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ABSTRACT 

A role for EGF in normal and malignant uterine growth is suggested 
by the presence of epidermal growth factor (EGF) receptors. The 
effects of EGF on two in lLi.1c.Q. passages of a human endometrial 
carcinoma cell line (RL95-2), designated early «30, estrogen 
receptor positive) and late (>250, estrogen receptor negative), 
were studied with respect to their growth, morphology and 
invasive properties. The early passage was heterogeneous in 
population, while the late passage was more homogeneous and 
exhibited several transformed characteristics. EGF had differential 
effects depending on the seeding density. At high seeding density, 
EGF stimulated growth of early passage cells at all concentrations 
used; EGF stimulated growth of late passage cells at 16.6 pM 
concentration while it inhibited their growth at 4.98 nM and 20 nM 
concentrations. At low seeding density, only 20 nM EGF 
significantly inhibited growth of early passage cells, while the 
effects of EGF on late passage cells were similar to those at high 
seeding density. Marked morphological alterations occurred upon 
addition of 20 nM EGF to RL95-2 cells at low seeding densities. 
Further, EGF (20 nM) increased the invasive potential of cells of 
both passages at high seeding density, while it decreased the 
invasive potential at low seeding density. The decrease in invasive 
potential correlated with extension of elongated processes by the 
cells, which could hinder their motility. The increase in invasive 
potential at high seeding density correlated with an increase in 
enzymic activity of cell-associated plasminogen activator, which 
could facilitate degradation of the reconstituted basement 
membrane matrix in ritr,Q" and with an alteration in morphology and 
F-actin distribution, which could render the cells more motile. 

Further studies exploring a possible mechanism for the differential 
growth response of RL95-2 to EGF at high seeding density indicated 
that early and late passage cells differed in the number and 
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affinity of EGF receptors. The late passage cells exhibited a 5-fold 
increase in receptor number over early passage cells and had both 
high (Kd of 4.47 x 10-11 M) and low affinity receptors (Kd of 9.37 x 

10-9 M), while the early passage cells had only a single class of 
high affinity receptors (Kd of 5.67 x 10-10 M). Thus growth 

inhibition in the late passage RL95-2 cells correlated with an 
increase in number of EGF receptors. 

Part of the dissertation work has been published in an abstract 
form: 

1. SUNDARESHAN, P., WAY, D. L., DAVIS, J. AND HENDRIX, M. J. C.1987. 
Morphological and invasive behavior of a human endometrial cell line. 
J. Cell. Bioi 105: 218a 

2. SUNDARESHAN, P., DAVIS, J. R., KORC, M. AND HENDRIX, M. J. C.1988. 
The effects of epidermal growth factor (EGF) on growth response, 
morphology and invasive potential of a human endometrial adenosquamous 
carcinoma cell line. 
J. Cell. Bioi. 107: 696a 

3. SUNDARESHAN, P., SHIMIZU, Y., SEFTOR, E. A. SHIMIZU, N. AND HENDRIX, M. 
J. C. 1990 

Epidermal growth factor modulation of a human endometrial carcinoma cell 
line. 
Proc of the American Association for Cancer Res 31: 276a 
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CHAPTER 1. INTRODUCTION AND OVERVIEW OF RELEVANT 

LITERATURE 

Endometrial carcinoma 

In the United States, cancer of the endometrium has become the 

most common cancer of the female genital tract [1]. The incidence 

of cancer of the endometrium has surpassed that of cervical cancer 

[2]. Even though cervical cancer is one of the major causes of 

death, the mortality rate has dropped due to early screening 

methods. Furthermore, it is estimated that 1 out of every 45 

newborn females will develop cancer of the endometrium sometime 

in their lives. 

The etiology of endometrial carcinoma is not clear. Several factors 

involved in the development of endometrial carcinoma are age, 

early menarche, late menopause, infertility, nulliparity, obesity, 

endometrial hyperplasia, prolonged estrogen therapy, race, diet and 

to a minor degree hypertension and diabetes [3]. Endometrial 

carcinoma mostly occurs in women during the perimenopausal 

period between the ages of 50-64. The older the patient at 

diagnosis, the more likely that the cancer will be at an advanced 

stage. This may explain the increased mortality with age. Parity 

seems to offer some protection from endometrial carcinoma. 

Single women and nulliparous women have a higher risk of 

developing endometrial carcinoma than women with one or more 

children. The occurrence of endometrial cancer is rare among 
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Japanese, Asian and African women, while it is high among 

European, American and Jewish women. Whether the differences 

are due to inherent genetic factors, or whether socio-economic, 

dietary, and enviromental factors playa role is not clear. However, 

countries with a high-fat, high-caloric diet also show an increased 

incidence [4]. 

Estrogen (E2) stimulates the growth and proliferation of the 

normal endometrium, while progesterone converts the estrogen

stimulated proliferative endometrium to a more highly 

differentiated, essentially non-dividing secretory endometrium. 

Progesterone decreases the E2 stimulation of the endometrium by 

decreasing E2 receptors, inactivating E2 by sulfurylation and 

shifting the metabolism from estradiol to estrone, which is less 

potent. Continued E2 stimulation may induce neoplasia or at least 

hyperplasia, a condition that may be a precursor to endometrial 

cancer. Unopposed E2 stimulation occurs during early menarche, 

delayed onset of ovulation, late menopause and obesity. Fat 

increases the level of circulating estrogens through aromatization 

of E2 precursors. An increased risk of endometrial cancer 

attributable to E2 administration is reduced by the use of 

progestins and by prescribing estrogens for short periods of time 

at a low dose. Tumors that are estrogen receptor positive are 

hormonally responsive, and about a third of patients with 

metastatic endometrial cancer show significant regression with 

progesterone therapy [5]. 
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Cancer of the endometrium usually tends to remain within the 

uterus for a long period of time, spreading by local invasion of the 

endometrium. Endometrial cancer may be localized or diffuse. 

Spread of the cancer may produce an enlargement of the uterus as 

it grows. It may also invade the myometrium, extend outside the 

true pelvis to involve the bladder or rectum or produce distant 

metastasis. With increase in the depth of invasion, there is a 

progressive drop in survival rate. Adenosquamous carcinoma of the 

endometrium has a poorer prognosis than other endometrial 

carcinomas. Whether this is due to the inherent aggressiveness of 

the tumor, the stage at which it is detected, or its poorly 

differentiated state is not clear. Adenosquamous carcinoma of the 

endometrium is characterized by the presence of both malignant 

glandular and squamous elements. The five-year overall survival 

rate for patients with stage I endometrial carcinoma is 80% [6]. 
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Metastasis 

The major cause of morbidity and mortality for cancer patients is 

metastasis [7]. Metastasis is the spreading of a tumor from its 

primary site of origin to secondary site(s) distant to the primary 

tumor. About 50% of patients with malignant tumor can be cured 

with treatment either by surgery, chemotherapy and/or 

radiotherapy. Treatment failure and death can ensue in patients 

with malignant tumors either because of the extensive metastases 

or as a result of complications arising from their treatment. The 

heterogeneous nature of the components of metastases and the 

scattered anatomical locations determine the response to 

anticancer agents. Methods to diagnose and predict the metastatic 

potential of a tumor and to prevent local invasion are being 

improved. The search to control cancer has spurred intense interest 

in understanding the cellular and molecular bases of invasion and 

metasta~;is. 

The process of metastasis involves a number of complicated 

sequential steps, most of which are not well understood. Invasion, 

the local spread of the primary tumor into neighboring areas is one 

of the first steps in metastasis. Once cells escape the primary 

tumor, they interact with the basement membrane and stroma. 

Subsequent steps involve intravasation (invasion into) of the 

venous or lymphatic system. Tumor cells then detach and release 

single or multiple emboli of cells into the vessel, where they 
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travel passively within the circulation, evading host defenses such 

as macrophages, natural killer cells, and the mechanical trauma of 

blood flow. Those that survive eventually arrest in some capillary 

bed within an organ, attach to the wall of the blood vessel and 

extravasate (invasion out) to proliferate in the host stroma. 

The metastasizing tumor cell must interact with the underlying 

extracellular matrix (ECM) during various stages of tumor invasion 

and metastasis. The ECM through which cells migrate is a dense 

latticework of collagen and elastin, enclosed in a viscoelastic 

ground substance composed of proteoglycans and glycoproteins [8]. 

The matrix forms a three-dimensional framework, affects cell 

attachment and differentiation, and determines tissue 

architecture. The ECM provides support, isolates tissue 

compartments and influences morphogenesis. The basement 

membrane (8M) is a specialized type of ECM separating the organ 

parenchymal cells from the interstitial stroma. It is a network of 

type IV and type V collagen, glycoproteins such as laminin, 

entactin and fibronectin, and proteoglycans like heparan sulfate. 

Laminin and fibronectin are two glycoproteins which mediate cell 

attachment. Fibronectin is a cell surface, extracellular matrix, and 

plasma glycoprotein, which contains 220 kDa subunits linked into 

dimers and polymers by disulfide bonds. It binds to the cell surface 

as well as to a series of other extracellular molecules (collagen, 

fibrin, heparin, hyaluronic acid, actin) to mediate cell adhesion and 

spreading, in addition to binding to native and denatured collagens. 
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Fibronectin also stimulates cell movement, but the mechanism 

responsible for this is not understood. Laminin is a glycoprotein 

component of basement membranes. It exists as a cross-shaped 

molecule of 1000 kDa consisting of A and B subunits of 20 kDa and 

40 kOa bound by disulfide bonds. The interstitial connective tissue 

stroma which separates organ parenchyma from blood vessels and 

lymphatics is composed of collagen fibers and elastin fibers 

embedded in a ground substance composed of proteoglycans and 

glycoproteins, including fibronectin. The collagens associated with 

interstitial ECM and stromal fibroblasts are type I, type III and 

type V collagen. 

The BM becomes focally permeable to cell movement during wound 

healing, tissue remodeling, inflammation, neoplasia and metastasis 

of tumors; however, it has been shown to be impermeable to 

colloidal carbon «0.5 ~). Cell infiltration of the matrix depends on 

a number of factors which include cell motility, chemotactic 

factors, cell-cell interactions, and nature of the tissue matrix and 

cell-matrix interactions. Since cell motility by itself cannot 

explain how tumor cells gain the ability to penetrate such a 

barrier, a three-step theory of invasion involving the role of 

enzymes has been hypothesized to describe the sequence of 

biochemical events occurring during tumor cell invasion [9]. The 

first step is the attachment of the tumor cell to specific 

components of the ECM, such as laminin and fibronectin, through 

cell surface receptors. The second step involves secretion of 

...... -.--- ... ,. ....... , .•.... - --, .. ~ .. " ~ .... - -. 
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hydrolytic enzymes which locally degrade the ECM and attaching 

glycoproteins. The last step is tumor ceil movement into the area 

of the hydrolyzed matrix. Cyclic repetition of these steps may 

occur to allow continued penetration of the matrix. 

Cell motility is necessary for tumor cells when they detach from 

the primary tumor and infiltrate adjacent tissue during 

intravasation and extravasation. Actin, the major protein 

component of the cytoskeleton, has been implicated in the 

maintenance of cell shape and cell locomotion [10). Stress fibers 

which consist of neatly organized actin filaments are present in 

focal contacts and sites of adhesion to substratum. Rapidly 

migrating cells usually lack stress fibers, while those that are 

stationary or move slowly have neatly organized stress fibers. This 

suggests a major role for actin in cell adhesion, resistance to 

detachment and reduced locomotion. Furthermore a correlation 

between actin organization and tumorigenicity exists. Mouse 

melanoma cell clones displaying low metastatic potential form 

large focal contacts with tightly packed actin bundles, elaborate 

organized extracellular networks of fibronectin and demonstrate 

restricted motility; highly metastatic mouse melanoma clones are 

very motile, with only a few distinct actin bundles and unorganized 

cell surface-associated extracellular fibronectin [11). In human 

colonic epithelial cells, the organization is gradually lost during 

the transition from benign to malignant tumors [12). Changes in 

cell shape and chemokinesis of Walker carcinosarcoma cells in 
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response to a tumor promoter, phorbol myristate acetate (PMA), 

have been shown to be associated with alterations in the relative 

amount and the topographical distribution of F-actin [13]. 

The directed locomotion of a cell may be influenced by chemotactic 

factors [14,15] and growth factors [16-18]. While chemotactic 

factors contribute to the direction of a motile response, they do 

not initiate the intrinsic locomotion of tumor cells. A human 

melanoma cell line A2058 secretes an autocrine motility factor 

(AMF) which stimulates its intrinsic motility [19]. The sequential 

attachment and detachment steps result in traction and propulsion 

during the process of cell migration. The rapid pseudopodial 

protrusion induced by AMF is dose- and time- dependent. The 

pseudopodia have a high content of laminin and fibronectin 

receptors. It is therefore hypothesized that prior to cell 

translocation, AMF and other cytokines stimulate intrinsic motility 

by inducing exploratory pseudopodia expressing enhanced levels of 

receptors to ECM proteins, and proteinases. These pseudopodia may 

serve to function as "sense organs" to interact with ECM proteins 

and thereby provide directional cues and propulsive traction for 

locomotion. Further, breakdown of the matrix is also aided by 

induction of proteases which locally degrade matrix proteins. 

Growth factors have been shown to induce plasminogen activator 

and collagenase activity [20,21]. Plasminogen is converted to its 

active form, plasmin, which then degrades matrix proteins, and 
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also activates other zymogens (like procollagenases) to their 

active forms [22]. Additionally, there is evidence that PA is 

involved in malignancy [23,24]. Plasminogen activators have been 

detected in a large number of different tumor types. The two types 

of PA, urokinase type (uPA) and tissue PA (tPA), differ in their 

molecular weight, immunological reactivity and function. There are 

separate genes for each type of PA [25], and their synthesis is 

independent of each other [26,27]. The presence of fibrin is 

required for the activity of tPA [28]. Tissue type plasminogen 

activator has a role in intravascular breakdown of fibrin, while 

uPA is thought to be involved in tissue remodeling and cell 

migration. Increased uPA activity in malignant tissues of breast 

and gastrointestinal tract and their metastases have been reported 

[29-31]. A similar increase in uPA concentrations have been 

reported in malig nant uterine tissues and their metastases [32-

34]. Plasma levels of endometrial cancer patients also exhibit 

elevated levels of uPA [35]. EGF induces the synthesis of uPA in A-

431 epidermoid cells [36]. Down-regulation of the EGF receptor has 

been correlated with the increase in uPA activity in A-431 cells 

[36l. Further, an increase in degradation of ECM by A-431 cells upon 

EGF addition has been shown to be dependent on uPA activity [37]. 
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In. vitro models for invasion 

Invasion is the process by which cells penetrate a tissue of a 

distinct cell type. During embryonic development, neural crest 

cells, primordial germ cells and various other cells exhibit 

invasiveness. During postnatal life, capillary endothelial cells, 

dermal melanocytes (neural crest derivatives) and white blood 

cells (neutrophils, eosinophils, lymphocytes and macrophages) 

retain their invasive properties, while the majority of cells are 

stationary. Factors which stabilize intercellular relationships and 

thereby control cellular invasion are cell specific surface and 

adhesion molecules, intercellular adhesion interactions involving 

cell-junctions, contact inhibition of locomotion and the barrier 

constraints imparted by basement membranes and other cellular 

matrices. Malignant tumor cells comprise another category of cells 

capable of invading host tissues. This process is very important in 

the metastatic dissemination of tumor cells to form secondary 

metastases. 

Several ill ritm models have been introduced to study tumor cell 

invasion [38]; however, they lack natural host self-defense 

reactions. J.n. illr:Q. models basically offer a structural barrier for 

tumor cells to penetrate and migrate. Recently, a reconstituted 

basement membrane (matrigel) isolated from the Englebreth-Holm

Swarm tumor has been used as a membrane barrier [39-41]. The in 

illr:Q. model used in my study is the Membrane Invasion Culture 
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System (MICS) [39], in which invasive cells can be collected in a 

reliable, repeatable manner over a 3-5 day period. The model can be 

used to study both intravasation as well as extravasation. The 

greatest advantage of using MICS is that it can discriminate 

between low and high metastatic variant cell lines .iLl. ~ [42]. 
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Epidermal growth factor and epidermal growth factor 

receptors 

Epidermal growth factor (EGF) was discovered as a contaminant of 

nerve growth factor by Stanley Cohen in the early 60s [43,44]. 

