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Abstract

Urothelial cancers have an environmental etiological component, and previous studies from our 

laboratory have shown that arsenite (As+3) can cause the malignant transformation of the 

immortalized urothelial cells (UROtsa), leading to the expression of keratin 6 (KRT6). The 

expression of KRT6 in the parent UROtsa cells can be induced by the addition of epidermal 

growth factor (EGF). Tumors formed by these transformed cells have focal areas of squamous 

differentiation that express KRT6. The goal of this study was to investigate the mechanism 

involved in the upregulation of KRT6 in urothelial cancers and to validate that the As+3-

transformed UROtsa cells are a model of urothelial cancer. The results obtained showed that the 

parent and the As+3-transformed UROtsa cells express EGFR which is phosphorylated with the 

addition of epidermal growth factor (EGF) resulting in an increased expression of KRT6. 

Inhibition of the extracellular-signal regulated kinases (ERK1/2) pathway by the addition of the 

mitogen-activated protein kinase kinase 1 (MEK1) and MEK2 kinase inhibitor U0126 resulted in a 

decrease in the phosphorylation of ERK1/2 and a reduced expression of KRT6. Immuno-

histochemical analysis of the tumors generated by the As+3-transformed isolates expressed EGFR 

and tumors formed by two of the transformed isolates expressed the phosphorylated form of 

EGFR. These results show that the expression of KRT6 is regulated at least in part by the ERK1/2 

pathway and that the As+3-transformed human urothelial cells have the potential to serve as a valid 

model to study urothelial carcinomas.
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1. Introduction

Urothelial carcinoma is the fifth most commonly diagnosed tumor, and among the 

genitourinary tract malignancies, it is the second most common cause of death in patients 

from developed countries (Siegel et al., 2013). Urothelial carcinomas are routinely classified 

into two categories: non-muscle-invasive tumors and muscle-invasive tumors. The 5-year 

survival for patients with non-muscle-invasive urothelial carcinomas approximates 90%, 

whereas individuals with muscle-invasive tumors have 5-year survival frequencies of 

approximately 60% (Luke et al., 2010). Individuals with non-muscle-invasive disease appear 

to have a high rate of recurrence, and some with recurrence are found to have progressed to 

muscle-invasive disease (Zuiverloon et al., 2012). There are few effective chemotherapeutic 

treatment options for patients with muscle-invasive disease, illustrating the need for new 

prognostic markers to identify and further study those early lesions prone to progress to a 

more invasive disease status. One marker that appears to have prognostic utility for 

urothelial carcinomas is squamous differentiation of the urothelial cancer cells, but a major 

drawback is that its appearance appears very late in disease progression. While urothelial 

carcinomas that contain a prominent squamous component are rare, there is evidence that the 

presence of a squamous component indicates a poor prognosis for the patient. Focal 

squamous differentiation has been shown to be an unfavorable prognostic feature for patients 

undergoing radical cystectomy (Frazier et al., 1993) or radiation therapy (Martin et al., 1989; 

Akdas and Turkeri, 1990) and is associated with a poor response to systemic chemotherapy 

(Logothetis et al., 1989). Recently, molecular profiling has shown that muscle invasive 

bladder cancer can be grouped into basal and luminal subtypes similar to what has been seen 

in breast cancers (Choi et al., 2014). Basal muscle invasive bladder cancers are enriched with 

squamous features with elevated expression of epithelial keratins (KRT) such as KRT5, 

KRT6 and KRT14 in addition to other basal genes as seen in breast cancers (Perou et al., 

2000).

This laboratory has previously published data indicating that the expression of KRT6 might 

be developed as a marker that can detect early squamous differentiation of urothelial 

carcinomas before it is readily visible by diagnostic microscopy. In these studies, it was 

shown using the immortalized, but not tumorigenic, human urothelial cell line, that 

malignant transformation of the cells by both arsenite (As+3) and cadmium (Cd+2) resulted 

in tumor transplants where expression of KRT6 was co-localized to areas of overt squamous 

differentiation (Rossi et al., 2001; Sens et al., 2004; Somji et al., 2008; Cao et al., 2010; 

Somji et al., 2011). In these studies, 6 independently isolated As+3-transformed cells and 7 

independently isolated Cd+2-transformed cells were used, and all produced tumor 

transplants where KRT6 expression was co-localized to areas of overt squamous 

differentiation. It was also shown using a small subset of archival specimens of human 

urothelial carcinomas that KRT6 staining could identify small, focal areas of squamous 

differentiation in some urothelial carcinomas that might be missed on routine microscopic 

examination (Somji et al. 2008).

The goal of the present study was two-fold. One, to further validate that the As+3-

transformed UROtsa cells are a good model that retains important characteristic features of 

urothelial cancer. To achieve this goal, the expression of the epidermal growth factor 
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receptor (EGFR) and the activation of the EGFR signaling pathway was determined in the 

parental as well as the As+3-transformed UROtsa cells, and their tumor transplants. The 

rationale for this examination is that it is well documented that the EGFR pathway is 

frequently overexpressed in human urothelial cancer and overexpression correlates with 

higher tumor grade/stage and poorer prognosis (Neal et al., 1990; Miyamoto et al., 2000; 

Izumi et al., 2012; Mooso et al., 2015). The demonstration of expression of the EGFR 

pathway in the As+3-transformed cells would also reinforce the known role of arsenic 

exposure in the etiology of urothelial cancer. The second goal was to determine the 

mechanism leading to the increased expression of KTR6 in As+3-transformed UROtsa cells 

and their derived tumor transplants. Specifically, to determine if expression of keratin 6 

expression is influenced by the EGFR pathway and if this might further define its potential 

for development as an early biomarker of adverse prognosis.

