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ABSTRACT  

Cetuximab is an anti-epidermal growth factor receptor (EGFR) monoclonal antibody that 

has shown efficacy in numerous cancer types. Clinical data suggests that patients whom initially 

respond to cetuximab eventually acquire resistance. Cetuximab resistance is mediated by EGFR 

nuclear translocation and Src family kinases (SFKs). Additionally, recent studies have identified 

a role for the TAM family of receptor tyrosine kinases (Tyro, AXL, and Mer) in tumor biology. 

This lab has demonstrated that AXL is an integral cause of acquired resistance to cetuximab. The 

overarching aim of this study is to examine the relationship between AXL and nuclear EGFR, as 

there is a pressing need to refine available therapeutic regimens for patients with cetuximab-

resistance. Through in vitro and in vivo studies, we examined the role of AXL in the nuclear 

translocation of EGFR.  This study demonstrated that Axl mediates EGFR translocation to the 

nucleus. Collectively, these studies undercover AXL as a critical mediator of nuclear EGFR 

translocation and may guide future therapeutic studies to target nuclear EGFR. 

 
 
INTRODUCTION 

Epidermal cells have unique membrane-bound receptor signaling systems that drive cell 

proliferation, differentiation and survival. The epidermal growth factor receptor (EGFR) is 

expressed on epidermal cells and governs an array of cellular functions. Many studies have 

demonstrated that EGFR is overexpressed in the majority of human cancers, suggesting that 

EGFR serves as a target for cancer therapeautics.1 

Cetuximab is an anti-EGFR monoclonal antibody that binds to the EGFR receptor to 

prevent EGFR signaling. Cetuximab has shown to be an advantageous therapeutic for the 

treatment of head and neck squamous cell carcinoma, metastatic colorectal cancer and non-small 

cell lung cancer patients.2 However, many patients acquire resistance to cetuximab.3 Previous 

analyses of cetuximab-resistant cell lines in the Wheeler laboratory demonstrated that the 

expression of EGFR and its activation was dramatically increased due to dysregulated EGFR 

internalization into the nucleus.4 Thus, cetuximab-resistant cells have increased amounts of 

nuclear EGFR, signifying that nuclear EGFR expression mediates cetuximab resistance. 

The Src family of tyrosine kinases (SFKs) consists of nine proteins that modify other 

proteins via tyrosine residue phosphorylation. SFKs activate EGFR at the tyrosine 845 and 
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tyrosine 1101 sites.5 Previous studies demonstrated that cetuximab-resistant clones had increased 

SFK activity along with increased nuclear EGFR, suggesting that Src family kinases assist in 

EGFR translocation to the nucleus. Inhibition of two members of the Src family, Yes and Lyn, 

resulted in decreased EGFR translocation to the nucleus. Additionally, mutation of the tyrosine 

1101 site (Y1101) on EGFR reduced its translocation.6 Thus, Yes, Lyn, and Y1101 all contribute 

to the nuclear translocation of EGFR in cetuximab-resistant systems. 

Similar to head and neck cancers, triple-negative breast cancer (TNBC), which lacks 

expression of estrogen, progesterone, and HER2 receptors, also has overexpressed EGFR.7 

Consequently, patients with TNBC also acquire resistance to cetuximab. Previous studies in this 

laboratory have shown that cetuximab-resistant TNBC has increased nuclear EGFR and SFK 

activity.8 Overall, many different types of cetuximab-resistant cancers rely on the nuclear 

translocation of EGFR via SFKs, indicating that immediate need for more effective therapeutic 

regimens for patients with cetuximab-resistance. 

Activation of another group of receptor tyrosine kinases, called the TAM family (Tyro, 

AXL and Mer), mediates cell survival, proliferation, migration and invasion.9 TAM family 

receptors are also overexpressed in many human cancers. Specifically, the AXL receptor has 

been shown to mediate resistance to several cancer therapies.10 Our laboratory has previously 

demonstrated that AXL is highly overexpressed in cetuximab-resistant clones. Additionally, we 

have shown that cetuximab-resistant cell lines depend on AXL for cell proliferation and EGFR 

phosphorylation.11 As observed by these experiments, AXL also mediates cetuximab resistance. 