Salivary gland extracts of male mice induced the precocious 

opening of the eyelids and the eruption of incisor teeth in newborn 

mice. EGF stimulates the proliferation of epithelial tissues in 

animals and in cell culture. Urogastrone, isolated from the urine of 

pregnant women, inhibited gastric acid secretion and cured 

experimentally induced ulcers in dogs. Interestingly, urogastrone 

was later shown to be human EGF. 

EGF is a single polypeptide chain of 53 amino acids with a 

molecular weight of 6100. It is heat stable and nondialyzable. The 

amino acid composition of murine and human urinary EGF are 

closely related. EGF elicits significant biological responses in 

intact animals, organ cultures and cell culture systems. In cell 

culture systems, EGF increases active transport of ions and 

nutrients. It also increases glycosylation activity and synthesis of 

extracellular molecules, activates RNA and protein synthesis, 

initiates DNA synthesis, and enhances cell proliferation. 

EGF is synthesized in high amounts in male mouse submaxillary 

glands. In humans, EGF has been detected in the salivary glands and 

in the glands of Brunner. EGF has also been detected in human 
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saliva (6-17 ng/ml), human milk (80 ng/ml) and in human urine 

(29-272 ng/ml). 

The natural role of endogeneous EGF is not known. EGF elicits 

pleiotropic responses in mammalian cells. EGF binds to its receptor 

on the cell membrane and initiates the signal transduction events. 

Subsequent to its binding, EGF is internalized as a complex with its 

receptor. A major portion of the internalized EGF is metabolized in 

lysosomes.Whether the internalization of EGF is required for the 

expression of the mitogenic effect of EGF is not known. Incubation 

of cells with subsaturating concentrations of EGF for a short time 

(1 hr) causes a rapid decrease in receptor binding activity which 

remains at a low level for prolonged periods in the absence of the 

growth factor. This phenomenon of lowering has been termed down

regulation. Recovery of binding after removal of the growth factor 

involves the de-novo synthesis of receptor molecules. 

EGF receptor is a glycoprotein of molecular weight 170,000 [45, 

46]. The mature EGF receptor is composed of three major regions: 

(a) a large glycosylated extracellular binding region composed of 

621 amino acids, which is anchored to the plasma membrane by; (b) 

a single membrane spanning region of 23 hydrophobic amino acids; 

and (c) a cytoplasmic portion of 542 amino acids containing the 

kinase domain. The kinase domain of 300 amino acids contains a 

consensus sequence homologous to the src gene family of 

oncogenes. The catalytic domain of EGF receptor kinase contains a 
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lysine (Lys 721) residue located 15 residues to the carboxy 

terminal side of a consensus sequence Gly-x-Gly-x-Phe-Gly-x-Val. 

The lysine residues, together with the consensus sequence, 

probably function as a part of the ATP binding site. The binding of 

EGF to the receptor induces the activation of the protein tyrosine 

kinase which phosphorylates various cellular proteins as well as 

the EGF-receptor itself. Autophosphorylation occurs mainly on 

tyrosine residue 1173; three additional sites located at the 

carboxy terminal end of EGF receptor are phosphorylated (tyr 1068, 

1086, 1148). The kinase activity has been shown to be important 

for signal transduction. Tyrosine kinase activity is necessary for 

N a +/H + exchange, Ca++ influx, activation of protein kinase C, 

glucose and amino acid exchange, and expression of a-fos and a

mya. EGF receptor degradation, DNA synthesis and transformation 

all require kinase activity. Tyrosine kinase is not required for the 

presence of cell surface receptors of low and high affinity, nor for 

abolition of high affinity receptors by phorbol myristic acid. 

Furthermore, EGF internalization and degradation do not require 

tyrosine kinase activity. 

EGF and EGF receptor in malignancy 

About 90% of all tumors are epithelial in origin. EGF, fibroblast 

growth factor and bombesin are a few mitogens with receptors on 

epithelial cells which stimulate their growth. EGF is the 

bestcharacterized of the above three growth factors, especially ill 
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~. Recent observations that oncogenes exhibit structural and 

functional similarities to growth factors, growth factor receptors, 

and other signal-transducing proteins (tyrosine kinases, G proteins 

and nuclear transcription activators), has aroused interest in the 

role of EGF in normal growth and transformation. A truncated 

receptor lacking both the external ligand binding domain and a 

smaller segment of the C-terminus coded by the transforming gene 

v-erb-B of the avian erythroblastosis virus is structurally similar 

to the EGF receptor. Further, the EGF receptor gene is amplified in 

several types of human tumors including gliomas and epidermoid 

carcinomas, with concomitant expression of the EGF receptor at 

the cell surface. EGF receptor expression is high in invasive or 

poorly differentiated bladder carcinomas while it is low in 

superficial or moderately differentiated carcinomas [47]. In 

mammary tumors an inverse correlation exists between estrogen 

receptor levels and EGF receptor levels. Estrogen receptor negative 

cell lines have greater EGF receptor expression than estrogen 

receptor positive cell lines [48-50]. Further, the frequency of 

increased EGF receptor expression increases with tumor grade and 

size, with a greater proportion in metastases than in primary 

tumors. Overexpression of EGF receptors may be important in 

oncogenesis since EGF is able to induce transformation in NIH-3T3 

cells [51-53]. When cells overexpressing the EGF receptor are 

grown in soft agar [54], EGF stimulates proliferation. In ~ tumor 

formation from these cells is increased with EGF infusion [55,56]. 
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However, .cells overexpressing the EGF receptor are inhibited in 

~by EGF. 

Transforming-growth-factor-a (TGF-a) shares 35% sequence 

homology to EGF and binds to the EGF receptor to elicit similar 

biological responses. TGF-a, named for its ability to confer a 

transformed phenotype on normal cells in tissue culture, was 

isolated in the conditioned media of cancer cells [57,58]. TGF-a is 

a polypeptide with 50 amino acids and has a molecular weight of 

5600. TGF-a is expressed in many tumor cells, and also by some 

tissues of the embryo, normal placenta, brain, pituitary, 

keratinocytes and activated macrophages. Although transformed 

cells do not produce EGF, many produce TGF-a. In cells expressing 

EGF receptor, TGF-a has been shown to act in an autocrine fashion. 

Overexpression of TGF-a in transgenic mice results in hyperplasia 

and neoplasia of mammary epithelium [59-61]. 

Subversion of normal cellular and molecular growth controls 

results in disordered growth through: (a) altered growth factor 

production; (b) abnormal expression of EGF receptors providing 

cells with a growth advantage through the uncontrolled tyrosine 

kinase activity of the EGF receptor; (c) disturbances of post

receptor signal transduction pathways; and (d) reduced production 

and decreased sensitivity to growth factor inhibitory factors. 

These important mechanisms of transformation through autocrine 

secretion of growth factors and overexpression of growth factor 
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receptors may offer new therapeutic approaches for certain 

tumors. 
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RL95-2 cell line(s)--an in vitro model for endometrial 

carcinoma 

Cell cultures of normal and tumor cells serve as models to study 

different biological processes. Normal endometrial cell cultures 

serve as models to study the role of steroids in proliferation and 

differentiation, the actions of carcinogens and the possible role of 

steroids in the promotion of endometrial cancer; while cell 

cultures of endometrial carcinoma serve as models to study the 

biological characteristics of malignant cells for comparison with 

normal cells, examining the role of estrogens, other hormones and 

growth factors in promoting growth, and testing efficacies of 

progesterone, anti-estrogens and other therapeutic agents. 

RL95-2 is a human endometrial adenosquamous carcinoma cell line 

derived from a patient with grade 2 moderately differentiated 

carcinoma. Two in. ~ passages of RL95-2 designated early «30) 

and late (>250) passages have been used in this study. The early 

passage is estrogen receptor positive [62], while the late passage 

[63,64] is estrogen receptor negative [65]. RL95-2 has two 

components, glandular and squamous, both of which are considered 

malignant. In this study, the early passage represents an in. ri1m 

model for a primary tumor (an early stage in transformation), 

while the late passage represents an in. vitro model for a 

metastatic tumor (late stage in transformation). 
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Experimental plan 

The overall goal of my dissertation was to test the hypothesis that 

early (estrogen receptor positive) and late (estrogen receptor 

negative) passages of RL95-2 (human endometrial adenosquamous 

carcinoma) cells respond differentially to EGF with regard to their 

growth and invasive potential, which could be attributed to 

differences in the expression of EGF receptor and the ability to 

secrete PA. Since the early and late passages represented primary 

and metastatic tumors, it was hypothesized that they would have 

disparate responses that correlated with differences in their EGF 

receptor numbers. The late passage was also hypothesized to have 

a greater invasive potential upon EGF addition, as a result of 

enhanced uPA activity. 

The first specific aim of the research was to characterize two in 

vitro passages, early «30) and late (>250), of the human 

endometrial cell line, RL95-2 [62], with regard to their growth, 

morphological and ultrastructural features, as well as their 

invasive potential using the MICS. The early passage was a gift 

from Dr. John Davis, Dept. of Pathology, University of Arizona, and 

the late passage [63,64] was obtained from Dr. Murray Korc, 

Department of Internal Medicine and Biochemistry, Univ. of 

California, Irvine. Chapter 2 describes the growth properties of the 

two passages of RL95-2 under conditions of varying seeding 

densities and serum concentrations, their morphological features, 
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and invasive potentials. Further, the morphologioal characteristics 

of the two in mr.a. passages have been compared and contrasted to 

the normal endometrial epithelial cells. 

The second aim was to determine whether the early and late 

passages of RL95-2 responded differentially to EGF in terms of 

growth response, morphological changes and invasive potential. The 

effect of seeding density on the response of the cell lines to EGF 

was also investigated. In an attempt to seek an explanation for the 

altered invasive potential, the arrangement of F-actin intracellular 

microfilaments as well as uPA activity have been monitored. These 

results are presented in Chapter 3. 

The third specific aim was to explore potential mechanisms that 

could be responsible for the differential growth response to EGF by 

the two RL95-2 passages at the high seeding density. The binding, 

internalization and degradation of EGF have been analyzed, and the 

data are presented in Chapter 4. In addition, as a possible 

explanation for the differential response to EGF, EGF receptor 

number has been quantitated. 
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CHAPTER 2. CHARACTERIZATION OF GROWTH PROPERTIES. 

MORPHOLOGY AND INVASIVE POTENTIAL OF EARLY AND LATE 

PASSAGES OF RL95·2 CELLS 

Introduction 

Carcinoma of the endometrium is one of the most common 

malignancies of the female reproductive tract [2]. Normal 

endometrium is a target tissue for the ovarian steroid hormones, 

estradiol (E2) and progesterone (P). Estradiol stimulates the 

growth and proliferation of the endometrium during the normal 

menstrual cycle, while P converts the E2 stimulated proliferative 

endometrium to a secretory endometrium (highly differentiated and 

essentially non-dividing). Normal human endometrium itself may be 

a target for EGF regulation of endometrial proliferation. A possible 

role for EGF in uterine growth is suggested by the finding that EGF 

stimulates growth of rat uterine cells [68] and also the 

proliferation of rabbit endometrial cells in culture [69]. 

Furthermore, high affinity receptors have been identified in normal 

human endometrium [66,70] and in human endometrial carcinoma 

cells [63,64,67]. Unfortunately, comparatively little is known 

regarding the biology of endometrial carcinoma and its regulation 

by steroid(s), other hormones and growth factors. This paucity of 

information may be due in part to the difficulties encountered in 

culturing cells derived from normal and endometrial tumors over 

an indefinite period of time. Only a few in. ~ models of human 
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endometrial tumor cells have been established and characterized 

[62,71-80]. 

In 1983, an endometrial carcinoma cell line was established in 

)li1r:,Q" which provided a model for further studies of hormonal and 

growth factor regulation [62]. This cell line was designated RL95-2 

and was derived from a 65 year old postmenopausal woman, 

diagnosed as having a Grade 2, moderately differentiated 

adenosquamous carcinoma of the endometrium. The patient had 

received no radiotherapy, chemotherapy or hormonal therapy prior 

to diagnosis. The cells have been morphologically characterized and 

karyotypically analyzed. Interestingly, these cells are also 

estrogen receptor positive. RL95-2 thereby provides an interesting 

10. ritm. model for the study of the biological effects of E2 and P. It 

also serves as a model to test the efficacies of antiestrogens and 

other therapeutic agents [81]. 

Many tumors contain subpopulations of phenotypically distinct 

cells [82-85]. Human tumors display heterogeneity for morphology 

and responsiveness to modalities such as chemotherapy, hormonal 

therapy and hyperthermia. Several phenotypes have been shown to 

change with in)li1r:,Q, passage, as well as in ~ passage. Such a 

phenomenon has been called phenotypic drift [86] and appears to be 

a critical process in tumor progression. In this study, we have 

compared early «30, estrogen receptor positive) [62] and late 

(>250, estrogen receptor nega.liv·e) [63-65] in. ~ passages of 
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RL95-2, with regard to growth, morphology and invasive behavior. 

The analysis of cell lines at early passages provides information 

on the characteristics of cells which closely resemble those of the 

primary malignancy. The difference in the phenotype of the late 

passage could be due to a phenotypic drift or to selection of a 

specific population(s) from the original heterogeneous cell line 

during long term culturing. 
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Materials and Methods 

Maintenance of cell cultures 

RL95-2 cells were derived from a poorly differentiated 

adenosquamous carcinoma of the endometrium. The patient was a 

postmenopausal woman with no previous history of chemotherapy, 

hormone therapy or radiation treatment. Cell cultures were 

initiated from an endometrial curettage [62]. Two different itt Wr2 

passages of this cell line were used. The early «30 passages, 

estrogen receptor positive) and late passages (>250 passages, 

estrogen receptor negative) of RL95-2 were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM, Gibco, NY) supplemented 

with 4500 mg/L glucose, 110 mg/L pyruvate, 20 mM 4-(2-

hydroxyethyl-1-piperazine) ethane sulfonic acid (HEPES, Research 

Organics Inc, Cleveland, OH), and containing either 20/0 (late 

passage) or 10% (early passage) fetal bovine serum (FBS, Gibco, 

Grand Island, NY). The culture medium was also supplemented with 

100 U/mL penicillin, 100 J.Lg/mL streptomycin and 0.25 J.Lg I m L 

fungizone (Irvine Scientific, Santa Ana, CA) or only 0.1 % 

gentamycin (Gibco, Grand Island, NY). Cell cultures were grown in 

monolayer in tissue culture dishes at 37° C, in an atmosphere of 

95% air and 5% C02. Cells were harvested with 0.25% trypsin-2 mM 

EDTA in Ca++-and Mg++-free 0.1 M PBS, pH 7.4. Cells were 

enumerated using a hemocytometer. All cell cultures were 
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determined to be free of Mycoplasma contamination with the Gen

Probe rapid detection system (Fischer, Pittsburgh, PA). 

Normal endometrial tissue was obtained from biopsy specimens. 

Endometrial samples were washed in DMEM supplemented with 200 

U/mL penicillin, 200 J.1g/mL streptomycin and 0.25 J.1g 1m L 

fungizone, minced with scissors and digested with 400 U/mL of 

collagenase (type IV, Sigma, St. Louis, MO) for 30 min at 37° C. 

Epithelial glands were isolated using unit sedimentation. The 

glands were then plated onto culture dishes and were cultured in 

DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 J.1g/mL 

streptomycin and 0.25 J.1g/mL fungizone. 

Establishment of growth conditions for RL95-2 cells 

a) Determination of Effect of Seeding Density on Growth 

RL95-2 cells were plated in triplicate in 24-well Falcon plates 

(Falcon, Oxnard, CA) at a density of 5 x 103 cells/cm2 , 25 x 103 

cells/cm 2 or 1 x 105 cells/cm2 (1 x 104,5 X 104 , or 2 x 105 cells 

per well) in DMEM containing 10% FBS supplemented with 100 U/mL 

penicillin, 100 J.1g/mL streptomycin and 0.25 Jlg/mL fungizone. 

Medium was changed as indicated by pH every 1, 2, or 3 days. The 

cells were removed using 0.250/0 trypsin-2 mM EDTA in Ca++-and 

Mg++-free 0.1 M PBS, pH 7.4. Trypsinization was stopped with DMEM 

medium containing 100/0 FBS. Viable cells, as determined by 
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exclusion of 0.1 % trypan blue in Ca++-and Mg++-free 0.1 M PBS, pH 

7.4, were counted using a hemocytometer. 

b) Determination of Serum Concentration 

RL95-2 cells were plated at a final concentration of 5 x 104 per 

24-plate well in triplicate (seeding density of 25 x 103 cells/cm2). 