2. Materials and Methods

2.1. Animals

Mouse heterotransplants of the UROtsa transformed cell cultures were produced by 

subcutaneous injection at a dose of 1 × 106 cells in the dorsal thoracic midline of athymic 

nude (NCR-nu/nu) mice. Tumor formation and growth were assessed externally with a ruler 

on a weekly basis and the maximal tumor size was 2.5 cm. All mice were sacrificed by 10 

weeks after injection or when clinical conditions dictated euthanasia (excessive weight loss, 

lethargy, self-mutilation or mutilation by cage mates). This study adhered to all 

recommendation dictated in the Guide for the Care and Use of Laboratory Animals of the 

NIH. The specific protocol was approved by the University of North Dakota Animal Care 

Committee (IACUC#1110-2C). All efforts were taken in order to minimize animal suffering, 

and mice were euthanized when clinical condition dictated. Animals were sacrificed by 10 

weeks post tumor transplantatio n by CO2 inhalation and euthanasia conformed to American 

Veterinary Medical Association Guideline on Euthanasia.

2.2 Cell culture

The UROtsa parent cells and the six independent As+3-transformed isolates were cultured in 

75 cm2 tissue culture flasks in Dulbeco’s modified Eagle’s medium (DMEM) supplemented 

with 5% vol/vol fetal bovine serum as described previously (Rossi et al., 2001; Sens et al., 

2004). Since the As+3-transformed cells have not been cloned, they are being referred to as 

isolates in the study. The cells were subcultured at a 1:4 ratio using trypsin-EDTA and the 

cultures were fed fresh growth medium every three days. To determine the effects of 

epidermal growth factor (EGF), the cells were grown to confluency in 25 cm2 flasks as 

described above. At confluence, EGF (10ng/ml) was added to the cells for various time 

periods and the cells were harvested.

2.3 Real-Time analysis of KRT 6A mRNA expression

Keratin 6a mRNA expression was assessed with real-time reverse transcription polymerase 

chain reaction (RT-PCR) using primers that were developed using Oligo 6.0 software. The 

sequences of the upper and lower primer of KRT6A along with the product sizes are as 

follows: sense: CTAAAGTGCGTCTGCTA antisense: TGGGTGCTCAGATGGTATA 
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(product size, 184 bp). Total RNA was purified from the cells lines and 0.1 μg was subjected 

to cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, 

CA) in a total volume of 20 μL. Real-time RT-PCR was performed using the SYBR Green 

kit (Bio-Rad Laboratories) with 2 μL cDNA and 0.2 μM primers in a total volume of 20 μL 

in an iCycler iQ real-time detection system (Bio-Rad Laboratories). Amplification was 

monitored by SYBR Green fluorescence. Cycling parameters consisted of denaturation at 

95°C for 15 sec, annealing at 55°C for 45 sec, and extension at 72°C, which gave optimal 

amplification efficiency. The levels of keratin 6a were determined by serial standards. The 

resulting levels were normalized to the change in β-actin expression assessed by the same 

assay using the primers, sense: CGACAACGGCTCCGGCATGT and antisense: 

TGCCGTGCTCGATGGGGTACT, giving a product size of 194 base pairs and with the 

cycling parameters of annealing/extension at 62°C for 45 s and denaturation at 95°C for 15 

s.

2.4 Western blot analysis

Cells were rinsed twice with cold phosphate - buffered saline and were incubated with 1X 

Radio-immunoassay Precipitation Assay (RIPA) lysis buffer supplemented with PMSF, 

protease inhibitor cocktail and sodium orthovandate (Santa Cruz Biotechnology, Dallas, TX) 

for 5 min on ice. Following incubation, the cells were scrapped and transferred to a conical 

tube. The cell suspension was sonicated and the lysate was centrifuged to remove cellular 

debris. The protein concentration was determined using the bicinchoninic protein assay 

(Pierce Chemical Co, Rockford, IL). Total cellular protein (20 μg) was separated on a 12.5% 

SDS-polyacrylamide electrophoresis gel and transferred to a hybond-P polyvinylidene 

difluoride membrane (Amersham Biosciences, Piscataway, NJ). Membranes were blocked in 

Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and 5% (wt/vol) nonfat dry 

milk for 1 h at room temperature. After blocking, the membranes were probed overnight 

with the primary antibody diluted in buffer containing 5% bovine serum albumin. The 

primary antibodies against KRT6 was purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA) whereas the antibody against β-actin was purchased from Abcam Inc. 