The above observations raise the possibility that Axl may play a role in the nuclear 

translocation of EGFR. In the current study, examination of in vitro and in vivo models 

demonstrated that modulation of AXL expression regulates nuclear EGFR translocation. 

Furthermore, cells with complete AXL knock down did not express nuclear EGFR even after 

EGF ligand expression. Taken together, the data presented in this study demonstrated that AXL 

plays a critical role in mediating the nuclear translocation of EGFR, and suggested that AXL’s 

regulation of this process may play a primary role in how it mediates cetuximab resistance. The 

results from this study will provide a more critical foundation for the design of therapeutic 

regimens that attack cells with acquired cetuximab-resistance.  
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MATERIALS AND METHODS 

This study was conducted under the mentorship of Dr. Deric L. Wheeler, Department of 

Human Oncology, and his post-graduate student, Dr. Toni M. Brand.  

Materials: 

The human sensitive NSCLC cell line NCI-H226 and human HNSCC cell line UM-SCC1 

were used as cetuximab sensitive cells. The Wheeler laboratory has previously developed 

cetuximab resistant cell clones from these parental cells by treating each parental cell line with 

increasing doses of cetuximab for a 6 month time period until resistant cell clones emerged. The 

NSCLC cetuximab resistant cell lines are called HC1, HC4 and HC8, and the HNSCC cetuximab 

resistant cell lines are called SP7, SP8, and SP11. 

Immunoblot analysis: 

Whole-cell lysis was performed as previously described.12 Enhanced chemiluminescence 

(ECL) detection system was used to visualize proteins. For detection of phosphorylated AXL, 

cells were treated with pervanadate (0.12 mmol/L Na3VO4 in 0.002% H2O2) for 2 minutes 

before cell lysis, a method previously described.13 EGF and TGFa ligands were added to growth 

media 45 minutes before lysis. 

Immunoprecipitation:  

Cells were processed for immunoprecipitation as previously described.14 Five hundred 

micrograms of protein, 2 mg of anti-AXL (Santa Cruz Biotechnology), cetuximab, or IgG 

antibody (Santa Cruz Biotechnology) were used. 

Cellular fractionation analysis: 

Cellular fractionation was completed as previously described.15 

Cetuximab-resistant cell lines and in vivo xenografts: 

Cetuximab-resistant cell lines and de-novo models of cetuximab resistance in vivo were 

established as previously described.12 Paraffin embedded tissues from in vivo xenograft studies 

were evaluated for EGFR and pAXL-Y770 expression via IHC.  

Electron microscopic analysis: 

Electron microscopic analysis was completed as previously described.16 

Statistical analysis: 

Student t-tests were used to evaluate differences in proliferation and pAXL-Y779 

expression levels by IHC. Differences were considered statistically significant if P < 0.05. 
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RESULTS  

Nuclear EGFR and AXL are both overexpressed in cellular systems with acquired resistance to 
cetuximab: 
 

The cetuximab-resistant cell lines HC1, HC4, and HC8 have been previously shown to be 

resistant to increasing doses of cetuximab as compared to the cetuximab-sensitive parental cell 

line HP.12 Analysis of HC1, HC4, and HC8 cetuximab-resistant cell lines showed that they 

exhibited increased levels nuclear EGFR as compared to the HP cetuximab-sensitive cell line 

(Figure 1A). Also, analysis of HC1, HC4, and HC8 cetuximab-resistant cell lines showed that 

they exhibited increased levels of the AXL receptor as compared to the HP cetuximab-sensitive 

cell line. The AXL receptor in the cetuximab-resistant cell lines had increased phosphorylation 

of the 702 and 779 tyrosine residues (Figure 1B), indicating that AXL is hyperactivated in 

cetuximab-resistant cells. Moreover, super resolution reconstructed images of the cell lines taken 

with a SIM (structured illumination microscope) showed that the HC1, HC4, and HC8 

cetuximab-resistant cells express increased levels of nuclear EGFR while the HP cetuximab-

sensitive cells did not have overexpressed nuclear EGFR (Figure 1C). Together, these data assert 

that both nuclear EGFR and AXL are activated and overexpressed in cetuximab-resistant cell 

lines. 