Cells were seeded in DMEM supplemented with 100/0 FBS and 100 

U/mL penicillin, 100 J.Lg/mL streptomycin and 0.25 J.Lg/mL fungizone. 

Cells were allowed to attach for 24 hr, at which point medium was 

removed and medium containing 0, 2, 10 or 20% FBS was added to 

the respective wells. Medium was changed every 1, 2 or 3 days as 

indicated by pH. Cells were removed as described previously. Viable 

cells were counted using a hemocytometer after trypan blue 

staining. 

Morphological assessment 

Inverted Light Microscopy 

Cells were plated at the same seeding density in DMEM containing 

100/0 FBS supplemented with antibiotics for the periods of time as 

indicated. Cells were examined with a WILD inverted phase 

microscope (M40) and photographs taken with a 35 mm camera 

attachment. 
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Transmission Electron Microscopy 

Cells were grown on 100 mm Falcon dishes, washed several times 

in Sorenson's phosphate buffer or 0.1 M cacodylate buffer, then 

fixed for 45 min in 2.5% glutaraldehyde or Karnovsky's fixative at 

room temperature. Subsequently, the cells were scraped from the 

growth surface of the flask, pelleted at 400 g for 10 min, and 

postfixed for an additional 45 min in 2.5% glutaraldehyde or 

Karnovsky's fixative at room temperature. The cells were postfixed 

in 1 % osmium tetroxide for 1.5 hr in the dark, washed three times 

in buffer, and dehydrated through a graded series of ethanol 

washes, rinsed twice with propylene oxide (1:1 v/v) , then changed 

to propylene oxide: spurr (1:1 v/v) for an hour, and left for several 

hours in 100% spurr. Embedding in 100% spurr was carried out at 

60° C for 24 hr. Ultrathin sections were cut from polymerized 

blocks on an MT2-B ultramicrotome and the grids were stained in 

uranyl acetate and lead citrate. Sections were examined with a 

Philips 300 transmission electron microscope operating at an 

accelerating voltage of 60 kV. 

Scanning Electron Microscopy 

Cells were grown on sterile coverslips at the indicated seeding 

density. They were washed in Sorenson's phosphate buffer or 

cacodylate buffer, fixed in 2.5% glutaraldehyde or Karnovsky's 

fixative for 1.5 hr, postfixed in 1 % osmium tetroxide for 1.5 hr in 
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the dark, dehydrated through a graded series of ethanol washes and 

critical point dried with liquid C02 in a Tousimis critical point 

drier. The dried cells were coated with a 200 A ° gold thickness 

using a Technics Hummer IDC Sputterer and examined with an ETEC 

autoscanning electron microscope, operating at an accelerating 

voltage of 20 kV. 

Flourescent Localization of Actin 

Cell cultures of the endometrial tumor and normal endometrial 

cells were grown in 35 mm dishes. Cells were washed thrice with 

0.1 M PBS, pH 7.4 and fixed with 3.7% formaldehyde. Cold 

acetone:water (1:1 v/v) was added and the plates were kept on ice 

for 5 min. The dishes were then air-dried and rhodamine conjugated 

NBD-phalloidin (33 ng/200 ml 0.1 M PBS, pH 7.4, Molecular Probes 

Inc, Eugene, OR) was added for 20 min at room temperature, 

followed by three rinses with PBS. Fluorescent cells were observed 

with a Zeiss fluorescence microscope. 

Tumor Cell Invasion Assay 

In order to accurately determine the number of tumor cells capable 

of invading a reconstituted basement membrane (matrigel) within a 

certain period of time, specifically designed chambers, Membrane 

Invasion Culture System (MICS) [40-42] were an essential part of 

this study. Briefly, pre-cut, gas sterilized polycarbonate filters 

(Nucleopore, Pleasonton, CA) with 10 J.l. diameter pores were chilied 



Figure 1. Membrane Invasion Culture System (MICS) chamber: (A) top plate, (B) bottom plate, (C) 

experimental wells, (0) sampling ports, (E) upper well, (F) lower well, (G) basement membrane 

barrier. Briefly, a basement membrane barrier was interposed between the top plate and bottom 

plates. Tumor cells were then seeded into the upper wells, allowed to attached to the basement 

membrane. They were subsequently assayed at various time points from the bottom wells via the 

side sampling ports. 
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and then coated with 1.2 mL of cold matrigel (Collaborative 

Research, Bedford, MA) under sterile conditions. The uniformity of 

the matrigel coating was determined by staining several coated 

membranes with 0.25% Coomassie Brilliant Blue R-250 (Bio-rad, 

Richmond, CA):100/0 acetic acid:25% isopropanol for 5 min, and 

destaining in 5% methanol:100/0 acetic acid until the wash remained 

clear. This membrane was compared to an uncoated polycarbonate 

filter treated the same way, which showed no significant staining. 

After the matrigel-coated filters dried in a laminar flow hood, 

they were placed between the upper and lower well plates of the 

MICS chambers (Fig. 1; the lower well plates were initially filled 

with DMEM containing 20/0 FBS). After tightening the screws which 

connect the upper and lower well plates, the same medium was 

then added to the upper wells. Into each upper well (measuring 1.3 

cm in diameter) was seeded 2 x 105 cells in a randomized manner, 

and all the chambers were then placed in a 37° C incubator with 5% 

C02 for 96 hr. 

Sampling, Staining and Counting of Post-Invasion Cells 

After permitting the cells to invade through the matrigel-coated 

filters in MICS chambers for 96 hr, the medium was drained from 

the top well, and the upper chamber was carefully removed leaving 

the matrigel-coated polycarbonate filter intact. The matrigel on 

the upper surface and cells were completely wiped off with 

cotton-tipped applicators. Then the membrane was inverted to 
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visualize those cells which had invaded the matrigel. A Leukostat 

Staining Kit (Fischer, Orangeburg, NY) was used to fix and stain the 

trapped cells on the filter as follows: the filter with the cells was 

first· soaked with malachite green solution for 5 min. The filter 

was then completely submerged in eosin stain for 1.5 min and 

finally in Wright's stain for 2·5 min. The filter was then carefully 

rinsed in fresh water and permitted to air dry. (The polycarbonate 

filter does not readily stain and remains slightly opaque during 

this procedure). The dried filter was placed on a clean microscopic 

slide with the lower surface of the nucleopore membrane facing 

upward to expose the cells which had migrated there after invading 

the matrigel. This was then layered with Zeiss immersion oil and 

coverslipped. The stained cells were counted using a Zeiss model 

18 microscope with a 25x Planapo objective lens. In addition, the 

media containing cells from the lower wells were collected. These 

samples were stored on ice in 6 ml polypropylene culture tubes, 

and the lower wells were filled with 0.250/0 trypsin-2 mM EDT A in 

Ca++-and Mg++-free PBS (pH 7.4). After incubating the chambers at 

37° C for 15-20 min, the trypsin-EDTA solution in each lower well 

was collected and pooled with the respective original sample from 

each well. Media were removed from the pooled samples by 

filtration in a Minifold 1 apparatus (Schleicher and Schuell, Keene, 

NH) using polylysine (1 mg/mL H20)-treated polycarbonate filters 

containing 3 1.1. pores (Nucleopore, Pleasonton, CA). Cells collected 



45 

on the polycarbonate filters were fixed and stained as described 

above. 

Quantitation of invasion assays 

The data from invasion assays were expressed as percent invasion 

according to the following formula: 

No. of cells collected postinvasion from the lower MICS wells 
______________________________________________ x 100. 

No. of cells seeded preinvasion into the upper MICS wells 

Invasion values for control samples were normalized to 1000/0. 

Statistical analysis was performed using an Abstat statistical 

package. 
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Results 

Growth of RL95-2 cells 

Effect of Seeding Density on Growth 

Seeding density influenced the rate of growth of both early and 

late passages of RL95-2 cells. At the higher seeding density of 1 x 

105 cells/cm2 , RL95-2 cells were in lag phase for 2-3 days after 

plating (Fig. 2) and reached confluence on day 11; whereas, at the 

intermediate seeding density of 25 x 103 cells/cm2 , there was a 

lag phase of 5 days for cells of both the passages of RL95-2. On day 

11, the cells were still in the log phase of growth. Lag phase was 

prolonged to 7-9 days at the lower seeding density of 5 x 103 

cells/cm 2 • The increased growth at the higher cell seeding 

densities is thought to be due either to cell-cell interaction or 

local secretion of an autocrine growth factor which stimulates 

cell growth. Cell number of late passage cells at confiuence was 

greater than early passage cells. 

Effect of Serum on Growth 

Both passages of RL95-2 required serum for growth (Fig. 3). The 

early passage was more dependent on serum for growth (Fig. 3A). 

Growth was significantly greater in DMEM containing 20% FBS, than 

in DMEM containing 10% FBS, while cell growth was slower in DMEM 

containing 2% FBS, as reflected by significantly lower cell 

----- ---' '-., ~"~""" ',., , , •••• - .. 0 • 0 • __ ., • ,. 



Figure 2. Effect of seeding density on growth of RL95-2 cells. Early 

and late passages of RL95-2 cells were plated in triplicate in 24-

well Falcon plates at a density of 5 x 103 cells/cm2, 25 x 103 

cells/cm2 or 1 x 105 cells/cm2 (1 x 104 , 5 X 104 or 2 x 105 cells per 

well) in DMEM containing 10% FBS. Medium was changed as indicated 

by pH every 1, 2, or 3 days. The cells were removed using 0.25% 

trypsin-2 mM EDTA in Ca++-and Mg++-free 0.1 M PBS, pH 7.4. Viable 

cells, as determined by exclusion of 0.1 % trypan blue in Ca++-and 

Mg++-free 0.1 M PBS, pH 7.4, were counted using a hemocytometer. 

- '""_.--r'" ... - ..... _._ I'. '. _. __ _ 



2400 

,..--.. 
I") 2000 
I 
0 

1600 
x 

'-../ 

'- 1200 Q) 
.0 

E 
::J 
z 800 

Q) 400 0 

0 

47 

Effect of Seeding Density on Growth of RL95-2 Cells 

0 

A 
Early passage 

0-05000 cell./cm2 

.-825000 cells/cm2 

6.-6.100000 cell./cm
2 

2 4 6 

Days 
8 10 12 

,..--.. 
n 
I 

4000 

S 3000 
X 

'-../ 

'-
~ 2000 
E 
::J 

Z 
1000 

Q) 
o 

B 
Late passage 

0-05000 cell./cm2 

.-.25000 cell./cm2 

6.-6.100000 cell./cm2 

2 4 6 

Days 
8 10 12 



48 

numbers at confluence. The cells did not grow at all in serum-free 

medium. The population .doubling times for the early passage in 

media containing 2, 10 and 20% FBS were 30.6, 24.8 and 19.5 hr, 

respectively (Table 1). 

The late passage, however, was less serum dependent and grows 

uniformly well at all serum concentrations tested (Fig. 38). Upon 

reaching confluence, growth was significantly greater in DMEM 

containing 2% FBS rather than in 10% or 20% FBS. The inhibition of 

growth upon reaching confluence at higher serum concentrations 

could be more likely due to growth inhibitory factors. Even the late 

passage did not grow well in serum-free medium. Greater cell 

numbers were attained by late passage cells than early passage 

cells. The population doubling times for the late passage in media 

containing 2, 10 and 20% FBS were 23, 18.1 and 15.6 hr, 

respectively (Table 1). With increase in serum concentration, there 

was a decrease in the doubling time of both passages. The early 

passage, however, had a longer doubling time than the late passage. 

Interestingly, after the maximum cell number was attained, there 

was a drop in the cell number till a plateau phase was reached in 

both passages. This decrease in cell number after the last division 

could be due to several reasons i.e. lack of space, depletion of 

nutrients, hormones, growth factors in the medium or due to build 

up of toxic products generated by the cell lysis in the medium. 



Figure 3. Effect of serum concentration on growth of RL95-2 cells 

RL95-2 cells were plated at a final concentration of 5 x 104 per 24-

plate well in triplicate (seeding density of 25 x 103 cells/cm 2 ). 

Cells were seeded in OMEM containing 10% FBS. Cells were allowed 

to attach for 24 hr, at which point medium was removed, and 

medium containing 0, 2, 10 or 20% FBS was added to the respective 

wells. Medium was changed every 1, 2 or 3 days as indicated by pH. 

Cells were removed using 0.250/0 trypsin-2 mM EDTA in 0.1 M PBS, pH 

7.4, and trypsinization was stopped with OM EM containing 10% FBS. 

Viable cells were counted using a hemocytometer after trypan blue 

staining. 
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Table 1. Population doubling times of early and late passage RL95-2 cells in media containing 

different serum concentrations. RL95-2 cells were grown in media containing different 

concentrations of serum as described in Figure 3 and population doubling times during the 

logarithmic phase of growth were determined. 



Table 1. Effect of serum on population doubling time of RL95-2 
cells. 

Serum (FBS) 
concentration 

2% 

10 % 

20% 

Early passage 
(hr) 

30.6 

24.8 

19.5 

Late passage 
(hr) 

23.0 

18.1 

15.6 

01 
o 
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Morphology of Normal Endometrial Epithelial and RL95-2 

cells 

Phase Contrast Light Microscopy 

Morphological differences between the two passages of RL95-2 

were observed at the light microscopy level. Early passage cells 

were heterogeneous in size and shape. As has been previously 

described [62], early passage cells were polygonal and of variegate 

sizes, with occasional multinucleate cells (Figs. 4A and 48). A 

large number of cytoplasmic vacuoles were seen. Piling of cells 

was observed, but they did not form "secretory gland-like 

structures" as reported in the very early passages. Nuclei were 

large and pleiomorphic with large, mUltiple, irregular nucleoli. The 

late passage cells were round, smaller and homogeneous in size 

than early passage cells (Figs. 4C and 40). The cells piled up and 

formed a foci quite readily unlike the early passage cells. The late 

passage cells also exhibited cytoplasmic vacuoles. Nuclei were 

multiple and large with many, large and irregular nucleoli. 

The normal endometrial epithelial cells in culture were large 

curled or ovoid cells, arranged in a whorling or cobblestone pattern 

with appositional cell bodies (Fig. 4E). After several weeks in 

culture, large dome-shaped cells were seen. Cells had large nuclei 

with prominent nucleoli, numerous perinuclear cytoplasmic 

vacuoles and extended long and thin cytoplasmic processes. The 

normal epithelial and the carcinomatous endometrial cells differed 



Figure 4. Phase contrast micrographs of RL95-2 and normal 

endometrial epithelial cells. Micrographs are as follows: early 

passage RL95-2 cells at low cell density (A) and high cell density 

(B), late passage RL95-2 cells at low cell density (C) and high cell 

density (D), normal endometrial epithelial cell (E). Magnification 

225x. 
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Table 2. Cell sizes of RL95-2 and normal endometrial epithelial cells in culture. RL95-2 cells and 

normal endometrial epithelial cells were seeded on coverslips and grown in DMEM containing 10% 

FBS. Cells were fixed in methanol and stained with eosin and Wright's stain. The coverslips were 

mounted on a slide and sized with a Zeiss micrometer on a Zeiss photomicroscope attached to a 

Video TK and TV camera. 



Table 2. Cell sizes of normal endometrial epithelial and RL95-2 
cells in culture. 

Cell Cell density Average size ± 
standard deviation 
(cr) in microns(Jl) 

Normal N.A. 57.58 ± 22.32 

Early passage low 30.75 ± 10.73 
RL95-2 

Late passage 
RL95-2 

high 

low 

high 

21.08 ± 7.23 

13.83 ± 3.54 

12.73 ± 3.67 

Range in Jl 

32-99 

16-56 

14-35 

10-23 

10-22 

(J1 
Col) 
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in their sizes. As shown in Table 2, the normal endometrial cells 

were larger in size with an average of 57 Il and a range of 32-99 Il. 

Dome-shaped cells were seen after several days in culture, 

measuring close to 100 Il in size. Cells from both passages of 

RL95-2 were smaller than the normal endometrial epithelial cells. 

The early passage cells had an average size of 30 Il at low cell 

density and 21 Il at higher cell density (confluence). However, the 

size of the late passage cells remained uniformly the same at both 

low and high (12-13 Il) cell densities. 