(Cambridge, MA). The KRT6 antibody does not distinguish between the isoforms and 

recognizes proteins made by the KRT6A, KRT6B and KRT6C genes. Hence, the protein is 

referred to as KRT6 in the manuscript. The antibodies against EGFR, p-EGFR, Extracellular 

Signal-Regulated Kinases 1 and 2 (ERK1/2), p-ERK1/2, c-Jun N-terminal kinase (JNK), p-

JNK, AKT serine/theonine kinase (AKT) and p-AKT were purchased from Cell Signaling 

Technology (Beverly, MA). After incubation with the primary antibody, the blots were 

washed 3 times with TBS-T, and the membranes were incubated with the anti-mouse or anti-

rabbit secondary antibody (1:2000) for 1 h. The blots were visualized using the Phototope-

HRP Western blot detection system (Cell Signaling Technology).

2.5 Determination of MAPK activation by EGF in UROtsa parent and transformed cells

UROtsa parent and transformed cells were grown to confluence in serum containing 

medium, following which the cells were incubated with DMEM without serum for 24 h. The 

cells were then exposed to 10 ng/ml EGF for 1, 4, 8, 12 and 24 h and were harvested for 

Western blot analysis.
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2.6 Treatment of cells with the MEK1/2 inhibitor U0126

UROtsa parent cells and the As+3-transformed cell line, As#4 were grown to confluence in 

serum containing medium following which the cells were incubated with DMEM without 

serum for 24 h. Following serum deprivation, the cells were pretreated for 2 h either with 10 

μM U0126 (Cell Signaling Technology) dissolved in dimethyl sulfoxide (DMSO) or they 

were treated with DMSO alone. After 2 h, the cells were treated with EGF (10ng/ml) and 

DMSO or they were treated with EGF and the inhibitor U0126. The cells were harvested in 

RIPA lysis buffer after 1, 4, 8, 12 and 24 h of treatment.

2.7 Immunostaining for EGFR and pEGFR in tumor transplants

Tumor tissue from mouse tumor transplants was routinely fixed in 10% neutral-buffered 

formalin for 16–18 h. The fixed tissue samples were transferred to 70% ethanol and 

dehydrated in 100% ethanol. The dehydrated tissue samples were cleared in xylene, 

infiltrated, and embedded in paraffin. Serial sections were cut at 3–5 μm for use in 

immunohistochemical protocols. Prior to immunostaining, sections were immersed in 

preheated Target Retrieval Solution (Dako, Carpinteria, CA) and heated in a steamer for 20 

min. The sections were allowed to cool to room temperature and immersed into TBS-T for 5 

min. The EGFR antibody was used at a dilution of 1:100, whereas the pEGFR antibody was 

used at a dilution of 1:200. The primary antibodies were localized using Dako peroxidase 

conjugated EnVision plus for Rabbit Primary Antibodies at room temperature for 30 min. 

Liquid diaminobenzidine (Dako) was used for visualization. Counter staining was performed 

for 8 min at room temperature using Ready-to-use Hematoxylin (Dako). Slides were rinsed 

with distilled water, dehydrated in graded ethanol, cleared in xylene, and coverslipped.

2.8 Statistics

Statistical analysis consisted of ANOVA with Tukey post-hoc testing performed by 

Graphpad PRISM 4. All experiments were done in triplicates and the data is plotted as the 

mean ± SEM of triplicate determinations.

3. Results

3.1 Expression of KRT6 in the UROtsa parent and As+3-transformed cells

The basal expression levels of KRT6A mRNA and KRT6 protein were determined in the 

UROtsa parent and the As+3-transformed cells by real-time PCR and Western blot analysis. 

KRT6 has three isoforms encoded by three closely linked genes on chromosome 12. With 

amino acid sequence identity of about 98%, it is not possible to develop isoform-specific 

antibodies. The individual isoforms can be measured at the mRNA level with PCR. Each 

gene has only one transcript capable of encoding a protein, albeit there are several intron-

retaining alternatively spliced variants. The primer pairs developed to measure each isoform 

are specific for the protein-encoding transcript of each KRT6 isoform. Previously we had 

shown that the KRT6A isoform is the predominant isoform that is expressed in the UROtsa 

parent and the As+3-transformed isolates. In addition, we also showed that the expression 

KRT6B was very low and KRT6C was not expressed in the UROtsa parent or the As+3-

transformed isolates (Cao et al. 2010). We therefore determined the expression of KRT6A 
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isoform in all the UROtsa cells. As shown in Fig. 1, the expression level of KRT6A was low 

in the UROtsa parent cells whereas the expression level was variable in the As+3-

transformed cells. There was a significant increase in expression of KRT6A in As#1, As#2, 

As#3, As#4 and As#6, when compared to the UROtsa parent cells as shown in Fig. 1A, B 

and C. The expression level of KRT6A in As#5 was similar to the level seen in the UROtsa 

parent cells. Since the antibody used for Western analysis recognizes total KRT6 protein due 

to sequence homology between the KRT6 isoforms, therefore protein levels from the 

individual genes cannot be assessed.

3.2 Effect of EGF on the expression of KRT6 in the UROtsa parent cell line and the As+3-
transformed UROtsa isolates

Previous studies from our laboratory have shown that EGF can induce the expression of 

keratin 6 (Somji et al., 2008). In the present study, the UROtsa parent cells and the As+3-

transformed isolates were treated with 10 ng/ml of EGF for 1, 4, 8, 12 and 24 h and Western 

analysis was performed on the cell lysates. The results showed that the expression level of 

KRT6 was low in the UROtsa parent cells; however, treatment with EGF significantly 

increased the expression of KRT6 (Fig. 2A and B) by 12 h and it remained elevated at 24 h. 

