible for bigger EGF clusters in the 

nucleus. Therefore, the total volume occupied by EGF clusters in the nucleus of those cells 

may become larger after longer periods of stimulus. On the other hand, hASC expresses less 

EGFR, which might be associated with lower EGF internalization and achievement of 

translocation equilibrium within 10 min of stimulus. Additionally, translocation of EGF-

EGFR complexes might reflect the different phenotypes of the cells analyzed. Investigations 

into specific and differential functions of nuclear EGF-EGFR in each cell type are necessary 

to explain the pattern of EGF translocation kinetics found in this study.

3.4. EGF has a diffuse distribution in the nucleoplasm, and may be found in the 
nucleoplasmic reticulum and nucleoli of hASC and SK-HEP-1 cells

The agglomeration of EGF clusters into larger clusters suggested by the quantitative three-

dimensional analysis for both cell types (Fig. 3) might indicate that EGF-EGFR complexes 

have preferential localization in nuclear organelles that could be related to their transport to 

the nucleus, or their function in specific nuclear compartments. A model of EGFR 

translocation to the nucleus suggests that the process occurs via integral trafficking from the 

endoplasmic reticulum to the nuclear envelope transport (INTERNET), in which the EGFR 

passes through an endomembrane pathway until reaching the inner nuclear membrane 

(INM), where it associates with Sec61β, which participates in the translocation of EGFR to 

the nucleoplasm (Wang et al., 2010b, 2012). It is possible that the nucleoplasmic reticulum 

participates in the translocation process because it is composed of invaginations of nuclear 

envelope membranes inside the nucleoplasm (reviewed by Malhas et al., 2011).

To verify if EGF clusters are localized in nucleoplasmic reticulum and in the nucleolus, 

which might be associated with the nucleoplasmic reticulum (Bourgeois et al., 1979; Malhas 

et al., 2011), we stimulated cells with EGF-488 and labeled the nuclear envelope and the 

nucleolus using immunofluorescence. Super-resolution images of nuclei of both hASC and 

SK-HEP-1 cells show the presence of EGF clusters in nuclear envelope invaginations and in 

the nucleolus (Fig. 5A). Three-dimensional reconstruction of serial optical sections of the 

cells confirms the localization of EGF clusters in those organelles, which reside inside the 
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nucleoplasm (Fig. 5B). This result suggests that the nucleoplasmic reticulum might be 

involved in the translocation process of EGF-EGFR to the nucleus. EGF-EGFR complexes 

might have specific functions in the nucleolus, similar to what was suggested for ERBB2 (Li 

et al., 2011). We observed EGFR either in the nucleoplasm or nucleoplasmic reticulum of 

tumor samples. For example, EGFR was identified in the nucleoplasm of unicystic and 

multicyst ameloblastomas, and in the inner nuclear membrane in spontaneous canine model 

of invasive micropapillary carcinoma of the mammary gland (Pereira et al., 2015; Rodrigues 

et al., 2016). In general, EGF clusters are distributed around the nucleoplasm, not only in the 

organelles analyzed. Other nuclear compartments should be labeled to verify if EGF-EGFR 

complexes are present in different nuclear organelles and further studies are required to 

investigate the functional relevance of the differential nuclear localization of the complexes.

4. Conclusions

The Airyscan detector allows acquisition of three-dimensional images with higher lateral 

and axial resolution compared to conventional confocal microscopy (Weisshart, 2014), 

making it a powerful technique to quantitatively analyze molecule distribution inside cells. 

Here, we showed that the quantification of EGF-488 clusters using a three-dimensional 

analysis of super-resolution images was effective for analyzing their translocation kinetics to 

the nucleus in hASC and SK-HEP-1 cells.

EGF-EGFR translocation was previously observed in tumor cell lines, and its function in the 

cell nucleus is associated with transcriptional regulation of genes such as cyclin D1 (Lin et 

al., 2001), Aurora-A (Hung et al., 2008), and STAT1 (Han et al., 2013). Furthermore, 

nuclear EGFR is associated with phosphorylation signaling (Wang et al., 2006), and can 

interact with DNA repair proteins (Dittmann et al., 2005). In this study, we evaluated and 

compared the kinetics profile of EGF-488 translocation to the nucleus in hASC and SK-

HEP-1 cells, both of mesenchymal origin. We verified that the translocation equilibrium 

might occur earlier for hASC than for SK-HEP-1 cells, which show an increase of nuclear 

EGF cluster volume at later times of stimulation. Differences in the translocation kinetics 

profile of the two cell types might be associated with the higher EGFR expression shown by 

SK-HEP-1 or to unknown specific functions of the EGF-EGFR in the nucleus of this tumor 

cell type.