Scanning Electron Microscopy 

The polygonal shape of the early passage cells was apparent, as 

well as their surface microvilli and long processes, which 

extended to and contacted similar processes from other cells (Fig. 

5A). The uniformity in size and shape of the late passage cells was 

better seen at this level (Fig. 58). Intercellular connections were 

bridged through long finger-like processes. Piling of cells was seen 

in both passages of RL95-2. The curled shape of the normal 

endometrial epithelial cells as seen under phase contrast 

microscopy was confirmed with scanning electron microscopy (Fig. 

5C). As is characteristic of endometrial epithelial cells, the 

surfaces displayed prominent microvilli. 



Figure 5. Scanning electron micrographs of RL95-2 endometrial 

tumor cells and normal endometrial epithelial cells. Micrographs are 

as follows: early passage RL95-2 (A), late passage RL95-2 cells (8), 

Normal endometrial epithelial cells (C). Magnification (A) and (8) 

1100x, and (C) 2640x. 
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Transmission Electron Microscopy 

RLS5-2 early and late passage cells (Fig. 6 and Fig. 7, respectively) 

exhibited numerous surface microvilli, prominent mitochondria, 

extensive Golgi, smooth and rough endoplasmic reticulum, lipid 

droplets, glycogen granules, secretory vesicles and free ribosomes 

similar to normal endometrial epithelial cells (Fig. 8). Perinuclear 

and cytoplasmic tonofilaments, well-defined intercellular 

junctional complexes, also characteristic of endometrial epithelial 

cells, were found in RLS5-2 cells. The late passage cells had darkly 

staining chromatin compared with the early; several condensed 

masses representing nucleoli were visible. 

Fluorescent Localization of Actin 

Some early passage cells displayed F-actin in the form of stress 

fibers as visualized with rhodamine-phalloidin, while others 

showed a punctate and patchy staining (Fig. SA). The late passage 

cells primarily exhibited a punctate pattern of staining (Fig. S8). 

Normal endometrial epithelial cells had an orderly arrangement of 

F-actin in the form of stress fibers (Fig. SC). In the majority of 

these cells, actin was neatly arranged in the form of stress fibers; 

occasionally, a few of these had a patchy pattern of staining. Early 

and late passage RLS5-2 cells, as well as normal endometrial cells 

exhibited a cortical staining for F-actin. 



Figure 6. Transmission electron micrograph of RL95-2 early passage 

cells. Magnification 13050x. 
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Figure 7. Transmission electron micrograph of RL95-2 late passage 

cells. Magnification 10550x. 
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Figure 8. Transmission electron micrograph of normal endometrial 

epithelial cells. Magnification 10550x. 
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Figure 9. Cytoskeletal F-actin distribution in RL95-2 cells as 

determined by rhodamine conjugated NBD-phalloidin staining and 

fluorescence microscopy. Micrographs are as follows: early passage 

(A) late passage (B) and normal endometrial epithelial cells (C). 

Magnification 620x. 
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Invasion Profile 

The ability of tumor cells to invade a reconstituted basement 

membrane using an in ~ model, namely MICS, [40-42], has been 

shown to correlate with their metastatic potential in. ~ [42]. 

Figure 10 shows the invasion profile of RL95-2 cells compared to a 

very invasive human melanoma cell line, A375M. The endometrial 

cells were invasive, but of a very low order of magnitude compared 

to A375M. The early and late passage cells did not differ in their 

invasive profile (0.1 ± 0.041 vs. 0.06 ± 0.03 percent of cell seeded, 

respectively), despite their differences in F-actin arrangement. 

Compared to the very highly metastatic cell line A375M, which 

also exhibited a high invasion (8.4 ± 1.4 % of cell seeded), the 

invasive potential of RL95-2 cells was negligible. 



Figure 10. Bar graphs representing invasion of RL95-2 cells 

through matrigel-coated polycarbonate filters at 96 hr. RL95-2 

cells and A375M cells were seeded (2 x 105) in the upper wells of 

MICS. Cells were collected 96 hr later and counted after staining 

with eosin and Wright's stain. Invasion is expressed as percent of 

cells seeded. 
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Discussion 

RL95-2 is a human endometrial adenosquamous carcinoma cell line 

[62]. The early passage «30 in ~ passages) had two components, 

squamous and glandular, both of which were considered malignant, 

and had been shown to be estrogen receptor positive. The late 

passage (>250 in vitro passages) [63,64], which is estrogen 

receptor negative [65], had a different phenotype and had not yet 

been characterized, thus far, with regard to its morphology or 

growth requirements. The intent of this study was to characterize 

the two in ritm passages of RL95-2 with regard to growth and 

morphology, and compare them with normal endometrial epithelial 

cells. Furthermore, the in ~ invasive behavior of the different 

passages of RL95-2 cell line was examined with respect to 

potential differences in their metastatic potential. 

Several phenotypes have been shown to change with in illr.Q 

passaging of cells. Certain cells lose tumorigenic potential when 

grown in cell culture [87]; conversely, others show progressive 

increase in the spontaneous metastases at higher levels of 

subculture [88]. Such a phenomenon also occurs in. ~ [89]. 

Phenotypic drift, which describes changes in the phenotype of cells 

during passaging in. Yl1m or in.~, is an important step in tumor 

progression, during which cells undergo poorly understood changes 

to ultimately develop metastatic potential. Alternatively, 

extremely rapid changes in phenotype could also be due to 
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artificial selection. There are several factors contributing to such 

changes in phenotype e.g. poor plating efficiencies and conditions 

where cell survival is low. Hence, the altered phenotype could be 

due to loss of interaction among the cells in a heterogeneous 

population, which previously exhibited a group phenotype or 

alternatively, culture conditions not favorable to the expression of 

a particular phenotype could lead to loss of subpopulations, 

resulting in the survival of the fittest, and hence lead to an altered 

phenotype. Whatever the cause, the phenotypes appear to be stable 

and the passage number is defined. 

A comparison of the early and late passages of RL95-2 highlighted 

the similarities and differences between them. The early passage 

cells were a heterogeneous population; whereas, the late passage 

cells appeared to be more homogeneous. Early passage cells were 

of varied sizes (average size 30 Il, range 16-56 Il) and polygonal in 

shape. However, the late passage cells were round and of uniform 

size (average size 13 Il, range 10-23 Il). The early passage cells 

were more serum dependent and did not grow well in medium 

containing low serum; the late passage cells were less serum. 

dependent and grew better in medium containing low serum. Both 

passages, however, could not grow in serum-free medium. Both 

passages of RL95-2 exhibited seeding density-dependent growth. It 

is thought that at high seeding densities a growth factor secreted 

in high amounts stimulates growth. 
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The RL95-2 cells exhibited similarities as well as differences 

with the normal endometrial cell. Normal cells stop growing when 

they reach a certain cell density. At the point when the cells 

contact each other, there is decreased cell spreading, membrane 

ruffling and cell motility. Growth is inhibited due to lack of space, 

nutrients and growth factors in the medium. This is termed contact 

inhibition. Ability of cells to pile up on top of each other is another 

feature of transformed cells which both passages of RL95-2 cells 

demonstrated. However, only the late passage cells formed foci 

readily and therefore appeared to be less contact inhibited than the 

early passage. They also had a faster rate of growth and attained 

higher cell densities at confluence. Late passage RL95-2 cells in 

log phase had a shorter cell doubling time (18.1 hr) than early 

passage cells (24.8 hr) when grown in DMEM containing 100/0 FBS. 

At the ultrastructural level, both passages of RL95-2 showed 

similarities to the normal endometrial epithelial cells. They 

exhibited some features typical of a glandular epithelial cell, 

namely, numerous surface microvilli, perinuclear tonofilaments 

and intercellular junctional complexes [90]. In addition, the cells 

had machinery typical of a secretory cell, e.g., rough endoplasmic 

reticulum, extensive Golgi, lipid droplets, granular cytoplasmic 

vesicles and numerous mitochondria [91-93]. They were, however, 

distinct from normal endometrial epithelial cells in culture with 

respect to size, nuclear membrane invaginations, nuclear-to-
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cytoplasmic ratio, presence of three or more prominent nucleoli 

per nucleus, loss of contact inhibition and ability to undergo 

unlimited cell division in. 3l..i1r.Q.. 

RL95-2 cells also differed from the normal endometrial epithelial 

cells in culture in the arrangement of actin. Actin, the major 

protein component of the cytoskeleton, has been implicated in the 

maintenance of cell shape and cell locomotion [10]. Stress fibers 

which consist of neatly organized actin filaments are present in 

focal contacts and sites of adhesion to substratum. Rapidly 

migrating cells usually lack stress fibers, while those that are 

stationary or move slowly have neatly organized stress fibers. This 

suggests a major role for actin in cell adhesion, resistance to cell 

detachment and locomotion. A correlation between actin 

organization and tumorigenicity exists for other tumor cell lines. 

Mouse melanoma cell clones displaying low metastatic potential 

form large focal contacts with tightly packed actin bundles, 

elaborate organized extracellular networks of fibronectin and 

demonstrate restricted motility; highly metastatic mouse 

melanoma clones are highly motile, with only few distinct actin 

bundles and unorganized extracellular fibronectin [11]. In human 

colonic epithelial cells, the organization is lost gradually during 

the transition from benign to malignant tumors [12]. Changes in 

cell shape and chemokinesis of Walker carcinosarcoma cells in 

response to the tumor promoter, phorbol myristate acetate (PMA), 

have been shown to be associated with alterations in the relative 
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amount and the topographical distribution of F-actin [13]. In the 

present study normal endometrial epithelial cells contained actin 

neatly organized in stress fibers. RL95-2 late passage cells have 

diffuse patches and a punctate pattern of staining of F-actin; the 

early passage was intermediate with a few cells displaying stress 

fibers, some showing only a punctate pattern, while certain others 

had an admixture of stress fibers and a punctate pattern of 

staining. 

The metastatic dissemination of tumor cells from the primary site 

to other sites in the body involves the migration of tumor cells 

through extracellular matrices and blood vessels. Invasion, the 

focal point of metastasis, is the local spread of the primary tumor 

into neighboring areas. During this process of invasion, tumor cells 

migrate through the dense network of collagen, elastin fibrils, 

proteoglycans and glycoproteins composing the extracellular 

matrix. A three-step theory describing the sequences of the 

biochemical events during tumor cell invasion has been invoked [8, 

9]. The first step is the attachment of the tumor cell to specific 

components of the ECM, such as laminin and fibronectin, through 

cell surface receptors. The second step involves secretion of 

hydrolytic enzymes which locally degrade the ECM and possibly 

degrades the attaching glycoproteins. The last step is tumor cell 

movement into the area of the hydrolyzed matrix. Cyclic repetition 

of these steps may occur to allow continued penetration of the 

matrix. The early and the late passage RL95-2 cells did not differ 
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in their ability to invade a reconstituted basement membrane under 

the conditions tested. Even though motility or cell locomotion is 

increased, the ability to invade ECM components also requires 

additional factors, namely cell adhesion proteins, proteases and 

autocrine motility factors [94]. In consideration of the acquired 

transformed characteristics of the late passage cells, it was 

surprising to see a low invasive potential in the MICS. The late 

passage cells showed several features of transformed cells: (a) 

they were less serum dependent (may even secrete an autocrine 

factor); (b) formed foci; (c) were not contact inhibited; (d) had 

unlimited nuclear division; (e) exhibited an altered morphology; and 

(f) the arrangement of actin was altered. However, these cells 

were still not very invasive. A possible explanation for the low 

invasive potential could be that the late passage represented an 

advanced stage in tumor progression that was influenced by host 

factors not present in the io.liliJ:.Q. invasion assay. 
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CHAPTER 3. EFFECTS OF EPIDERMAL GROWTH FACTOR (EGF) 

ON GROWTH RESPONSE. MORPHOLOGY AND INVASIVE 

POTENTIAL OF EARLY AND LATE pASSAGES OF RL95-2 

CELLS. 

Introduction 

Recent reports indicate that the incidence of endometrial 

carcinoma has been increasing, and it is now the most common 

malignancy of the female reproductive tract [1,2]. A number of 

factors including infertility, obesity, dysfu nctional uterine 

bleeding, ovulation failure, prolonged estrogen therapy, improved 

nutrition and an aging population, may contribute to the mechanism 

by which normal endometrial cells are transformed into malignant 

cells [2]. 

A majority of cancer-related deaths are due to metastasis, the 

spread of a tumor to nearby and distant sites. The process of 

metastasis involves the attachment of blood-borne tumor cells to 

intimal endothelium and basement membrane components, followed 

by invasion through biological barriers and dissemination to 

remote organs and tissues. Invasion constitutes a critical step in 

the multi-step cascade of metastasis, which has been 

conceptualized as a three-step model [8,9,95]. The first step 

involves the attachment of a tumor cell to the underlying basement 

membrane through attachment proteins such as laminin and 



70 

fibronectin. Subsequent to attachment, tumor cells secrete 

enzymes which locally degrade the extracellular matrix and 

attachment sites. The last step involves the movement or 

locomotion of tumor cells into the area of matrix that has been 

degraded. Chemotactic factors have been shown to influence the 

organ specificity of metastasizing tumor cells [14,15,96]. 

Furthermore, a number of physiological growth peptides, such as 

fibroblast growth factor, transforming growth factor at nerve 

growth factor and EGF have been shown to be capable of modulating 

the expression of enzymes critical to the process of degradation of 

ECM proteins that have been implicated in the metastatic process 

[36,97-99]. Platelet derived growth factor has also been shown to 

exert chemotactic effects [16]. However, the exact role of growth 

factors in the regulation of tumor cell invasion and metastasis is 

not known. 

Previous studies with an RL95-2 cell line derived from human 

endometrial adenosquamous carcinoma cells (late passage, >250 

passages) have shown that EGF has differential effects based on 

the seeding density in Y.il.m [63,64]. EGF inhibits the proliferation 

of late passage RL95-2 cells at low seeding densities [63], and this 

effect is density dependent [64]. In the present study, I have 

compared the effects of EGF on the early passage «30 passages, 

estrogen receptor positive) [62] and late passage (>250 passages, 

estrogen receptor negative) [63-65] of RL95-2 cells. The rationale 

for examining both early and late passage cells was based on the 
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observation that early passage cells more clearly resemble the in 

m.a. tumors of origin while the late passage cells have different 

responses that possibly result from long-term culturing 

techniques. In addition, I have examined the effects of EGF on the 

invasive ability of RL95-2 cells using an .in. ~ invasion model -

MICS [40,41]. This study correlates the differential response of 

early and late passage RL95-2 cells to EGF with changes in growth, 

invasive potential, cell morphology, distribution of F-actin 

microfilaments and increase in the proteolytic activity of 

urokinase type plasminogen activator (uP A). 
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Materials and Methods 

Maintenance of cell cultures 

RL95-2 cells were derived from a moderately differentiated 

adenosquamous carcinoma of the endometrium [62]. The patient 

was a postmenopausal woman with no previous history of 

chemotherapy, hormone therapy or radiation treatment. Cell 

cultures were initiated from an endometrial curettage. Two 

different in. ritm passages of this cell line were used. The early 

passage of RL95-2 has been cultured for less than 30 passages in 

~, and the late passage of RL95-2 has been cultured for more 

than 250 passages ill ritro.. Early and late passages of RL95-2 cells 

were routinely maintained in OMEM (Gibco, Grand Island, NY) 

supplemented with 4500 mg/L glucose, 110 mg/L pyruvate, 20 mM 

4-(2-hydroxyethyl-1-piperazine) ethane sulfonic acid (HEPES, 

Research Organic Inc, Cleveland, OH), and either 20/0 (for late 

passage) or 10% (for early passage) FBS (Gibco, Grand Island, NY). 

The culture medium was supplemented with 100 U/mL penicillin, 

100 Ilg/mL streptomycin and 0.25 1l9/mL fungizone (Irvine 

Scientific, Santa Ana, CA). Cell cultures were grown in monolayer 

culture in tissue culture dishes. RL95-2 cells were incubated at 

37° C in a humidified incubator with 95% air and 5% C02. Cells were 

harvested by rinsing once with OM EM and once with Ca++-and Mg++

free PBS supplemented with 0.25% trypsin-2 mM EOTA, pH 7.4, and 

incubating for 5-10 min at 37° C in the same buffer. To stop 
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trypsinization, medium containing 10% FBS was added. Cell number 

was determined using a hemocytometer. All cell cultures were 

determined to be free of Mycoplasma contamination with the Gen

Probe rapid detection system (Fisher, Pittsburgh, PAl. 