This suggests that EGF can induce the expression of KRT6 in the UROtsa parental cells. In 

all the six As+3-transformed UROtsa isolates, there was basal expression of KRT6 (Fig. 3). 

Addition of EGF increased the expression of KRT6 in As#1 (Fig. 3A), As#2 (Fig. 3B), As#3 

(Fig. 3C) and As#4 (Fig. 3D) isolates by 12 h, however there was no increase in the 

expression in As#5 (Fig. 3E) after the addition of EGF. For As#6, there was an increase in 

KRT6 expression only after 24 h of exposure (Fig. 3F).

3.3 Effect of EGF on the activation of the EGFR and downstream kinases in the UROtsa 
parent cell line and As+3-transformed UROtsa isolates

Since binding of EGF to its receptor on cell surfaces results in the phosphorylation of the 

receptor and activation of various signal transduction pathways (Kyriakis et al., 2001), we 

assessed the activation of EGFR, ERK1/2, c-Jun N-terminal kinases (JNK1/2) and AKT 

serine/theonine kinase (AKT) in the UROtsa parent cells and the As+3-transformed isolates. 

As shown in Fig. 2 and Fig 4 (A – F), the UROtsa parent and the As+3-transformed isolates 

expressed EGFR. Addition of EGF to the UROtsa parent cells resulted in in the 

phosphorylation of EGFR by 1 h, following which the levels started to decrease by 4 h and 

returned to basal levels by 8 h (Fig. 2A and C). For the transformed isolates, addition of 

EGF resulted in the phosphorylation of the receptor after 1 h of exposure in all the isolates 

and the levels of phosphorylation decreased to basal levels by 4 h of exposure. However, in 

As#2 (Fig. 4B), the level of phosphorylation decreased by 4 h and by 12 h, there was an 

increase in phosphorylation which remained elevated till 24 h of treatment indicating a 

biphasic activation of the EGFR in this isolate.

In the UROtsa parent cells, there was activation of the ERK signaling pathway after 1 h of 

EGF exposure and the levels of the phosphorylated form started to decrease by 4 h and 

reached basal levels at 24 h of exposure (Fig. 2A and D). Addition of EGF to the As+3-

transformed isolates resulted in the phosphorylation of ERK1/2 in all the transformed 

isolates, however the pattern of phosphorylation varied (Fig. 5). In As#1 (Fig. 5A), there was 
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phosphorylation after 1 h of treatment following which the phosphorylation levels started to 

decrease by 4 h and returned to basal levels by 12 h of treatment. In As#2 (Fig. 5B), As#4 

(Fig. 5D), As#5 (Fig. 5E) and As#6 (Fig. 5F), there was an increase in phosphorylation after 

1 h of treatment, following which the levels decreased but at later time points, it increased 

again showing a biphasic pattern of activation. In As#3 (Fig. 5C), the level of 

phosphorylation increased after 1 h of treatment following which it decreased and returned 

to basal level for the rest of the time course.

The JNK1/2 pathway was also activated in the UROtsa parent cells after 1 h of exposure to 

EGF, but it decreased to basal levels at 2 h (Fig. 2A and E). For the As+3-transformed 

isolates, activation of JNK1/2 following EGF treatment was only seen in As#1 (Fig. 6A) and 

As#3 (Fig. 6C), whereas in As#2 (Fig. 6B), As#4 (Fig. 6D), As#5 (Fig. 6E) and As#6 (Fig. 

6F), there was no phosphorylation of JNK1/2. In As#1 (Fig. 6A), there was low levels of 

phosphorylation after 1 h of EGF treatment and it went down to basal levels at 4 h. In As#3 

(Fig. 6C), JNK1/2 was phosphorylated after 1 h of treatment and the levels went down by 4 

h, however there was increased phosphorylation at 24 h showing a biphasic pattern of 

activation.

The AKT pathway was also activated after 1 h of exposure in the UROtsa parent cells and 

returned to basal levels by 24 h of exposure (Fig. 2A and E). AKT (Fig. 7) was 

phosphorylated in all the As+3-transformed isolates except As#4 (Fig. 7D), which did not 

show any phosphorylation. In As#1 (Fig. 7A), As#2 (Fig. 7B), As#5 (Fig. 7E) and As#6 

(Fig. 7F), there was phosphorylation after 1 h of exposure following which the levels 

decreased but remained elevated compared to the untreated controls. In As#3, AKT was 

phosphorylated following 1 h of treatment following which the levels decreased to basal 

levels during rest of the time course.