 
H226 xenografts with acquired resistance to cetuximab have elevated levels of nuclear EGFR 
and AXL: 
 

The cetuximab sensitive H226 cell line was established as xenograft tumors as described 

previously.11 The tumors treated with IgG vehicle control grew rapidly, and were very large by 

the day 30 post-treatment commencement. However, tumors treated with cetuximab were growth 

controlled for 60 days, until they acquired resistance at day 120 (Figure 2A). IHC analysis of IgG 

vehicle controlled tumors demonstrated that they did not express any change in phosphorylated 

AXL and nuclear EGFR levels (Figure 2B). IHC analysis of cetuximab resistant tumors 

demonstrated that they expressed increased levels of phosphorylated AXL and nuclear EGFR 

(Figure 2C). Overall, these data demonstrate that tumors that acquire resistance to cetuximab in 

vivo (de-novo tumors) have increased levels of nuclear EGFR and AXL as compared to patient 

tumors treated with IgG antibody. 
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Axl mediates nuclear EGFR translocation: 
 

The cetuximab-sensitive cell line (HP) and cetuximab-resistance cell lines (HC1, HC4, 

and HC8) all exhibited a decrease in total AXL in cells with AXL knockdown as compared to 

non-targeted cells in both the plasma and nuclear fractions. The cetuximab-sensitive cell line did 

not experience a change in plasma or nuclear EGFR in the cells with AXL knockdown as 

compared with non-targeted cells. Also, when AXL was knocked down in the cetuximab-

resistant cells, the HC1, HC4, and HC8 cell lines all showed no change in non-nuclear EGFR 

expression. The HC1, HC4, and HC8 cell lines showed a decrease in nuclear EGFR in the cells 

with AXL knockdown as compared to non-targeted cells (Figure 3A). When AXL was 

overexpressed in two cetuximab-sensitive cell lines (HP and another cell line called HN4) both 

cell lines exhibited an increase in total AXL protein in the whole cell lysate. Additionally, 

overexpression of AXL in the HP and HN4 cell lines caused no change in non-nuclear EGFR. 

Overexpression of AXL caused an increase in nuclear EGFR levels in both cell lines as 

compared to vector controls (Figure 3B). Furthermore, super resolution reconstructed images of 

the cell lines showed that the cetuximab-resistant cells had decreased levels of nuclear EGFR in 

the AXL knockdown cells as compared to the non-targeted cells (Figure 3C). Collectively, these 

data demonstrate that AXL mediates nuclear EGFR expression. 

 
EGF ligand addition does not stimulate nuclear EGFR in the absence of AXL: 
 

The cetuximab-resistant cell lines HC1, HC4, and HC8 showed decreased levels of 

nuclear EGFR when the AXL receptor was knocked down as compared to non-targeting 

controls. In the non-nuclear portion of the cell, addition of EGF ligand stimulated increased 

levels of EGFR in the plasma membrane in both the non-targeted and AXL knockdown cells. In 

the nucleus, addition of EGF ligand stimulated increased levels of nuclear EGFR in the non-

target cells only. In the cells with AXL knockdown, there was no stimulation of nuclear EGFR 

via EGF ligands (Figure 4). These data show that EGF ligands do not stimulate nuclear EGFR in 

cells without AXL. 
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DISCUSSION  

Cetuximab is an EGFR monoclonal antibody that targets tumor proliferation in various 

types of head, neck, lung and breast cancers. Acquired cetuximab-resistance in growing tumors 

poses a major obstacle for treatment of these cancers. One mechanism for cetuximab-resistance 

involves the nuclear translocation of the EGFR receptor. Nuclear EGFR allows for normal EGFR 

functioning, and thus tumor proliferation, to continue despite the presence of an EGFR antibody. 