Growth studies with EGF 

Receptor grade EGF was purchased from Collaborative Research 

(Bedford, MA). For individual experiments, confluent cultures were 

harvested by rinsing once with OM EM and once with Ca++-and Mg++

free PBS supplemented with 0.250/0 trypsin-2 mM EOTA, pH 7.4, and 

incubating for 5-10 min at 37° C with the same buffer followed by 

the addition of OMEM supplemented with 10% FBS. Cells were 

seeded in triplicate in 24-well plates for each experimental 

condition. Plating was done at the indicated densities (a low 

density of 5 x 103 cells/cm 2 or a high density of 25 x 103 

cells/cm2) in OMEM with 100/0 FBS. Cells were allowed to settle and 

attach for 48 hr. Medium was then changed to OM EM containing 2% 

FBS before the addition of EGF. Three different concentrations of 

EGF was added to treatment groups (a low dose of 16.6 pM, an 

intermediate dose of 4.98 nM, and a high dose of 20 nM), while the 

control groups received no treatment. Medium was first changed 3 

days after transfer to OM EM containing 2% FBS, then every 2 days 

thereafter. At the indicated time points, cells were harvested by 

trypsinization and viable cells counted using a hemocytometer 

after trypan blue staining. 
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For other studies using EGF, cells were treated as above for 12 

days and processed as indicated for each experiment. 

Morphological assessment 

Inverted Light Microscopy 

For phase contrast microscopy studies, cells were plated at the 

seeding densities indicated for growth studies. Only two doses of 

EGF were used (16.6 pM and 20 nM). Cells were examined with a 

WILD inverted phase microscope (M40) and photographs taken with 

a 35 mm camera attachment. 

Fluorescence Localization of Actin 

RL95-2 cells were plated in 35 mm dishes as for growth studies. 

After 12 days of EGF treatment (16.6 pM and 20 nM), cells were 

washed thrice with 0.1 M PBS, pH 7.4, and fixed with 3.7% 

formaldehyde. Cold acetone:water (1:1 v/v) was added, and the 

plates were kept on ice for 5 min. The dishes were then air-dried 

and rhodamine conjugated NBD-phalloidin (33 ng/200 ml PBS, 

Molecular Probes Inc, Eugene, OR) was added for 20 min at room 

temperature, then rinsed thrice in PBS and fluorescent cells were 

observed with a Zeiss fluorescence microscope equipped with an 

automatic rhodamine filter set. 
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Tumor cell invasion assay 

In order to accurately determine the number of tumor cells capable 

of invading a reconstituted basement membrane (matrigel) within a 

96 hr period, specially designed invasion chambers (MICS) were 

used as previously described [40-42]. Briefly, pre-cut, gas 

sterilized polycarbonate filters (Nucleopore, Pleasonton, CA) with 

10 J.L diameter pores were chilled and then coated with 1.2 mL of 

cold matrigel (Collaborative Research, Bedford, MA) under sterile 

conditions. The uniformity of the matrigel coating was determined 

by staining several coated membranes with 0.250/0 Coomassie 

Brilliant Blue R-250 (Bio-rad, Richmond, CA):10% acetic acid:25% 

isopropanol for 5 min, and destaining in 5% methanol:10% acetic 

acid until the wash remained clear. This membrane was compared 

to an uncoated polycarbonate filter treated the same way, which 

showed no significant staining. After the matrigel-coated filters 

dried in a laminar flow hood, they were placed between the upper 

and lower well plates of the MICS chambers (the lower well plates 

were initially filled with DMEM containing 20/0 FBS). After 

tightening the screws which connect the upper and lower well 

plates, the same medium was then added to the upper wells. Into 

'each upper well (measuring 1.3 cm in diameter) was seeded 2 x 105 

cells, either EGF treated or untreated in a randomized manner, and 

all chambers were then placed in a 37° C incubator with 5% C02 for 

96 hr. 
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Sampling, staining and counting of post invasion cells 

After permitting the cells to invade through the matrigel-coated 

filters in MICS chambers for 96 hr, the medium was removed from 

the top well, and the upper chamber was removed very carefully 

leaving the matrigel-coated polycarbonate-filter intact. 

Subsequently, the matrigel with cells on the upper surface of the 

filter was completely wiped off with cotton-tipped applicators. 

The membrane was then inverted to visualize the cells which had 

invaded the coated filter. A Leukostat Staining Kit (Fischer, 

Orangeburg, CAl was used to fix and stain the trapped cells on the 

filter as follows: the filter with the cells on the undersurface was 

first air dried, then soaked with malachite green solution for 5 

sec. The filter was then completely submerged in eosin stain for 

1.5 min and finally in Wright's stain for 2.5 min. The filter was 

then carefully rinsed in fresh water and permitted to air dry. (The 

polycarbonate filter does not readily stain and remains slightly 

opaque during this procedure). Segments of the filter were placed 

on a clean microscopic slide with invasive cells on the lower 

surface of the nucleopore membrane facing upward and layered 

with Zeiss immersion oil and a coverslip. The stained cells were 

counted using a Zeiss model 18 microscope with a 25x Planapo 

objective lens. In addition, the media containing cells from the 

lower wells of the MICS were collected. These samples were then 

stored on ice in 6 ml polypropylene culture tubes, and the lower 
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wells were filled with 0.250/0 trypsin-2 mM EDT A in Ca++-and Mg++

free PBS (pH 7.4). After incubating the chambers at 37° C for 15-

20 min, the trypsin-EDTA in the lower wells was collected and 

pooled with the respective original sample from each well. Medium 

was removed from the pooled samples by filtration in a Minifold 1 

apparatus (Schleicher and Schuell, Keene, NH) using polylysine (1 

mg/mL H20)-treated polycarbonate filters containing 3 J.1 pores 

(Nucleopore, Pleasonton, CAl. Cells collected on the polycarbonate

filter were fixed and stained as described above. 

Quantitation of invasion assays 

The data from invasion assays were expressed as percent invasion 

according to the following formula 

No. of cells collected postinvasion from the lower MICS wells 

x 100. 

No. of cells seeded preinvasion into the upper MICS wells 

Invasion values for control samples were normalized to 100%. 

Statistical analysis was performed using the Abstat statistical 

program. 

Analysis of cell-associated plasminogen activator 

activity 

RL95-2 cells were treated with 20 nM EGF as described earlier for 

growth studies. Cells were harvested with 0.250/0 trypsin-2 mM 

EDTA in 0.1 M PBS, pH 7.4. Trypsinization was stopped with DMEM 
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containing 100/0 FBS. Two million cells from each group were 

homogenized in 0.05 M Tris-HCI, pH 7.4, containing 0.2% Tween-SO. 

The homogenate was spun at 13000 g for 30 min at room 

temperature. PA activity in the supernatant was determined using 

a chromogenic assay [100], which is a coupled enzyme reaction 

with the ability to distinguish between uPA and tPA, based on the 

requirement of tPA for a soluble fibrin fragment. The reaction was 

conducted in 96-well flat bottomed plates in a total volume of 200 

ilL. One hundred III of 0.05 M Tris-HCI, pH 7.4, 0.2% Tween-SO, 10 III 

of H20, 40 III of clear cell homogenate and 12 III of plasminogen 

(2.5 CU/ml in 0.05 M Tris-HCI) were added to a well. To determine 

tPA activity, 10 III of soluble fragments of fibrogen was added 

(prepared from the equivalent of 3 mg/ml human fibrinogen, Kabi, 

grade l) to the respective wells. Reaction was initiated by the 

addition of 25 III of the plasmin substrate s-2251 (H-D-valyl-l-

leucyl-l-Iysyl-p-nitroanilide, Helena laboratories, Beaumont, TX) 

to all wells and allowed to proceed at 37° C in a humidified 

chamber. The change in optical density at 405 nm was monitored at 

regular intervals using a Titertek Multiscan MC plate reader (Flow 

laboratories, Mclean, VA). The net change in optical density was 

plotted against the square of time (in minutes), and the rate of the 

reaction was calculated from the linear portion of the graph and 

expressed as change in OD/hr2. The activity of tPA was calculated 

by subtraction of uPA activity from the total PA activity. 
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Results 

EGF effects on growth 

The density-dependent effects of EGF on both early and late 

passages of RL95-2 cells are shown in Figure 11 and Table 3. At 

the low seeding density (5 x 103 cells/cm2), 16.6 pM and 4.98 nM 

EGF did not significantly alter the cell proliferation of the early 

passage RL95-2 cells 14 days after the initial plating (Fig. 11 A and 

Table 3). In contrast, 20 nM EGF inhibited cell proliferation by 28% 

(p<0.05). At the high seeding density (25 x 103 cells/cm2), all three 

concentrations of EGF significantly enhanced the proliferation of 

early passage cells 14 days after initial seeding (Fig. 11 C, p<0.05). 

The percent increases above control with 16.6 pM, 4.98 nM, and 20 

nM EGF were 11, 34, and 59, respectively. Significant stimulation 

at 16.6 pM and 20 nM EGF occurred 12 days after the initial plating 

of cells, whereas at 4.98 nM EGF significant stimulation occurred 

10 days after the initial plating of cells (Fig. 11 C). 

Late passage RL95-2 cells grew more rapidly than early passage 

cells, irrespective of the seeding density (Fig. 11 and Table 3). 

Furthermore, 16.6 pM EGF enhanced cell proliferation at both low 

(20%; p<0.05) and high (29%; p<0.05) seeding densities (Table 3; 

Figs 11 Band 11 D, respectively). This stimulatory effect was 

significant only at 14 days after the plating of cells at low seeding 

densities, and was preceded by an inhibitory effect (19%, p<0.05). 

In contrast, in the case of cells plated at high seeding density, 16.6 



Figure 11. Effects of varying concentrations of EGF on RL95-2 cell 

growth at different seeding densities. RL95-2 cells were seeded at 

low density (5 x 103 ce II sic m2) or at high density (25 x 103 

cells/cm2) In 24 well dishes In DMEM supplemented with 100/0 FBS. 

Medium was changed 48 hr later to DMEM supplemented with 2% FBS. 

EGF was added 48 hr after seeding and daily thereafter. At the 

indicated time points, cells were harvested by trypsinization and 

viable cells counted using a hemocytometer after trypan blue 

staining. 
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Table 3. Cell density dependent dose-response effects of EGF. RL95-2 cells were seeded either at 

a low seeding density of 5 x 103 cells/cm2, or at a high seeding density of 25 x 103 cells/cm2 in 

24 well plates. Medium was changed 48 hr later and EGF added then, and daily thereafter. Cell 

counts (x 10-3) were carried out 14 days after the initial seeding of cells. Cell counts (x 10-3 ) 

are the mean of a sample of n=3, from one of three experiments. Values represented are the mean 

and the standard deviation. 



Table 3. Cell density- and dose-dependent effects of EGF. 

Passage of Concentration 

RL95-2 

Early 

Late 

ofEGF 

control 
16.6 pM 
4.98 nM 
20 nM 

control 
16.6 pM 
4.98 nM 
20 nM 

Seeding cell density 

Low 

209±6 
247±30 
193±21 
151±21 

(100) 
(118) 
(92) 
(72) 

3159±320 (100) 
3795±246 (120) 
1242±94 (39) 
1228±89 (39) 

Hig_h 

990±46 
1108±43 
1329±38 
1576±53 

5382±329 
6959±178 
1389±106 
1358±27 

(100) 
(112) 
(134) 
(159) 

(100) 
(129) 
(26) 
(25) 

Values represented are mean and standard deviation of cell counts x 
10-3 . Values in parenthesis indicate percent change of the control 
group (normalized to 1000/0). 

co 
...L 
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pM EGF significantly enhanced growth at 12 days following plating, 

and this effect was not preceded by growth inhibition. However, 

with the 20 nM EGF concentration, a marked inhibitory effect was 

evident starting 8 days after the initial seeding of cells. At the 

low seeding density, 4.98 nM and 20 nM EGF inhibited proliferation 

of late passage RL95-2 cells (61 %, p<0.05) after 14 days (Fig. 118 

and Table 3). The inhibition of growth of late passage cells was 

more prominent at the high seeding density. Cell proliferation was 

inhibited 74% and 75% (p<0.05) by 4.98 nM and 20 nM EGF, 

respectively (Table 3 and Fig. 110). 

Morphological effects 

Phase contrast light miorosoopy 

EGF markedly altered the morphology of RL95-2 cells plated at low 

seeding density, especially at the 20 nM concentration (Fig. 12). 

Early passage were polymorphic, not contact inhibited and piled up 

(Fig. 12A). With 20 nM EGF, some of the cells appeared fusiform, 

and others were extensively elongated and some extended thin, 

elongated processes (Fig. 128). Cells also appeared to be contact 

inhibited with less piling up observed. Similar morphological 

changes were seen in the late passage cells with 20 nM EGF at the 

low seeding density. The late passage cells were all fusiform, 

contact inhibited, and formed few foci when cell numbers were low 

(Fig. 12C). Late passage cells also extended long processes. Similar 

morphological changes were seen with the 16.6 pM concentration of 



Figure 12. Morphological changes in RL95-2 cells with varying concentrations of EGF at low 

seeding density shown with phase contrast light microscopy. RL95-2 cells were seeded at 5 x 

103 cells/cm2 per 100 mm culture plates in OMEM supplemented with 10% F8S. Medium was 

changed 48 hr later to OMEM supplemented with 20/0 F8S. EGF was added 48 hr after seeding and 

daily thereafter. Micrographs are as follows: RL95-2 early passage control cells (A), EGF (20nM) 

treated early passage cells (8), RL95-2 late passage control cells (C), EGF (20nM) treated late 

passage cells (0). Magnification 250x. 
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EGF, but only when the cell number was initially low. At high 

seeding densities (25 x 103 cells/cm2), morphological changes 

similar to those mentioned above were seen with both early and 

late passages at the 20 nM EGF concentration (Figs. 12C and 120, 

respectively). However, in the early passage, as cell number 

increased, these morphological effects were not very distinct. 

Early passage cells in the interior of the dish decreased in size as 

cell numbers increased. The late passage cells piled up into foci in 

some areas, while in other regions the cells appeared contact 

inhibited. 

Distribution of F-actin 

EGF has been shown to induce changes in the cytoskeleton and to 

induce membrane ruffling. Changes in the distribution of F-actin 

were more prominent at the low seeding density. The pattern of F

actin distribution as determined by rhodamine conjugated NBO

phalloidin staining followed the morphological changes. F-actin 

was present in the form of stress fibers in the early passage 

control cells (Fig. 13A). EGF (20 nM) caused a redistribution of F

actin (from the stress fibers) to the membrane extensions in the 

form of uniformly distributed microvillus-like processes and thin 

elongated processes (Fig. 13B). In the late passage control cells 

(Fig. 13C), F-actin was distributed in the form of punctate spots. 

Following EGF (20nM) addition, the distribution was altered to 

extend to the cell processes (Fig. 130). With 16.6 pM EGF, there 



Figure 13. Changes in cytoskeletal F-actin distribution in RL95-2 

cells with 20 nM EGF treatment. F-actin in 20 nM EGF treated RL95-2 

cells was determined by rhodamine conjugated NBD-phalloidin 

staining and fluorescence microscopy. RL95-2 cells were seeded at 

low density (5 x 103 cells/cm2, micrographs: A-D) or at high density 

(25 x 103 cells/cm2 , micrographs: E-H) in 35mm culture dishes. 

Micrographs are as follows: early passage control (A, E), early 

passage 20 nM EGF (B, F), late passage control (C, G), late passage 20 

nM EGF (0, H). Magnification 640x. 
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appeared to be an increase in the membrane ruffling of both 

passages. At the high seeding density (25 x 103 cells/cm2), similar 

changes in the distribution of F-actin were seen with 16.6 pM and 

20 nM EGF (Fig. 13 E-H); however, the effects were not as 

prominent as those seen at the low seeding density (5 x 103 

cells/cm2). The 20 nM EGF treated early passage exhibited some 

cells that were rounded and some cells that were elongated and 

spindle shaped; both included diffuse staining of F-actin, when 

compared to the stress fibers in the control cells. The late passage 

cells treated with 20 nM EGF exhibited spindle shaped cells with 

diffuse staining for F-actin. 