3.4 Effect of mitogen-activated protein kinase kinase 1/2 (MEK1/2) Inhibitor U0126 on the 
expression KRT6 in the UROtsa Parent and As+3-Transformed Cell Line

To determine if the activated ERK1/2 pathway influenced the expression of KRT6, the 

parent UROtsa cells and the As#4 cell line that expressed elevated levels of KRT6 when 

compared to the UROtsa parent cells were treated with the MEK1 and 2 kinases (ERK 

kinases) inhibitor U0126. Both the isolates were pretreated with the U0126 inhibitor or 

DMSO (vehicle control) for 2 h, followed by the addition of 10 ng/ml EGF or 10 ng/ml of 

EGF and 10 μM U0126 for 1, 4, 8, 12 and 24 h. The dose of the inhibitor that was used is 

according to the instructions provided by the manufacturer (Cell Signaling Technology). 

There was no toxicity to the cells with this dose of U0126 (data not shown). Treatment of 

the parental cell line with EGF resulted in an increase in expression of KRT6 when 

compared to the untreated cells (Fig. 8A and 8B). However, when the inhibitor was added, 

there was a decrease in expression of KRT6 when compared to cells treated with EGF alone 

(Fig 8A and B). Following 12 h of exposure of the parental UROtsa cells to EGF plus 

U0126, the expression of KRT6 was reduced to near basal levels of expression. Treatment of 

the cells with the inhibitor and EGF also reduced the levels of the phosphorylated form of 

ERK1/2 when compared to the cells treated only with EGF (Fig 8A and C). Treatment of the 

As+3-transformed isolate (As#4) with the inhibitor also resulted in a decrease in the levels of 
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KRT6 when compared to EGF treated cells and non-treated cells (control) as shown in Fig. 

9A and B. The phosphorylation of ERK1/2 was also decreased in the presence of U0126 

(Fig. 9A and C). There was no effect of the inhibitor on total ERK1/2 in the UROtsa parent 

(Fig. 8A and C) or the As#4 isolate (Fig. 9A and C).

3.5 Immuno-histochemical localization of EGFR and pEGFR in As+3-transformed 
subcutaneous tumor transplants

This laboratory has shown previously using immuno-histochemistry that tumor transplants 

from all 6 independently generated As+3-transformed isolates expressed KRT6, even though 

one of the isolates lacked in vitro expression of KRT6 (Cao et al., 2010). The present 

examination was designed to determine if the in vitro data showing the presence of EGFR is 

translated to the in vivo tumor transplants including any evidence of EGFR activation in the 

in vivo tumor cells. Immuno-histochemical staining showed that all tumor transplants 

derived from the 6 independently generated As+3-transformed UROtsa isolates stained 

intensely for EGFR (Fig. 10A, C, E, G, I and K). The staining was localized to the cell 

membrane of the tumor cells and staining was most intense at the periphery of the tumor 

nests and less intense or absent in the center of the nests. Immunohistochemisty 

demonstrated that only 2 of the 6 tumor transplants (Fig. 10B and D) showed staining for the 

phosphorylated form of EGFR, and when present the staining was focal and localized to the 

cell membrane. The intensity and staining pattern for EGFR and pEGFR in the tumor 

transplants generated from the As+3-transformed isolates is summarized in Table 1.

4. Discussion

The first goal of the present study was to determine if the As+3-induced malignant 

transformation of the UROtsa cell line produced tumor transplants that possessed important 

features of human urothelial carcinoma. The initial characterization of tumor transplants 

produced from subcutaneous injection of the As+3-transformed UROtsa cells showed a 

histology consistent with human urothelial carcinoma or what was commonly referred to in 

past nomenclature as transitional cell carcinoma (Sens et al., 2004; Somji et al., 2008; Cao et 

al., 2010; Somji et al., 2011). However, other markers characteristic of human urothelial 

carcinomas were not assessed in this model system. In the present study, the parental 

UROtsa cell line, the As+3-transformed isolates, and tumor transplants generated from the 

As+3-transformed isolates were assessed for their expression of EGFR. The results 

demonstrated that the parental UROtsa cells and the As+3-transformed isolates and resultant 

tumor transplants all expressed high basal levels of the EGFR. This is an important 

validation of this model system from several perspectives. First, in normal human 

urothelium, EGFR is expressed in the basal layer and correlates with a less differentiated 

state of these cells (Messing et al., 2012). This provides evidence that the parental UROtsa 

cells are derived from the basal layer of the normal urothelium and that the As+3-

transformed isolates and tumors retain the basal undifferentiated state characteristic of 

cancer. Second, the finding that the As+3-transformed isolates and resultant tumor 

transplants expressed high levels of EGFR is consistent with the observation that 

overexpression of EGFR is frequently found in human urothelial carcinoma. As summarized 

by Mooso and co-workers (Mooso et al., 2015), EGFR is frequently overexpressed in human 
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urothelial carcinoma and overexpression is more common and occurs more frequently in 

muscle-invasive urothelial carcinoma that in non-muscle-invasive disease. There are several 

studies that have shown that overexpression of EGFR in muscle invasive urothelial cancer is 

associated with higher tumor stage, increased tumor progression and poor clinical outcome 

(Mellon et al., 1995; Colquhoun and Mellon, 2002). Thus, our data demonstrates that the 

UROtsa cells malignantly transformed by As+3 are showing an important feature of human 

urothelial carcinoma that is associated with an aggressive form of the disease. An interesting 

finding that should be mentioned is that the tumors derived from the As+3-transformed 

isolates showed strong staining in approximately 50% of the tumor cells. The reason for this 

is unknown but could be due to tumor heterogeneity or simply that EGFR expression is 

transient depending on the proliferative state of the tumor cell. Thus, the As+3-transformed 

UROtsa cells and derived tumor transplants retain an important feature of human urothelial 

carcinoma.