The agglomeration of EGF clusters in the nucleus over time suggests that they have 

preferable sub-nuclear localization that might be related to other functions. We observed that 

EGF clusters are diffusely widespread in the nucleoplasm and are also localized in 

nucleoplasmic reticulum of both cell types. The finding indicates possible involvement of 

the nucleoplasmic reticulum in EGF-EGFR translocation to the nucleus (Malhas et al., 

2011), which is also involved in EGF-EGFR trafficking (Wang et al., 2012). EGF-EGFR 

clusters were also found in nucleoli of both cell types, which suggest new roles of the 

complex in this nuclear compartment. Further investigations into the functions of the 

nucleoplasmic reticulum, nucleoli, and other nuclear organelles in EGF-EGFR translocation 

are required to better understand their roles.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
EGFR colocalizes with labeled EGF in both cell types. A- Western blot of proteins extracted 

from both cell types cultured for 12–16 h in medium without FBS followed by densitometric 

analysis of the protein bands related to the expression of EGFR (175 kDa). The expression 

of α-tubulin (50 kDa) was used as a normalizer. Data were expressed as fold change of 

hASC bands fluorescence intensity. Statistical test: Student’s T test; N = 3 samples; *: p < .

05. B- Super-resolution images of hASC and SK-HEP-1 cells stimulated for 40 min with 

200 ng/mL of EGF conjugated to Alexa Fluor® 488 (in green). After stimulation, cells were 

stained for EGFR (in red) and nucleus (in blue). The merged images show the colocalization 

between EGF and EGFR in yellow. Scale bar: 10 μm. C- Graph showing a Pearson 

correlation coefficient (r) of colocalization analysis for cells of both types stimulated by 10 

and 40 min with EGF. Statistical test: Two-way ANOVA with Bonferroni’s multiple 

comparisons test; N = 5 images for each group; ***: p < .001; ****: p < .0001. (For 
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interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 2. 
EGF-488 clusters translocate to the nucleus in hASC and SK-HEP-1 cells. A- Three-

dimensional reconstruction of optical sections of the hASC and SK-HEP-1 were performed, 

after cells were stimulated for 40 min with EGF conjugated with Alexa Fluor® 488 (in 

green). X–Z sections are shown at the top, and Y–Z sections are shown on the right of each 

image. Images are representative of 41 (hASC) and 37 (SK-HEP-1) cells. Nuclei are in blue. 

Scale bar: 2 μm. B- Cells were stimulated with EGF conjugated with Alexa Fluor® 488 for 

5, 10, 20 and 40 min (in green), had their nuclei labeled with Hoechst (in blue) and were 

analyzed by super-resolution microscopy. Images are representative of 8 to 10 fields. Scale 

bar: 10 μm. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 3. 
Three-dimensional quantification analysis of EGF clusters in hASC (A) and SK-HEP-1 (B). 

A and B: top images - Super-resolution microscopy images of cells stimulated by 5, 10, 20 

and 40 min with EGF complexed to Alexa Fluor® 488 were used to create a rendered 

surface of the nucleus (blue) and EGF clusters (green) in three dimensions. Axes represented 

in the images: X (red), Y (green) and Z (blue). A and B: bottom images- The number of 

EGF clusters in each cell, the mean volume of each cluster and the total volume occupied by 

EGF clusters in each cell nuclei were analyzed. Statistical test: Kruskal-Wallis with Dunn 

post-test. Bars: mean ± standard error; #: Differs from all other groups with p < .05; *: p < .

05; **: p < .01; ****: p < .0001. N = hASC: 28 (5 min), 40 (10 min), 38 (20 min), 41 (40 

min); SK-HEP-1: 21 (5 min), 37 (10 min), 34 (20 min), 37 (40 min). (For interpretation of 
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the references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 4. 
Profile of EGF translocation kinetics to the nucleus differs between hASC and SK-HEP-1. 

Cells of both cell types were stimulated by 5, 10, 20 and 40 min with EGF complexed to 

Alexa Fluor® 488. The graphic represents the mean ± standard error of volume occupied in 

the nucleus by the EGF clusters in each cell. **: p < .01; ****: p < .0001. Statistical test: 

Two-way ANOVA with Bonferroni’s multiple comparisons test; N = hASC: 28 (5 min), 40 

(10 min), 38 (20 min), 41 (40 min); SK-HEP-1: 21 (5 min), 37 (10 min), 34 (20 min), 37 (40 

min).
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Fig. 5. 
Nuclear EGF localizes in nuclear envelope invaginations and in nucleoli of both cell types. 

A- hASC and SK-HEP-1 cells were stimulated with EGF conjugated to Alexa Fluor® 488 

for 40 min and had the nuclear envelope stained with an anti-lamin B2 antibody, the 

nucleolus stained with an anti-brillarin antibody and the nucleus labeled with Hoechst (in 

blue). The white arrows point to EGF clusters (in green) located in invaginations of the 

nuclear envelope (in red) and in the nucleolus (in orange). These clusters are in light yellow 

and in higher magnitude in the inserts next to the arrows. Scale bar: 2 μm. B- Three-

dimensional reconstruction of the serial optical sections of 40 min-stimulated hASC and SK-

HEP-1 cells. X–Z sections are shown at the top, and Y–Z sections are shown on the right of 

each image. Images are representative of 41 (hASC) and 37 (SK-HEP-1) cells. Scale bar: 2 

μm. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.)
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