Modulation of Invasion 

At the low seeding density, 20 nM EGF caused a marked inhibition 

in the invasive potential of both early (81 %) and late (67%) passage 

cells (p<0.001 and p<0.02, respectively, Fig. 14A). EGF (16.6 pM) 

also caused a similar trend in the invasive potential of both the 

cell lines (data not shown). In contrast, at the high seeding density 

(25 x 103 cells/cm2, Fig. 148), 20 nM EGF significantly increased 

the invasive potential of both early and late passages by 4500/0 and 

4000/0, respectively (p<0.03 and p<0.05). EGF, at the concentration 

of 16.6 pM, also significantly increased the invasive potential of 

both early and late passages by 275% and 18.40/0, respectively 

(p<0.02 and p<0.05, data not shown). 



Figure 14. Bar graphs representing percent invasion of RL95-2 cells 

through matrigel-coated polycarbonate filters at 96 hr. RL95-2 cells 

were initially seeded at low density (5 x 103 cells/cm2, Panel A) or 

at high density (25 x 103 cells/cm2 , Panel B) in T-25 flasks in the 

presence or absence of 20 nM EGF. 
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Modulation of PA activity with EGF 

At high seeding density cell-associated uPA activity was increased 

in both early and late passage RL95-2 cells upon addition of 20 nM 

EGF (Fig. 15). There was no increase in tPA activity with EGF (data 

not shown). In early passage cells after addition of EGF, uPA 

activity increased 10870/0 of control values (normalized to 100%), 

while in the late passage cells, the increase was 300% of control 

values (normalized to 1000/0). In addition to uPA, nonspecific 

protease activity also increased with EGF treatment. The 

nonspecific protease activity, in early and late passage cells, 

increased by 400% and 200% of control values (normalized to 

100%), respectively. 



Figure 15. Bar graphs showing plasminogen activator enzyme 

activity in RL95-2 cells after EGF treatment with 20 nM EGF for 12 

days. Cell associated plasminogen activator activity was 

determined using a chromogenic assay. The y-axis indicates PA 

activity expressed as change in OO/hr2. 
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Discussion 

Growth factors elicit pleiotropic effects on cells [43]. Recent 

observations that tumor cells secrete polypeptide growth factors 

(TG F-a, TGF-B), which may regulate cellular functions in an 

autocrine manner [58,101], has spurred interest in the biological 

effects of growth factors and their role in the process of 

tumorigenesis. EGF and TGF-a exhibit homogeneity in their primary 

structure and both bind to the EGF receptor. EGF is a 53 amino acid 

residue polypeptide which is a potent mitogen for a variety of cell 

types in. Y.ill and in. vitro [43]. EGF also inhibits the growth of 

several different tumor cell lines [63,102-105]. However, EGF at 

very low concentrations stimulates the growth of some of these 

tumor cells [106]. RL95-2 cell line (late passage) is an example of 

a cell line [63,64] that is inhibited by EGF. 

Several lines of evidence suggest that the human uterine 

endometrium itself may be a target for EGF regulation of 

endometrial proliferation. High-affinity EGF receptors have been 

identified in normal human endometrium [66,70], human 

endometrial carcinoma cells [63], cultured guinea pig endometrial 

cells [107] and rat uterine membranes [68]. A possible role for EGF 

in uterine growth is suggested by the finding that EGF stimulates 

growth of rat uterine cells [68] and also the proliferation of rabbit 

endometrial cells [69]. 
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This chapter reports the effects of EGF on two different in ~ 

passages of RL95-2, designated early «30 passages) and late (>200 

passages). The early and late passages of RL95-2 differed in their 

growth and in their requirement for serum. The early passage grew 

better in 10% and 20% media containing serum, whereas the late 

passage was less serum dependent and grew well even in medium 

containing 2% serum. Both passages did not grow well in serum

free medium (data not shown). They exhibited a seeding density

dependent growth. At a low seeding density of 5 x103 cells/cm2, 

the cells exhibited a lag phase of several days, whereas at the very 

high seeding density of 1 x 105 cells/cm2 , the cells were in log 

phase for a brief period before they plateau. At the intermediate 

seeding density of 25 x 103 cells/cm2 , the cells were in lag phase 

for 3 days and in log phase for at least 8 days before they plateau. 

Therefore, for studies with EGF only the low and intermediate high 

seeding densities (high seeding density in this chapter) were used. 

The early and late passages of RL95-2 also had different 

morphologies. Early passage cells were polygonal, of varying sizes 

and exhibited a monolayer growth. These cells also piled up as cell 

number increased, but did not form any foci. The late passage cells 

were smaller and more uniform in size, round in shape and formed 

distinct foci. Some of the early passage cells exhibited F-actin in 

the form of neatly organized stress fiber bundles, few cells had a 

punctate form of F-actin staining only, while certain others were 
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intermediate in their distribution containing both stress fibers and 

punctate staining. The late passage of RL95-2 cells, however, 

exhibited no stress fibers and showed the presence of cortically 

distributed actin with a punctate pattern of staining for F-actin 

over the cytoplasmic area. 

In this study, I report the differential effects of EGF with regard 

to the early and late passages of RL95-2, as well as the density 

dependent effects of EGF. The early passage was stimulated to 

proliferate at the high seeding density with the different 

concentrations of EGF used, whereas the late passage was inhibited 

at the higher doses of EGF (4.98 nM and 20 nM). This suggested that 

RL95-2 early passage cells were heterogeneous in their cell 

population, with an overall effect of EGF on the early passage being 

stimulation of proliferation. The late passage, however, had 

variants which were clearly inhibited in their growth. A lower 

concentration of 16.6 pM EGF had a stimulatory effect on the 

growth of the late passage cells at the higher seeding density. This 

dose-dependent effect on the late passage was similar to that 

observed earlier at high seeding density [63], with a stimulation of 

proliferation at the lower concentration and an inhibition of 

proliferation at the higher concentration of EGF used. At the low 

seeding density, EGF inhibited the growth of both passages at 20 

nM concentration. EGF at the lower concentration of 16.6 pM again 

caused a slight stimulation of the growth of the late passage cells. 

Such a dose-dependent effect was similar to the earlier 
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observations with the late passage of RL95-2 cells [64]. EGF has 

been reported to inhibit the growth of R1 E-1 rat intestinal cells 

plated at a low seeding density and to enhance their growth at a 

high seeding density [108]. This inhibitory effect of EGF has been 

suggested to be closely related to the large number of EGF 

receptors [106] and to the EGF-induced changes in the cytoskeleton 

that interfere with the mitotic process [109]. However, the RL95-2 

late passage cells have only 150,000 surface EGF receptors per 

cell [63]. Furthermore, EGF can induce marked morphological 

changes in a clonal line of A431 cells without inhibiting the 

growth of these cells [110]. Also, the isolation of variant A431 

cells with an equal number of EGF receptor, which differ in their 

proliferative response to EGF with stimulation rather than an 

inhibition at all concentrations tested argues against the role of 

reduction in receptor number as an escape from growth inhibition 

[111]. Therefore, other mechanisms probably contribute to inhibit 

cell growth and proliferation. It has been reported that as cell 

density increases the binding of EGF decreases, and this decrease 

in binding was shown to be due to a reduction in the number of high 

affinity receptors [112]. This reduction in cell receptor number at 

high cell density specifically due to a reduction in high-affinity 

receptors has been referred to as density-induced down-regulation. 

Moreover, to explain the enhancement of cell growth at low 

concentrations of EGF and the opposing inhibitory effect at the 

higher concentrations of EGF, it has been proposed that growth-
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inhibitory actions of EGF are mediated by low affinity receptors 

which are activated at high EGF to EGF receptor ratios; whereas, 

high affinity receptors mediate the stimulatory effect seen at low 

concentrations of EGF [106]. While the latter hypothesis may offer 

an explanation for the late passage, it does not resolve the case for 

the early passage. The reasons for the difference between the early 

and the late passages of RL95-2 are not obvious. Whether the two 

passages in fact differ with regard to their receptor number, types 

of receptors, internalization and degradation of EGF and EGF 

receptor or in the phosphorylation of their substrates, which could 

then contribute to their different responses, remains to be 

elucidated. Ongoing studies in our laboratory are addressing these 

questions, and preliminary EGF binding studies indicate that the 

two passages differ in their binding activities. 

The changes in overall morphology, induced by EGF could be due to 

several factors. F-actin is one element contributing to the 

cytoskeletal organization which maintains cell shape. EGF induces 

morphological changes in cells and also induces changes in F-actin 

microfilament bundle distribution [113]. Membrane ruffling which 

is an alteration in cell morphology and cytoskeletal architecture is 

enhanced after the addition of EGF to quiescent glial cells [114]. 

EGF receptors have also been localized in close association with 

cytoskeletal filaments [115], thereby suggesting membrane 

ruffling and accompanying cytoskeletal reorganization as one of 

the first events induced by growth factors. Mitogenic stimulants 
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increase expression of the cytoskeletal actin genes in a prominent 

and rapid manner [116,117]. Actin microfilaments are also thought 

to play a necessary role in the initiation of DNA synthesis induced 

by EGF [118], and an altered microfilament organization 

accompanies cell transformation [119,120]. This suggests an 

important intermediary role for actin microfilaments in cellular 

responses to growth factors and in neoplastic transformation. A 

correlation is found between the patterns of actin distribution and 

metastatic potential [121,122]. The low metastatic clones of 

mouse melanoma have actin neatly organized into stress fibers, 

while highly metastatic mouse melanoma cells have a diffuse 

organization of actin. Therefore, by providing cells with an altered 

motility, the alteration in the distribution of F-actin has a 

functional and physiological significance, namely its putative role 

in tumorigenesis, invasion, and metastasis. Depending on the 

conditions (cell density and concentration used), EGF could affect 

either serine/threonine residue phosphorylation of its substrates 

by direct or indirect activation of protein kinase C, or tyrosine 

residue phosphorylation through the tyrosine kinase activity of the 

EGF receptor. Actin has transmembrane connections to the ECM 

through cell surface receptors such as integrin. Chicken embryo 

fibroblasts infected with Rous sarcoma virus undergo 

morphological alterations to assume a round cell morphology with 

a disruption of the stress fibres and redistribution of the protein 

components of the focal adhesions like talin, vinculin and integrin, 
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which have been shown to be phosphorylated [154,155]. They also 

have altered cell migration and a decreased cellular adhesiveness. 

EGF could similarly alter the three dimensional network of F-actin 

in the form of stress fibers at adhesion sites by phosphorylating 

several actin binding proteins involved in the bundling and 

crosslinking of actin and thereby causing a conformational change 

in the proteins which ultimately results in the loss of neatly 

organized actin filaments from adhesion sites. Further, EGF also 

modulates the levels of phosphatidylinositolphosphate (P1P2) and 

Ca++, which are known to regulate the equilibrium between F-actin 

and G-actin in the cell. PIP2 is favorable to polymerization of 

monomeric G-actin to form F-actin, while Ca++ at high 

concentrations shifts the equilibrium toward formation of 

monomeric G-actin through severing of F-actin by gelsolin 

[156,157]. P1P2 causes a rapid dissociation of actin binding 

proteins, profilin and gelsolin from actin, with a concomitant 

polymerization of actin [156]. Therefore, EGF may shift the 

equilibrium toward monomeric actin by decreasing PIP2 levels and 

increasing Ca++ levels. Further, EGF phosphorylates Calpactin I and 

II, two peripheral membrane proteins which bind to actin and 

phospholipids in a Ca++ dependent manner and may serve to 

associate F-actin to the cortical region of plasma membrane [158]. 

In migratory fibroblasts, actin is mainly associated with the 

cortex of the plasma membrane. The cortical actin is thought to 

play a role in cell movement through mechanisms not understood. 
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The cortically associated actin along with a diffuse pattern of 

staining seen in the cytoplasm in RL95-2 cells with 20 nM EGF 

perhaps represents the recruitment of F-actin to the cortex, 

perhaps through binding to tyrosine phosphorylated Calpactins, 

which then increases motility of the cells. 

EGF at the two concentrations used significantly increased the 

invasion of the reconstituted basement membrane (matrigel) by 

both passages of RL95-2 cells at high cell density, irrespective of 

its effect on growth; while at the low seeding density, EGF 

decreased their invasiveness when used at 20 nM. The increase in 

uPA activity of both early and late passages of RL95-2 at high 

seeding density correlated with the increase in invasion of RL95-2 

cells treated with 20 nM EGF. Late passage cells had higher 

endogenous levels of uPA compared to early control cells, but the 

invasive potential of the two passages were similar. It is possible 

that the late passage may also have a higher level of PA inhibitors. 

The EGF induced increase in invasion could also be due to 

alterations in the expression of secreted matrix degrading 

metalloproteinases, which have been shown to be elevated by 

oncogenic transformation and growth factor stimulation [36,97-

99] accompanied by cytoskeletal changes. The decrease in invasion 

at low seeding density could be due to the suppression of 

expression of the above proteases. Furthermore, at this seeding 

density, 20 nM EGF caused an alteration in the morphology of the 

cells, as demonstrated by protrusion of elongated, thin processes, 
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which could hinder motility. The distribution of F-actin also 

followed the morphological changes seen. Thus, the altered 

morphology could inhibit the ability of the cells to invade by 

restricting their motility. At the high seeding density, the invasive 

potential of RL95-2 cells correlates with the altered morphology 

of cells (round or fusiform shape, which facilitates motility) and 

an increase in PA activity. Overall, the effects of EGF on invasion 

were different depending on the concentration and seeding density. 

Similar to the seeding density-dependent effects on growth and 

invasion observed in ritrQ., tumor burden- and dose-dependent 

responses to EGF may occur in.~. 
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CHAPTER 4. EXPRESSION OF EPIDERMAL GROWTH FACTOR 
RECEPTOR (EGF RECEPTOR) IN EARLY AND LATE pASSAGE 
RL95-2 CELLS ; MODULATION WITH EGF. 

Introduction 

Epidermal growth factor (EGF) is a mitogen for many cell lines 

[123]. The mitogenic signal is transduced through the binding of 

EGF to the EGF receptor [124]. Subsequently, this receptor binding 

induces the activation of several signal transduction pathways. EGF 

binding triggers the hydrolysis of phosphoinositides, which 

generates the intracellular second messengers inositol 1,4,5-

triphosphate (IP3), and diacylglycerol, which leads to an increase 

in intracellular Ca++ concentration and activation of protein kinase 

C. Furthermore, EGF binding activates the intrinsic tyrosine kinase 

activity of the EGF receptor resulting in the phosphorylation of 

many substrates and also autophosphorylation of the tyrosine 

residues in the terminal end of the EGF receptor molecule [125]. 

Following binding of EGF, EGF receptors undergo redistribution on 

the plasma membrane, cluster in coated pits [126,127] and are 

internalized in endocytic vesicles [128]. 

Although the response of many cells to EGF is a stimulation of 

proliferation, other cells are inhibited in their growth by EGF. The 

proliferation of the human epidermoid carcinoma cell line A431 

[102,105], GH4 rat pituitary tumor cells [129], human breast cancer 

cells [103], and human squamous cell carcinoma cell lines [130], is 
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inhibited by EGF. Overexpression of EGF receptors is a common 

feature of these cell lines which demonstrate an inhibitory 

response to EGF [131]. EGF receptor gene amplification is a reason 

for the increased receptor number [132-134]. High EGF receptor 

binding capacity has also been correlated with the presence of 

chromosomal translocations on the EGF receptor carrying 

chromosome 7 [135]. Overexpression of the EGF receptor gene or 

increased stability of mRNA and a decreased turnover of EGF 

receptor also result in increased numbers of EGF receptor [136]. 

Interestingly, EGF is stimulatory to clonal variants of A431 [137] 

and squamous cell carcinoma cell lines [130], which both express a 

low number of EGF receptors. 

EGF has been shown to inhibit the proliferation of a human 

endometrial carcinoma cell line, RL95-2 [63, 64, Chapter 3]. Recent 

studies with early «30, estrogen receptor negative) and late 

(>250, estrogen receptor negative) in. ritm passages of RL95-2 at 

high seeding density have shown that EGF is stimulatory to growth 

of the early passage cells at 16.6 pM, 4.98 nM and 20 nM 

concentrations. A low dose of 16.6 pM EGF is stimulatory to the 

growth of late passage cells, while 4.98 nM and 20 nM EGF 

concentrations cause an inhibition of proliferation [Chapter 3]. 