The present study also demonstrated that the EGFR signaling pathway could be activated by 

the addition of EGF in the parental UROtsa cells and the As+3-transformed isolates. It was 

shown that the addition of EGF resulted in the phosphorylation of EGFR and the activation 

of the principle members of the mitogen-activated protein kinase (MAPK) family; ERK1/2 

(p-ERK1/2) and JNK1/2 (p-JNK1/2). In addition, there was also activation of the AKT (p-

AKT) in the cells after the addition of EGF. The pattern of phosphorylation of EGFR varied 

among the UROtsa cells and the transformed isolates. The finding that the UROtsa cell line 

and the transformed isolates retains an active EGFR signaling pathway is important since 

studies in human urothelial carcinoma have suggested that the EGFR pathway plays a 

critical role in cell proliferation, differentiation, migration, angiogenesis and apoptosis 

(Bellmunt et al., 2003; Black et al., 2007; MacLane et al., 2008). The activation of the 

ERK1/2 signaling pathway was also varied with a transient increase in phosphorylation 

followed by a decrease in some of the isolates whereas in others, there was a sustained 

increase in phosphorylation throughout the time course, and some showed a biphasic pattern 

of activation. Activation of JNK was limited and was only seen in the UROtsa parent, As#1 

and As#3 isolates. The activation pattern also varied with the parent and As#1 showing 

phosphorylation after 1 h of exposure with return to basal levels by 4 h and As#3 showing a 

biphasic pattern of activation. Since we only looked at activation after 1 h of exposure, it is 

possible that JNK was phosphorylated in the other isolates within minutes of exposure to 

EGF and it returned to basal levels by 1 h of exposure. AKT is also known to be activated by 

EGF (Joo et al., 2016), and we determined the activation of this pathway. The pattern of 

activation was variable and similar to what was seen for the ERK1/2 signaling pathway. One 

of the isolates, As#4 did not show activation of AKT after exposure to EGF. Biphasic 

activation of signaling pathways has been reported previously and this has been observed in 

colorectal cancer cells that were stimulated with EGF (Joo et al., 2016). In this study, EGF 

was removed from the culture media and there was reactivation of the ERK1/2 pathway 

without further exposure to EGF. However, the distribution pattern of pERK1/2 was different 

suggesting a different role of pERK1/2 during reactivation. Previously, global gene 

expression analysis of all of the As+3-transformed isolates have shown a high degree of 

heterogeneity of gene expression with hundreds to well over a thousand genes that are 

differentially expressed between the isolates (Garrett et al., 2014). It is, thus, conceivable 

Slusser-Nore et al. Page 9

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that there is variation in the expression level of components of the EGF signaling pathway as 

well as other pathways that may cross-talk with this pathway. Tumors in general are well 

known to exhibit a high degree of heterogeneity due to genomic instability (Gerlinger, et al, 

2012; Gerlinger et al., 2015) and the As+3-transformed UROtsa cell isolates are thus a good 

model of tumor heterogeneity. It is expected that a similar level of variation in response to 

EGF would exist in human bladder cancers. This varied pattern could also influence the 

progression of the disease and resistance to therapeutic agents. Lastly, the 

immunohistochemical analysis of the arsenite tumor transplants for pEGFR indicated that 

the EGF receptor is autophosphorylated in two of the six As+3-transplants suggesting that 

the EGR receptor is currently active and engaged in cellular signaling. Our experiments in-
vitro with the isolates showed that the phosphorylation of the EGF receptor correlated to the 

activation of the MAP kinase pathway, and thus, it is reasonable to assume that this pathway 

is active in the tumor heterotransplants. Overall, these finding support the concept that the 

UROtsa cell line can provide a valuable model to study As+3-induced urothelial carcinoma. 

The UROtsa model provides a platform to study the acute toxicity of As+3 in the parental 

non-malignant cell line, the subsequent in-vitro transformation of the parental cells by 

chronic As+3 exposure, and the in vivo tumor biology of the transformed isolates when 

transplanted into immune compromised mice. The ability to study both the acute and 

chronic effects of As+3 exposure in one human bladder cell line is important. This is because 

As+3 exposure, in addition to causing acute toxicity to the bladder, has a well-established 

strong association for the development of human urothelial carcinoma with chronic exposure 

(Cantor and Lubin, 2007; Chiou et al., 1995, Luster and Simeonova, 2004; Smith et al., 

1998; Steinmaus et al., 2000; Tsuda, et al., 1995).

The final goal of the study was to determine the mechanism involved in the expression of 

KRT6 in the parental and As+3-transformed UROtsa isolates. The results showed that the 

level of KRT6 was low in the UROtsa parent and one of the As+3-transformed isolate As#5. 