Moreover, previous studies have shown that AXL, a tyrosine kinase in the TAM family, is 

overexpressed in cellular models with acquired cetuximab-resistance.11 This investigation 

provides a mechanism as to how the AXL receptor may be mediating cetuximab resistance 

through the regulation of nuclear EGFR translocation.  

This study corroborated previous results by showing that cellular systems with acquired 

cetuximab-resistance have increased levels of nuclear EGFR and AXL. The movement of EGFR 

from the plasma membrane to the nucleus allows for a second wave of signaling that activates 

the RAS/RAK/MEK/MAPK pathway and causes cancer cell proliferation.4 So, overexpression of 

nuclear EGFR suggests that cetuximab would have a small effect on tumor proliferation in these 

models. Additionally, overexpression of AXL suggests that cetuximab would have a small effect 

on stopping tumor growth in these models because AXL stimulation is involved with cell 

proliferation.17 These results agree that systems with acquired cetuximab-resistance are 

associated with increased levels of nuclear EGFR and AXL that both cause cell growth. 

Analysis of H226 xenografts confirmed that our results are relevant for human cancer 

studies. H226 xenografts with no cetuximab resistance did not have overexpressed nuclear 

EGFR or AXL, suggesting that increased levels of both receptors are specific for cetuximab-

resistant models. Xenografts with resistance to cetuximab had increased levels of nuclear EGFR 

and AXL, which supports our results in vitro and suggests that the implications of this study 

transcend into mammalian models. Together, these results suggest that in vitro and in vivo cell 

systems with acquired cetuximab-resistance have increased levels of nuclear EGFR and AXL. 

This study found that there is a direct relationship between AXL and nuclear EGFR and 

that AXL assists with the translocation of EGFR to the nucleus to regulate cetuximab resistance. 

When AXL is present in systems undergoing cetuximab treatment, the receptor stops the effect 

of the antibody. Even though cetuximab blocks EGFR functioning, AXL allows for EGFR 

functioning to continue through the nucleus. If AXL is not present in systems undergoing 



	   8	  

cetuximab treatment, then nuclear EGFR is not present either. When nuclear EGFR is not present 

in cells, then a smaller likelihood exists that EGFR functioning will continue to cause cell 

proliferation. This suggests that inhibiting AXL in cetuximab-resistant cell models may decrease 

nuclear EGFR levels. Decreasing nuclear EGFR would then stop cell proliferation through the 

RAS/RAK/MEK/MAPK pathway. Thus, AXL inhibition may stop the growth of tumors that are 

affected by cetuximab-resistance and should be investigated in further studies.  

Previous studies have demonstrated that cetuximab-resistant cell models overexpress 

HER family ligands, including the EGF ligand. These experiments also showed that the 

overexpression of the EGF ligand was associated with nuclear EGFR translocation.4 This study 

examined the effect of EGF ligand stimulation on AXL to explore the relationship between 

AXL, nuclear EGFR and EGF ligands. In the absence of AXL, EGF ligand stimulation did not 

increase levels of nuclear EGFR. These results suggest that AXL must be present in order for 

EGF ligands to stimulate EGFR translocation to the nucleus. Therefore, AXL inhibition appears 

to be an effective solution to cetuximab-resistance by disabling the effect that EGF ligands have 

on the EGFR receptor.   

Further investigations may explore cetuximab-resistance by examining the nuclear EGFR 

translocation mechanism in more detail. This study asserts that AXL mediates nuclear EGFR, 

however, the exact signals that emanate from AXL to control this process are still unknown. Past 

studies have now shown that EGF ligands, SFKs and AXL all regulate nuclear translocation of 

EGFR. Future studies determining if AXL inhibition can enhance cetuximab therapy are of great 

promise; these studies should evaluate if nuclear EGFR is therapeutically inhibited as well. In 

conclusion, AXL plays a critical role in mediating nuclear EGFR translocation, indicating that 

further studies are necessary to discover if AXL therapeutic targeting can overcome cetuximab 

resistance in the future.  
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FIGURES 