To gain insight into the cellular and molecular basis of EGF action, 

the binding, internalization and degradation of EGF in the early and 

late passage RL95-2 cells were examined and are described in this 
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chapter. Further, possible differences in the number and affinity 

states of the EGF receptor between the early and late passage 

RL95-2 cells and modulation by EGF have been examined. 
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Materials and Methods 

Maintenance of cell cultures 

RL95-2 cells were derived from a moderately differentiated 

adenosquamous carcinoma of the endometrium [62]. Two different 

in rltm passages of this cell line were used. The early passage of 

RL95-2 (estrogen receptor positive) has been cultured for less than 

30 passages in 3l.i.tm [62], and the late passage of RL95-2 (estrogen 

receptor negative) has been cultured for more than 250 passages in 

vjtr'P [63,64]. Early and late passages of RL95-2 cells were 

routinely maintained in DMEM supplemented with 4500 mg/L 

glucose, 110 mg/L pyruvate, 20 mM 4-(2-hydroxyethyl-1-

piperazine) ethane sulfonic acid (HEPES), and either 2% (late 

passage) or 10% (early passage) FBS. 

EGF iodination and binding assays 

EGF was labeled with 1251 in a 100 J,LL reaction mixture containing. 

5.5 J,Lg EGF (Receptor grade, Collaborative Research, Bedford, MA), 

0.25 M potassium phosphate, pH 7.4, 1 mCi Nal (1251, 13-17 mCi/J,L9, 

ICN), and an lodobead (Pierce, Rockford, IL). The reaction was 

allowed for 10 min at 4° C and was stopped by mixing with an 

equal volume of 1 mg/mL tyrosine. Low-molecular-weight material 

was then removed by chromatography on Biogel P-4 equilibrated 

with Earle's balanced salt solution (EBSS) containing 1 mg/mL 

bovine serum albumin (BSA) and 20 mM HEPES, pH 7.4 (EBSS-BSA). 
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RL95-2 cells were plated in dishes in DMEM containing 10% FBS. 

After 48 hr, medium was changed to DMEM containing 2% FBS. 

Twenty-four hr later, cells were washed twice with ice-cold 

Earle's balanced salt solution containing 0.1 % BSA and 20 mM 

HEPES (EBSS-BSA), pH 7.4. The cells were then incubated with 

EBSS-BSA and 1251-EGF (specific activity 40 J.1Ci/J.1g) was added to 

a final concentration of 2.4 x 10-10 M. To determine nonspecific 

binding, a 100-fold excess of cold EGF was added. After incubation 

for various times and at different temperatures, the cells were 

then washed with ice-cold EBSS-BSA, and solubilized with 1 mL of 

1.0 N NaOH. Total cell bound radioactivity was then counted in a 

Beckman 4000 gamma counter. Nonspecific binding was subtracted 

from the total 1251-EGF bound to obtain specific binding. Binding 

activity was expressed as percent of total input/106 cells. Cell 

surface bound 1251-EGF radioactivity was removed by incubating 

cells with 0.2 M acetic acid (pH 2.5) containing 0.5 M NaCI for 10 

min at 4° C. Intracellular 1251-EGF was determined by solubilizing 

the cells with 1 mL of 1.0 N NaOH. 

For degradation studies, cells were incubated with 1251-EGF for 90 

min at 4° C. Unbound label was washed off and the cells then 

incubated with 2 mL EBSS-BSA at 37° C for 60 min. Radioactivity 

released into the medium was collected. Cells were treated with 1 

mL of 0.2 M acetic acid (pH 2.5) containing 0.5 M NaCI for 6 min at 

4° C to remove cell-surface bound 1251-EGF. Acid-treated cells 
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were then solubilized in 0.5 mL of a solution of 4M urea-2M acetic 

acid-0.50/0 Triton X-100 containing 0.1 % ethylmaleimide. The cell 

lysate was clarified by centrifugation at 30,000 g for 30 min. 

Radioactivity from aliquots of each sample was determined. The 

samples were loaded onto a Sephadex G-75 column which had been 

equilibrated with 4M urea-4M acetic acid-0.50/0 Triton X-100. 

Fractions of 0.5 mL each were collected and radioactivity in the 

fraction was determined. Elution position for 1251-EGF was then 

separately determined. 

To determine the EGF receptor number and affinity state, binding 

studies were carried out at various concentrations of 1251-EGF at 

4° C for 3 hr. Models were fitted for one or two sites to obtain 

estimates of parameter values using a nonlinear regression 

analysis and data plotted according to Scatchard [138]. 

For down-regulation studies, cells at high seeding density (2.5 x 

104 - 5 x 104 cells/cm2) were grown in DMEM containing 10% FBS 

for 48 hr. Medium was subsequently changed to DMEM containing 2% 

FBS. Early and late passage RL95-2 cells were treated with 16.6 pM 

and 20 nM concentrations of EGF. At the various times indicated, 

medium containing EGF was removed and replaced with EBSS-BSA 

and incubated for two 30 min periods at 37° C. Binding to 1251-EGF 

was then carried out at 4° C for 3 hr. After washing the cells with 

EBSS-BSA, cell bound radioactivity was counted. For analysis of 

EGF receptor number and affinity states following exposure to 16.6 



105 

pM EGF for 24 hr at 370 C, the procedure was the same as for down

regulation except that the cells were incubated with varying 

concentrations of EGF for 3 hr at 40 C. Nonspecific binding was 

determined in a parallel incubation with a 100-fold excess of cold 

EGF. Models were fitted for one or two sites to obtain estimates of 

parameter values using a nonlinear regression modeling and data 

plotted according to Scatchard [138]. 
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Results 

Time course of binding at different temperatures 

In order to determine the optimal conditions for studying the 

binding of 1251-EGF to early and late passage RLS5-2 cell lines, the 

effects of time and temperature were studied. Early and late 

passage RLS5-2 cells exhibited similar kinetics of binding at the 

different temperatures. Figure 16 shows the results of EGF binding 

to early and late passage cells. At 4° C, maximum binding of 125 1_ 

EGF occurred at 60 min for both passages without any decrease in 

binding thereafter. At 15° C and 37° C, the rate of association of 

1251-EGF was faster, reaching near maximum binding at 30 min, for 

both passages of RLS5-2 cells. However at 37° C, the binding of 

1251-EGF to the late passage cells decreased by 180 min. 

At all temperatures, binding activity was approximately 2 fold 

higher for the early passage with 2.4 x 10-10 M concentration of 

1251-EGF. These data indicated a difference either in the receptor 

number or affinity or both. 

In subsequent binding experiments for analysis of receptor number 

and affinity, cells were incubated at 4° C. 

Binding and Internalization of EGF 

For examination of the fate of EGF, RLS5-2 cells were incubated 

with 1251-EGF at 4° C for SO min. The cells were washed three 



Figure 16. Time course of 1251-EGF binding by RL95-2 cells at 

different temperatures. Early and late passage RL95-2 cells were 

incubated with 1251-EGF at 4°, 15° or 37° C in EBSS-BSA. At the 

indicated time points cells were washed thrice with EBSS-BSA and 

lysed with 1.0 N NaOH and cell-associated radioactivity counted. 
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times with EBSS-BSA and then transferred to 37° C and 

radioactivity released into medium was collected at different time 

points. Cell surface-bound radioactivity was released by incubating 

the cells with 0.2 M acetic acid (pH 2.5) containing 0.5 M NaCI. 

Internalized (acid-resistant) radioactivity was determined by lysis 

of cells in 1.0 N NaOH. Distribution of cell associated 1251-EGF in 

the various compartments was followed at various time points and 

the kinetics of internalization determined. As shown in Figure 17, 

in both early and late passage RL95-2 cells, surface-bound 

radioactivity associated with the cell membrane was reduced to 

24.40/0 and 22.3%, respectively, of total cell associated 

radioactivity by 15 min. Also, internalized 1251-EGF also reached 

maximum levels of 54.9% and 61.950/0 by 15 min, for early and late 

passage cells, respectively, with a subsequent decline in the 

internalized radioactivity. Radioactivity released into the medium 

showed a progressive increase with time in both passages. The two 

passages were similar in their pattern of internalization and 

binding. 

Degradation of 1251-EG F 

Degradation of 1251-EGF in RL95-2 cells was monitored by Sephadex 

G-75 column chromatography analysis of radioactivity released 

into the medium. RL95-2 cells incubated at 4° C released only 

intact EGF into the medium (Fig. 18). There was no degradation of 

EGF at 4° C. Both early and late passage cells degraded EGF when 



Figure 17. EGF binding, internalization and release of bound 

radioactivity by RL95-2 cells. Early and late passage RL95-2 cells 

were incubated with 1251-EGF for 90 min at 4° C. Cells were then 

washed with EBSS-BSA to remove unbound 1251-EGF, transferred to 

37° C. At the indicated time points, radioactivity released in the 

EBSS-BSA (supernatant), radioactivity removed by acid treatment 

(surface bound) and acid-resistant (internalized) radioactivity were 

then determined separately. 
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incubated at 37° C, and there was no difference in their abilities to 

degrade as indicated by their elution profile. Two elution peaks 

corresponding to intact and degraded EGF were seen. Degradation 

products of EGF could be oligopeptides of EGF or iodotyrosine. The 

elution position of 1251-EGF corresponded to fraction 18. 

Equilibrium binding analysis of 1251-EGF to RL95-2 cell 

lines 

The amount of 1251-EGF specifically bound to RL95-2 cells was a 

direct function of the concentration of the growth factor in the 

medium. Figure 19 shows the amount of 1251-EGF bound by the 

RL95-2 cells upon incubation with increasing concentrations of 

1251-EGF. Scatchard plot of the binding data exhibited a linear 

pattern for early passage cells and a curvilinear pattern for late 

passage RL95-2 cells (Fig. 20). Receptor number and affinity were 

determined by analysis of the data using a computer program to fit 

a one-model or a two-model site. The early passage cells had a 

single class of high affinity EGF sites with a dissociation constant 

(Kd) of 5.67 x 10-10 M and a Bmax of 6.1 x 104 (Table 4), while the 

late passage cells had EGF receptor sites of both high and low 

affinity states. Kd and Bmax of the late passage RL95-2 cells were 

4.5 x 10-11 and 5 x 103 for the high affinity site, while the Kd and 

Bmax of the low affinity site were 9.37 x 10-9 and 2.5 x 105 . 

.. . . .. .. .. ~-. - ---- ...... -....... ,",. _ •.. -..... _-- ._ ... ---", .. - . _. -



Figure 18. Elution profiles of supernatant radioactivity. Early and 

late passage RL95-2 cells were incubated with 1251-EGF for 90 min 

at 4° C. Cells were then washed with EBSS-BSA to remove unbound 

1251-EGF and transferred to 37° C. Supernatant radioactivity was 

collected 60 min later and analyzed by Sephadex G-75 

chromotagraphy. 

- ...... -..... " . ,.""- --.. -- .... . ~.. -



EI ution Profiles of Released Radioactivity 
in RL95-2 Cells 

20 
""0 

Cl) 
(f) 

0 
Cl) 

Cl) 

0:::
15 >.. 

+-' 

> 
+-' 
0 
0 
0 

""0 10 0 
0::: 

0 
+-' 
0 
f-
'-+- 5 0 
+-' 
C 
Cl) 

0 
!...... 
Cl) 

0... 
0 

0 

0-0 Early passage 0 min at 37 c 

e-e Early passage 60 min at 37c 
6.-6. Late passage 0 min at 37 c 

~-~ Late passage 60 min at 37 c 

5 1 0 15 20 25 30 35 40 45 
Fraction Number 

111 



Figure 19. Saturation binding of 1251-EGF to RL95-2 cells. Early and late passage RL95-2 cells 

were incubated with different concentrations of 1251-EGF in EBSS-BSA for 3 hr at 4° C. After 

washing the cells with EBSS-BSA, cell bound radioactivity was counted. Nonspecific binding was 

determined in a parallel incubation with a 1 OO~fold excess of cold EGF. 
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Figure 20. Scatchard plot of 1251-EGF binding to EGF receptor in RL95-2 cells. Early and late 

passage RL95-2 cells were incubated with different concentrations of 1251-EGF in EBSS-BSA for 

3 hr at 4° C. After washing the cells with EBSS-BSA, cell bound radioactivity was counted. 

Nonspecific binding was determined in a parallel incubation with a 1 DO-fold excess of cold EGF. 
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Down-regulation of EGF receptor 

RL95-2 early and late passage cells were incubated with 16.6 pM 

and 20 nM EGF for different periods of time at 37° C. Medium 

containing EGF was removed, and cells were incubated with EBSS

BSA for 30 min at 37° C to allow the unlabeled bound EGF to 

internalize. Cells were then incubated for an additional 30 min in 

fresh EBSS-BSA at 37° C. Subsequently, the remaining capacity of 

RL95-2 cells to bind 1251-EGF was assayed. As shown in Figure 21, 

binding was reduced to 59.2% and 64.3% in early and late passage 

cells, respectively, following 1 hr exposure to 16.6 pM EGF. Early 

passage cells begin to recover their binding activity by 2 hr. 

Interestingly, 1251-EGF binding to late passage cells was reduced 

further to 50.90/0 by 6 hr. Thereafter, the binding activity recovered 

despite continuous exposure to EGF. After 24 hr exposure to 16.6 

pM EGF, 1251-EGF binding was 95.8% and 88.5% of control cells in 

early and late passage cells, respectively. It remained at that level 

until about 12 days of exposure, when binding activity reached 

control values. At the 20 nM concentration, binding of 1251-EGF was 

reduced to 6% in the early passage cells, while the late passage 

showed negligible binding activity. Interestingly, the extent of 

reduction in binding after exposure to EGF at both 16.6 pM and 20 

nM, was greater in late passage cells which also had a greater 

number of EGF receptors than early passage cells. Furthermore, 

after exposure to 16.6 pM EGF for 24 hr, the early passage cells 

recovered faster while the late passage cells showed a time lag. 



Figure 21. Down regulation of EGF receptor by EGF in RL95-2 cells. 

Early and late passage RL95-2 cells were treated with 16.6 pM and 

20 nM concentrations of EGF. At the various times indicated, 

medium containing EGF was removed and was replaced with EBSS

BSA and incubated for two 30 min periods at 37° C. Binding to 1251_ 

EGF was then carried out at 4° C for 3 hr. After washing the cells 

with EBSS-BSA, cell bound radioactivity was counted. Inset shows 

downregulation of EGF receptor during a 24 hr exposure to EGF. 
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Figure 22 shows 1251-EGF bound upon incubation with increasing 

concentrations of 1251-EGF in RL95-2 cells which had been exposed 

to unlabeled EGF for 24 hr. Analysis of receptor number and 

affinity in RL95-2 cells after exposure to 16.6 pM for 24 hr 

indicates no change in the affinity or number of EGF receptors in 

the early passage cells (Fig. 23, Table 4). However, treatment of 

late passage cells with 16.6 pM resulted in the loss of high affinity 

receptors (Kd and Bmax of 4.5 x 10-11 and 5 x 103) without any 

change in the number of low affinity receptors. Interestingly, the 

number of EGF receptors which remained in the late passage cells 

after treatment with EGF for 24 hr was still maintained at higher 

numbers than in early passage cells. 



Figure 22. Saturation binding of 1251-EGF after EGF treatment. Early and late passage RL95-2 

cells were treated with 16.6 pM concentration of EGF for 24 hr. Medium containing EGF was 

removed and was replaced with EBSS-BSA and incubated for two 30 min periods at 37° C. Binding 

to 1251-EGF at different concentrations was then carried out at 4° C for 3hr. After washing the 

cells with EBSS-BSA, cell bound radioactivity was counted. Non specific binding was determined 

in a parallel incubation with a 1 DO-fold excess of cold EGF. Saturation binding data were 

analyzed by nonlinear regression modeling to fit both one-site and two-site models. 



117 



Figure 23. Scatchard plot of 1251-EGF bound to RL95-2 cells treated with EGF. Early and late 

passage RL95-2 cells were treated with 16.6 pM concentration of EGF for 24 hr. Medium 

containing EGF was removed and was replaced with EBSS-BSA and incubated for two 30 min 

periods at 37° C. Binding to 1251-EGF at different concentrations was then carried out at 4° C for 

3hr. After washing the cells with EBSS-BSA, cell bound radioactivity was counted. Nonspecific 

binding was determined in a parallel incubation with a 100-fold excess of cold EGF. Saturation 

binding data were analyzed by nonlinear regression modeling to fit both one-site and two-site 

models. 
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Table 4. Dissociation constants and receptor numbers in RL95-2 cells. Dissociation constants and 

receptor numbers were calculated from a computer analysis of the saturation binding data, using 

non linear regression to fit a one- or two- site model. * indicates statistical significance. 