Addition of EGF increased the expression of KRT6 in the UROtsa parent cells. The effect of 

EGF on the expression level of KRT6 was varied in the As+3-transformed isolates with some 

of the isolates showing significant increase in expression of KRT6, whereas in other there 

was very little or no effect on the expression of KRT6. In one of the isolates As#5 that 

expressed very low levels of KRT6, addition of EGF had no effect. These variations in the 

responses of each of the metal-transformed isolate to EGF and the expression of KRT6 is to 

be expected since there is variation in the expression of various genes in these transformed 

isolates.

The increased expression of KRT6 protein by the addition of EGF in the UROtsa parental as 

well as one of the As+3-transformed isolates, As#4 was inhibited by treating the cells with 

the ERK1/2 inhibitor, U0126. These results show that the expression of KRT6 in both the 

parental and As+3-transformed UROtsa cells is regulated by the ERK1/2 pathway. The MEK 

inhibitor U0126 was chosen for this study as it has been shown to attenuate the activity of 

the transcription factor AP-1 (Duncia et al., 1998) which has been implicated in the 

upregulation of KRT6 expression (Ma, et al., 1997). Since As#4 showed a decrease in the 

levels of KRT6 protein levels, when compared to the control untreated cells after treatment 

with the inhibitor U0126, this suggests that the activation of the ERK1/2 pathway plays a 

major role in regulating the expression of KRT6 in As+3-transformed cells. However, the 
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participation of other signaling pathways in regulating the expression of KRT6 cannot be 

ruled out and needs further investigation.

The interest in KRT6 as a possible biomarker for urothelial cancer arose from the 

laboratory’s previous studies on KRT6 expression in the As+3- and Cd+2-transformed tumor 

transplants and a sample set of archival specimens of human urothelial carcinoma (Somji et 

al., 2008; Cao et al., 2010; Somji et al., 2011). In these studies, it was shown that KRT6 

expression correlated to areas of overt focal squamous differentiation in subcutaneous 

transplants of the As+3- and Cd+2-transformed urothelial cells. The finding that rendered this 

correlation of interest to biomarker development was that peritoneal tumor transplants from 

some of these same isolates expressed much less focal squamous differentiation and KRT6 

staining was able to highlight and identify these much less notable areas of squamous 

differentiation. A similar finding was found in a small archival set of formalin-fixed, 

paraffin-embedded patient specimens where KRT6 staining was able to identify small areas 

of squamous differentiation. These findings, taken together, suggested that identification of 

very early steps in the process of squamous differentiation in urothelial cancer could have 

prognostic significance. Currently, large areas of focal squamous differentiation are easily 

identifiable by routine diagnostic pathology of hematoxylin and eosin stained slides and 

other antibody markers have also been identified that will stain larger regions of focal 

squamous differentiation (Fong et al., 2003; Lopez-Beltran et al., 2009; Hayashi et al., 2011; 

Huang et al., 2013). In contrast, KRT6 staining was able to identify small areas of squamous 

differentiation before they were easily detectable by microscopic examination. It is possible 

that early identification of squamous differentiation would increase the ability to predict 

aggressive tumors since squamous features have been linked to aggressive behavior of 

bladder cancers (Kim et al., 2012; Mitra et al., 2013). A potential problem with the 

continued development of KRT6 as an early biomarker for squamous differentiation is that 

the keratins are a very large family of proteins with significant overlap in sequence among 

the family members (Moll et al., 2008). This presents a problem in studies using 

immunohistochemistry on large patient-derived samples of diagnostic material, where 

antibody specificity cannot be determined for the individual samples. It would be likely that 

due to the large amount of tumor heterogeneity that other keratins might be expressed that 

would cross-react with KRT6 in large archival studies thus complicating interpretation of the 

results. Thus, understanding the mechanism controlling KRT6 expression might identify 

other molecular markers that would decrease the probability of cross-reactivity for 

evaluation of early squamous differentiation in urothelial carcinoma.
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Abbreviations

AKT AKT serine/threonine kinase

As+3 arsenite
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Cd+2 cadmium

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

EGF epidermal growth factor

EGFR epidermal growth factor receptor

ERK extra-cellular signal regulated kinases

JNK c-Jun N-terminal kinase

KRT keratin

MEK mitogen-activated protein kinase kinase 1

RIPA radioimmunoprecipitation assay

TBS Tris-buffered saline

TBS-T Tris-buffered saline with Tween-20
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Highlights

• Keratin 6 is induced in As+3-transformed transformed UROtsa cells by EGF.

• The ERK1/2 signaling pathway regulates the expression of KRT6.

• As+3-transformed human urothelial cells can serve as a model to study 

urothelial carcinomas.
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Fig. 1. 
Expression of KRT6 in UROtsa parent cells and the As+3-transformed UROtsa cells. (A). 

Real-time PCR analysis of KRT6a expression in UROtsa parent and As+3-transformed 

UROtsa cells. The data is expressed as transcripts of KRT6 per transcript of β-actin. (B and 

C). Western blot analysis of KRT6 expression in UROtsa parent and As+3-transformed 

UROtsa cells. The integrated optical densities (IOD) for each of the KRT6 band/β-actin is 

indicated. * indicates significantly different at p<0.05 from parent UROtsa cells.
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Fig. 2. 
Effect of EGF on the expression of KRT6 and the activation of EGFR and downstream 

kinases in the UROtsa parent cells. (A and B). Western blot analysis of KRT6 expression in 

UROtsa parent cells after treatment with EGF for various time periods. The integrated 

optical densities (IOD) for each of the KRT6 band/β-actin is indicated. (A – F). 