Figure 1: Cetuximab resistant cell clones overexpress nuclear EGFR and AXL 

A B  

C 

Nuclear EGFR and AXL are overexpressed in cetuximab resistant cells. A, whole-cell lysate was harvested from the 
cetuximab-sensitive parental cell line (HP) and three cetuximab-resistant cell clones (HC1, HC4, and HC8) followed 
by immunoblotting for the indicated proteins. α-Tubulin was used as a loading control. Calnexin and Histone H3 
were used as purity controls for the cellular fractionation. B, whole-cell lysate was harvested from the HP, HC1, 
HC4, and HC8 cell lines by immunoblotting for the indicated proteins. GAPDH was used as a loading control. C, 
super resolution reconstructed images of the HP, HC1, HC4, and HC8 cell lines were taken by an electron 
microscope. The nucleus was shown in blue. EGFR was shown in red. 
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Figure 2: Cetuximab resistant xenografts express elevated levels of nuclear EGFR and 
AXL 

A B 

C 

Nuclear EGFR and AXL are overexpressed in cetuximab-resistant H226 mouse xenografts. A, H226 xenografts 
were evaluated for cetuximab response as previously described.11 Tumor growth was plotted as a percentage of 
averaged vehicle treated tumor volumes at the last three time points of the study; P < 0.05. B, representative images 
of IHC analysis of EGFR, AXL and no antibody staining in early passaged IgG-treated h226 xenografts are shown 
(20x). Quantization of IHC was performed via ImageJ software. C, representative images of IHC analysis of EGFR, 
AXL and no antibody staining in early passaged cetuximab-treated H226 xenografts are shown (20x). Quantization 
of IHC was performed via ImageJ software. 
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Figure 3: AXL mediates nuclear EGFR translocation 

A 

B C 

AXL mediates EGFR translocation to the nucleus. A, whole-cell lysate was harvested from the cetuximab-sensitive 
parental cell line (HP) and three cetuximab-resistant cell clones (HC1, HC4, and HC8) followed by immunoblotting 
for the indicated proteins. α-Tubulin was used as a loading control. Calnexin and Histone H3 were used as purity 
controls for the cellular fractionation. B, whole-cell lysate was harvested from the HP cell line and one cetuximab-
resistance cell line (HN4) followed by immunoblotting for the indicated proteins. Calnexin and Histone H3 were 
used as loading controls and purity controls for the cellular fractionation. C, super resolution reconstructed images 
of the cetuximab-resistant cell lines (HC1, HC4, and HC8) were taken by an electron microscope. The nucleus was 
shown in blue. EGFR was shown in red. 
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Figure 4: EGF ligand does not stimulate  
nuclear EGFR in cells with AXL knockdown 
	  

Stimulation of nuclear EGFR does not occur via EGF 
ligand in the AXL knockdown cells. Whole-cell lysate was 
harvested from three cetuximab-resistant cell clones (HC1, 
HC4, and HC8) followed by immunoblotting for the 
indicated proteins. EGF ligand was added to the (+) cells. 
α-Tubulin was used as a loading control. Histone H3 was 
used as a purity controls for the cellular fractionation.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   13	  

REFERENCES 

1. Camp ER, Summy J, Bauer TW, Liu W, Gallick GE, Ellis LM. Molecular mechanisms of 
resistance to therapies targeting the epidermal growth factor receptor. Clinical Cancer Research 
2005;11:397–405. 
 
2. Bonner JA, Harari PM, Giralt J, Azarnia N, Shin DM, Cohen RB, et al. Radiotherapy 
plus cetuximab for squamous-cell carcinoma of the head and neck. New England Journal of 
Medicine. 2006;354:567-78. 
 
3. Wheeler DL, Huang S, Kruser TJ, Nechrebecki MM, Armstrong EA, Benavente S, et al. 
Mechanisms of acquired resistance to cetuximab: role of HER (ErbB) family members. 
Oncogene. 2008;27:3944-56. 
 