Phosphorylation of EGFR (A and C), ERK1/2 (A and D), JNK (A and E) and AKT (A and 

F) was determined by Western blotting. The IOD for each phosphorylated protein is plotted 

per total protein. * indicates significantly different at p<0.05 from untreated controls for 

each time point.
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Fig. 3. 
Effect of EGF on the expression of KRT6 in As+3-transformed UROtsa cells. (A – F). 

Western blot analysis of KRT6 expression in As#1 (A), As#2 (B), As#3 (C), As#4 (D), As#5 

(E) and As#6 (F) cells. The integrated optical densities (IOD) for each of the KRT6 band/β-

actin is indicated. * indicates significantly different at p<0.05 from untreated controls for 

each time point.
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Fig. 4. 
Effect of EGF on the phosphorylation of EGFR in As+3-transformed UROtsa cells. Western 

blot analysis of phosphorylation of EGFR in As#1 (A), As#2 (B), As#3 (C), As#4 (D), As#5 

(E) and As#6 (F) cells. The IOD for phosphorylated EGFR is plotted per total EGFR. * 

indicates significantly different at p<0.05 from untreated controls for each time point.
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Fig. 5. 
Effect of EGF on the activation of ERK1/2 in As+3-transformed UROtsa cells. Western blot 

analysis of phosphorylation of ERK1/2 in As#1 (A), As#2 (B), As#3 (C), As#4 (D), As#5 

(E) and As#6 (F) cells. The IOD for phosphorylated ERK1/2 is plotted per total ERK1/2. * 

indicates significantly different at p<0.05 from untreated controls for each time point.
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Fig. 6. 
Effect of EGF on the activation of JNK in As+3-transformed UROtsa cells. Western blot 

analysis of phosphorylation of JNK in As#1 (A), As#2 (B), As#3 (C), As#4 (D), As#5 (E) 

and As#6 (F) cells. The IOD for phosphorylated JNK is plotted per total JNK. * indicates 

significantly different at p<0.05 from untreated controls for each time point.
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Fig. 7. 
Effect of EGF on the activation of AKT in As+3-transformed UROtsa cells. Western blot 

analysis of phosphorylation of AKT in As#1 (A), As#2 (B), As#3 (C), As#4 (D), As#5 (E) 

and As#6 (F) cells. The IOD for phosphorylated AKT is plotted per total AKT. * indicates 

significantly different at p<0.05 from untreated controls for each time point.
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Fig. 8. 
Effect of MEK1/2 inhibitor U0126 on the expression of KRT6 in UROtsa parent cells. (A 

and B). Western blot analysis of KRT6 expression in UROtsa cells treated with the MEK1/2 

inhibitor U0126. The IOD for each of the KRT6 band/β-actin is indicated. (A and C). 

Western blot analysis of phosphorylation of ERK1/2 in UROtsa cells treated with the 

MEK1/2 inhibitor U0126. The IOD for phosphorylated ERK1/2 is plotted per total ERK1/2. 

* indicates significantly increased at p<0.05 from untreated controls for each time point. ** 

indicates significantly decreased from EGF only treated cells at p<0.05 for each time point.

Slusser-Nore et al. Page 23

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Effect of MEK1/2 inhibitor U0126 on the expression of KRT6 in As+3-transformed UROtsa 

cells. (A and B). Western analysis of KRT6 expression in UROtsa cells treated with the 

MEK1/2 inhibitor U0126. The IOD for each of the KRT6 band/β-actin is indicated. (A and 

C). Western analysis of phosphorylation of ERK1/2 in As+3-transformed UROtsa cells 

treated with the MEK1/2 inhibitor U0126. The IOD for phosphorylated ERK1/2 is plotted 

per total ERK1/2. * indicates significantly increased at p<0.05 from untreated controls for 

each time point. ** indicates significantly decreased from EGF only treated cells at p<0.05 

for each time point. # indicates significantly decreased from untreated controls at p<0.05 for 

each time point.
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Fig. 10. 
Immunohistochemical staining of EGFR and pEGFR in As+3-transformed subcutaneous 

tumor heterotransplants. (A, C, E, G, I and K). Staining for EGFR in the As+3-transformed 

cell line As#1, As#2, As#3, As#4, As#5 and As#6 respectively. B, D, F, H, J and L. Staining 

for pEGFR in As#1, As#2, As#3, As#4, As#5 and As#6 respectively. The staining is 

localized to the cell membrane for both EGFR and pEGFR and is most intense at the 

periphery of the tumor nests and less intense or absent in the center of the nests All 

micrographs are at x100 magnification.
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Table 1

Immunostaining of EGFR and pEGFR in tumor heterotransplants

Group
EGFR P-EGFR

Intensity Percentage Intensity Percentage

As#1 3+ 50% 1+ 15%

As#2 2–3+ 40% 1–2+ 10%

As#3 2–3+ 30% - 0

As#4 2–3+ 50% - 0

As#5 3+ 30% - 0

As#6 3+ 60% - 0
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