4. Li C, Iida M, Dunn EF, Ghia AJ, Wheeler DL. Nuclear EGFR contributes to acquired 
resistance to cetuximab. Oncogene. 2009;28:3801–13. 
 
5. Yarden Y, Sliwkowski MX. Untangling the ErbB signaling network. Nature Reviews 
Molecular Cell Biology. 2001;2:127-37. 
 
6.  Iida M, Brand TM, Campbell DA, Li C, Wheeler DL. Yes and Lyn play a role in nuclear 
translocation of the nuclear epidermal growth factor. Oncogene. 2012;32:759-67. 
 
7. Corkery B, Crown J, Clynes M, O'Donovan N. Epidermal growth factor 644 receptor as a 
potential therapeutic target in triple-negative breast 645 cancer. Annals of Oncology. 
2009;20:862–7. 
 

8. Brand TM, Iida M, Dunn EF, Luthar N, Kostopoulos KT, Wheeler DL, et al. Nuclear 
epidermal growth factor is a functional molecular target in triple-negative breast cancer. 
Molecular Cancer Therapeutics. 2014;13:1356-68. 
 
9. Linger RM, Keating AK, Earp HS, Graham DK. TAM receptor tyrosine kinases: biologic 
functions, signaling, and potential therapeutic targeting in human cancer. Advanced Cancer 
Research. 2008;100:35–83.  
 
10. Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton M, et al. An epithelial–
mesenchymal transition gene signature predicts resistance to EGFR and PI3K inhibitors and 
identifies AXL as a therapeutic target or overcoming EGFR inhibitor resistance. Clinical Cancer 
Research. 2013;19:279–90. 
 
11. Brand TM, Iida M, Stein A, Corrigan KL, Wheeler DL, et al. Axl mediates resistance to 
cetuximab therapy. Cancer Research. 2014;74:5152-64. 
 
12.  Iida M, Brand TM, Starr MM, Li C, Huppert EJ, Luthar N, et al. Sym004, a novel EGFR 
antibody mixture, can overcome acquired resistance to cetuximab. Neoplasia. 2013;15:1196–
206. 
 



	   14	  

13. Linger RM, Cohen RA, Cummings CT, Sather S, Migdall-Wilson J, Middleton DH, et al. 
Mer or AXL receptor tyrosine kinase inhibition promotes apoptosis, blocks growth and enhances 
chemosensitivity of human non–small cell lung cancer. Oncogene. 2013;32:3420–31. 
 
14. Brand TM, Iida M, Luthar N, Wleklinski MJ, Starr MM, Wheeler DL. Mapping C-
terminal transactivation domains of the nuclear HER family receptor tyrosine kinase HER3. 
PLoS ONE. 2013;8:e71518. 
 
15. Hsu SC, Hung MC. Characterization of a novel tripartite nuclear localization sequence in 
the EGFR family. Journal of Biological Chemistry. 2007;282:10432–40. 
 
16.  de Freitas RM, Andrade CS, Caldas JG, Tsunemi MH, Cury PM, et al. Image-guided 
cryoablation of the spine in a swine model: clinical, radiological, and pathological findings with 
light and electron microscopy. Cardiovascular and Interventional Radiology. 2015. In 
publication. 
 
17. Neubauer A, Burchert A, Maiwald C, Gruss HJ, Liu E, et al. Recent progress on the role 
of Axl, a receptor tyrosine kinase, in malignant transformation of myeloid leukemias. Leukemia 
Lymphoma. 1997;25;91-96. 


	Cover Letter_Corrigan, Kelsey
	Corrigan abstract form
	Senior Thesis_Corrigan, Kelsey

	ThesisTitle: AXL mediates the nuclear translocation of EGFR
	AuthorName: Kelsey Corrigan
	StudentMajor: Biology
	AuthorDepartment: Human Oncology
	MentorName: Deric Wheeler
	MentorDepartment: Human Oncology
	MentorName2: Toni Brand
	MentorDepartment2: Human Oncology
	Year: 2015