Table 4. Dissociation constants (Kd) and receptor numbers (Bmax) in 
RL95-2 cells. 

Cell Treatment High affinity receptor Low affinity receptor 
passage (EGF) 

Early 

Kd 
(M) 

Bmax Kd 
(receptors/cell) (M) 

control 5.7 x 10-10 61581 NA 

16.6 pM 8.5 x 10-10 50026 NA 

Bmax 
( receptors/cell) 

NA 

NA 

Late control 4.47 x 10-11 5210 9.4 x 10-9 248089 

16.6 pM * * 8.7 x 10-9 232025 

-"" 
-"" 
CD 
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Discussion 

Exposure to EGF results in differential effects on the growth of the 

human endometrial carcinoma cell line (RL95-2), which is 

dependent on seeding density, as described in Chapter 3 and 

elsewhere [63,64]. At high seeding density, the early passage cells 

were stimulated at all concentrations of EGF tested (16.6 pM, 4.98 

nM and 20 nM), whereas the late passage cells were inhibited in 

growth at the two higher doses of EGF (4.98 nM and 20 nM) and 

stimulated with a lower dose of EGF (16.6 pM). Such a dose 

dependent stimulation has also been observed for other cell lines 

[102,105,106]. 

Although at 4° C EGF is not internalized and remains bound to its 

receptor, at 37° C EGF and EGF receptor undergo rapid 

internalization within 10-20 min. This internalization has been 

shown to occur via clathrin-coated pits [126-128]. Following 

receptor-mediated internalization, degradation of EGF occurs in 

Iysosomes, and the degradation products are released into the 

medium [139]. Although EGF and its receptor are internalized 

through clathrin-coated pits and degraded in the Iysosomes, 

whether the EGF-EGF receptor complex internalization and 

degradation serve to transduce signals intracellularly, or merely 

reduce the surface-bound receptor pool to terminate signals from 

the cell surface, is not known. EGF degradation is not necessary for 

morphological or transcriptional changes; however, DNA synthesis 
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requires EGF degradation [140]. Tyrosine kinase activity of the EGF 

receptor is required not only for the mitogenic response [46,142], 

but also plays an important role in cellular trafficking of the 

internalized receptor [142]. 80th kinase-negative and kinase

positive cell lines have common pathways from the pOint of 

internalization through endocytic vesicles to the sorting step in 

multivesicular bodies. Here, tyrosine phosphorylation provides the 

signal as to whether a receptor becomes degraded in the Iysosomes 

or is recycled. 

1251-EGF binding studies with RL95-2 cells indicated a similar 

pattern of binding, internalization and degradation for the two 

passages. The late passage RL95-2 cells, however, showed an 

increased internalization at 20 min. The late passage also 

possessed an increased number of receptors, with two affinity 

states of the EGF receptor (Kd and 8 max of 4.47 x 10-11 and 5 x 

1 03 for the high affinity site and 9.37 x 10-9 and 2.48 x 105 for the 

low affinity site), while the early passage had a single class of 

high affinity receptors (Kd and 8 max 5.67 x 10-10 and 6.1 x 104). 

Similar to breast cancer cell lines [48-50], estrogen receptor 

negative late passage possessed a greater number of EGF receptors 

than estrogen receptor positive early passage. Further, the late 

passage RL95-2 cells also had more transformed features than the 

early passage cells. Therefore, the increase in EGF receptor 

correlates with the advanced stage in transformation. 
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The ability of a ligand to negatively modulate its own receptor 

levels, thereby resulting in a decrease in the number of receptor 

molecules on the surface, is termed "down-regulation" [139,141]. 

Under normal conditions, receptor is endocytosed in coated pits and 

both EGF and EGF receptor are degraded. Degradation of receptor 

and ligand ensures the termination of the signal to proliferate. The 

down-regulation may serve to desensitize the cells from further 

ligand induced signal transduction; whereas, in the absence of 

down-regulation, a continuous stimulation of the ligand may occur. 

The down-regulation of EGF binding on the surface of cells is due 

to internalization of the receptor-ligand complex, followed by the 

intracellular delivery of ligand and receptor to Iysosomes where 

ligand and receptor are degraded [126-128,143]. Degradation of 

receptor also ensures that recycling of the receptor to the pool of 

cell surface receptors does not occur. Exposure to EGF results in 

the down-regulation of EGF receptors. RL95-2 cells exposed to EGF 

were incubated in EBSS-BSA for two 30 min periods to allow the 

receptors to be internalized and to ensure that the reduction in 

binding was not due to receptor occupancy. Down-regulation 

occured to a maximum extent in the late passage RL95-2 cells 

after 24 hr exposure to 20 nM EGF with no detectable binding 

observed. Receptor analysis indicated the absence of any specific 

binding (data not shown). Receptor number in the early passage 

recovered to control levels after 24 hr exposure. Even at lower 

concentrations of EGF (16.6 pM), EGF receptor down-regulation of 



123 

late passage RL95-2 cells was greater than in the early passage 

cells. Also, EGF receptor of late passage RL95-2 cells remained 

down-regulated for a longer time period than early passage cells. 

The recovery of 1251-EGF binding after 2-3 hr in the face of 

continuous exposure to EGF suggests that there is a rapid turnover 

of the EGF receptor. Further studies to determine total EGF protein 

levels, EGF biosynthesis and degradation are needed. By 24 hr, 1251_ 

EGF binding in cells exposed to unlabeled 16.6 pM EGF was 95.8% 

and 88.50/0 of control early and late passage cells. Down-regulation 

of A431 cells with a higher number of EGF receptors also was 

reduced to the same extent compared with clones having a lower 

number of EGF receptor [110]. As in the late passage cells, the 

growth of A431 cells was also inhibited by EGF. Whether the 

greater degree of down-regulation serves any physiological role in 

the inhibitory response is not known, though it seems to be a 

common feature of some cell lines inhibited by EGF. A correlation 

between EGF uptake into a dense membranous organelle deficient in 

lysosomal enzyme activity and demonstration of a mitogenic 

response to EGF has been shown [144]. 

Certain human epidermoid and squamous carcinoma cell lines have 

been shown to overexpress EGF receptors [130,131]. Amplification 

of the EGF receptor gene is a common feature of such cell lines 

[130,132-134]. Low concentrations of EGF have been shown to be 

mitogenic for A431 cells [106]. High affinity receptors comprising 

5-10% of the EGF receptor have been suggested to mediate the 
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stimulatory response to EGF. Addition of EGF to tumor cells with an 

elevated number of receptors inhibits their growth [102,105,130] 

A431 cells which have approximately 2-3 x 106 receptors per cell 

are inhibited by concentrations of EGF which stimulate the growth 

of other cell lines [102,105]. Clonal variants of A431 cells which 

are stimulated to proliferate by EGF have fewer number of EGF 

receptors [110,137]. Clonal variants which reacquire the EGF

mediated growth inhibition have been shown to have 2-4 fold more 

receptors than the parental variant subpopulations which were 

growth stimulated by EGF [137]. The reduction in EGF receptor 

numbers have been shown to accompany the loss of the amplified 

EGF receptor gene [145]. The inhibitory effect of EGF is thought to 

be due to the excessive stimulation of tyrosine kinase and other 

protein kinases resulting in the utilization of the cellular ATP for 

internalization, degradation, phosphorylation of substrates and 

synthesis of new receptors, thereby depleting the cellular energy 

reserves. 

It has been suggested that the stimulatory effects of EGF are 

mediated by a small number of high affinity receptors [106], while 

its inhibitory effects may be mediated by low affinity receptors 

that are activated when the ratio of EGF to EGF receptor number is 

high [63,64]. However, when antibodies that block the low affinity 

receptors are used, it has been shown that stimulation of the high 

affinity receptors alone appears sufficient to induce early cellular 

responses. Whether the two affinity states of the receptor are 
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structurally different is not known. Interestingly, a single EGF 

receptor gene has been identified and localized to chromosome 7 

[146]. It has been suggested that phosphorylation, interactions 

between receptor protein molecules and receptor-membrane could 

lead to conformational changes required for protein kinase 

activity. Low affinity receptors exist in a monomeric state and 

high affinity receptors in a dimeric state [147-149]. Results of 

DeFize et al indicate that the high affinity receptor exists in both 

monomeric and dimeric states [150]. PDGF and TPA cause a 

decrease in the number of high affinity EGF receptor sites. Both 

agents phosphorylate threonine-654 and also reduce the tyrosine 

protein kinase activity of the EGF receptor [46]. 

Recently, a mutant cell line of A431 , termed clone 15, has been 

isolated [151]. This clone 15 possesses a similar number of 

receptors as the parental A431 cell line, but is resistant to EGF

mediated growth inhibition. Clone 15 is desensitized to EGF

induced phosphorylation of Lipocortin I and an increase in 

cytoplasmic free Ca++ after pretreatment with EGF. Clone CER-1 of 

the EGF receptor hyper-producing human squamous carcinoma cell 

line, Ca-922, is resistant to the EGF-mediated growth inhibition 

[131]. CER-1 cells also have the same number of EGF receptors as 

the Ca-922 cells. It has been suggested that CER-1 cells escape 

EGF-mediated inhibition by more efficient down-regulation 

(internalization) of the unoccupied surface receptors than parental 

Ca-922 cells. Recent studies suggest that down-regulation 
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determines whether the second messenger signalling is transient 

or prolonged [152]. 

Preliminary results indicate EGF receptor gene amplification in the 

late passage RL95-2 cells. Further studies will examine activation 

of cell specific signal transduction pathways in the two passages 

of cells. RL95-2 cells with their differential responses to growth 

upon EGF treatment should prove to be an useful model for 

elucidating the mechanism of action of EGF in growth stimulation 

and inhibition, particularly in cell lines that have EGF receptor 

levels comparable to normal cells. 

In conclusion, no unifying mechanism is available to explain the 

growth response of cells to EGF. Although the mechanism of action 

of EGF on cellular morphology and growth is not understood, the 

importance of EGF receptor tyrosine kinase in EGF binding to the 

receptor, internalization and degradation, and in the process of 

DNA synthesis are currently being elucidated [46]. Recent studies 

suggest that signal transduction pathways specific to the cell or 

tissue dictate the mitogenic response to EGF [153]. Undoubtedly, 

the relevance of these processes in cell growth and differentiation 

is of great interest to a broad range of cell biologists. 
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CHAPTER 5. SUMMARY 

The primary goal of the dissertation research was to examine the 

effects of EGF on two in. ri1r.Q. passages of a human endometrial 

carcinoma cell line (RL95-2), with emphasis on growth and 

invasive response. The major findings from this research have 

shown that: (a) at high seeding density, EGF stimulated the growth 

of early passage cells at all concentrations, while it inhibited the 

growth of the late passage cells at 4.98 nM and 20 nM 

concentrations and stimulated their growth at the 16.6 pM 

concentration; (b) at low seeding density, only 20 nM EGF 

significantly inhibited the growth of early passage cells, while the 

effects on the late passage were similar to those at high seeding 

density; (c) EGF (20 nM) decreased the invasive potential of both 

passages at low seeding density, while it increased their invasive 

potential at high seeding density; however, the two passages 

exhibited similar invasive profiles in the presence and absence of 

EGF; (d) the decrease in invasive potential at low seeding density 

with EGF correlated with specific morphological alterations of 

cells exhibiting long processes and membrane projections; (e) with 

EGF, the increase in invasive potential at high seeding density 

correlated with the morphological alterations (round and fusiform 

shaped cells), accompanied by alterations in the distribution of F

actin (loss of organized stress fibres, presence of cortical actin 

and appearance of intensely staining intracellular areas), and an 

increase in the enzymatic activity of uPA; (f) receptor studies 

..... ",.. 1"-'.·· .-, .......... ___ . ___ ..... __ .... _. ," __ ' .. _____ ,_,. ___ .. ...• ~._ 
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indicated a single class of high affinity EGF receptor was present 

in the early passage, and two affinity classes were present in the 

late passage cells. The total number of receptors was also greater 

in the late passage than in the early. The presence of a greater 

number of receptors, and in particular of the low affinity kind, may 

be responsible for the inhibition in growth of the late passage 

cells with EGF treatment. 

Research compendium 

The specific aims of this research were: (1) to characterize two in 

ritJ:Q. passages (designated early and late) of a human endometrial 

cell line, RL95-2, with regard to growth, morphological 

ultrastuctural features, as well as to invasive potential; (2) to 

compare and contrast the characteristic features of endometrial 

tumors with normal endometrial epithelial cells; (3) to determine 

whether the early and late passages of RL95-2 responded 

differentially to EGF in terms of growth and invasion; and (4) to 

investigate mechanisms which could account for the observed 

alterations in growth and invasion potential in both cell lines. 

Comparison of the early and late passages of RL95-2 indicated that 

the two passages differed in various respects. Populations of the 

early passage were morphologically heterogeneous, whereas the 

late passage appeared to be more homogeneous. Early passage cells 
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were of varied sizes (average size 30 J.L, range 16-56 J.L) and 

polygonal in shape. However, the late passage cells were round and 

of uniform size (average size 13 J.L, range 10-23 J.L). The early 

passage cells were more serum dependent and did not grow well in 

medium containing low serum; the late passage cells were less 

serum dependent and grew better in medium containing low serum. 

RL95-2 cells were not contact inhibited and piled up on each other; 

however, only the late passage formed foci readily. The late 

passage also had a faster rate of growth and attained higher cell 

densities at confluence. Late passage RL95-2 cells in log phase had 

a shorter cell doubling time (18.1 hr) than early passage cells (24.8 

hr) when grown in DMEM containing 10% FBS. 

At the ultrastructural level, both early and late passages of RL95-2 

showed similarities to the normal endometrial epithelial cells. 

They exhibited some features typical of a glandular epithelial cell, 

namely, numerous surface microvilli, perinuclear tonofilaments and 

intercellular junctional complexes. In addition, the cells had the 

machinery typical of a secretory cell, e.g., rough endoplasmic 

reticulum, extensive Golgi, lipid droplets, granular cytoplasmic 

vesicles and numerous mitochondria. They were, however, distinct 

from normal endometrial epithelial cells in culture in their size, 

nuclear membrane invaginations, nuclear-to-cytoplasmic ratio, 

presence of three or more prominent nucleoli per nucleus, loss of 

contact inhibition and in their ability to undergo unlimited cell 

division in culture. 
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RL95-2 cells also differed from the normal endometrial epithelial 

cells in culture in the arrangement of actin. It has been suggested 

that the loss of neatly organized F-actin in malignant tumor cells 

makes them more deformable and motile. RL95-2 late passage cells 

displayed a diffuse punctate pattern of staining for F-actin; the 

early passage was intermediate with a few cells elaborating 

stress fibers, some displaying only a punctate pattern, while 

certain others had an admixture of stress fibers and a punctate 

pattern of staining. In spite of the altered cytoskeleton, both 

passages of RL95-2 were not very invasive in the in. ~ invasion 

model (M ICS). This was surprising considering the several 

transformed characteristics of the late passage cells. A possible 

explanation could be based on the lack of host factors in the MICS. 

Exposure of RL95-2 human endometrial adenosquamous carcinoma 

cells to EGF results in density- and dose-dependent effects. At low 

seeding density, EGF (20 nM) inhibited the growth of early passage 

cells after 12 days; whereas, at high seeding density, EGF 

stimulated their growth at all three concentrations used (16.6 pM, 

4.98 nM and 20 nM). Furthermore, the growth of the late passage 

cells was stimulated by 16.6 pM EGF and inhibited by 4.98 nM and 

20 nM EGF at both seeding densities. EGF (20 nM) caused marked 

morphological changes of both passages at the low seeding density, 

with accompanying alterations in the pattern of F-actin 

distribution. At low seeding density, upon treatment with EGF, 
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cells had extensive, elongated processes and surface membrane 

projections, which was accompanied by a shift of F-actin into 

these processes. This morphology appeared to be inhibitory to 

invasion. A marked inhibition of the invasive potential through 

matrigel-coated polycarbonate filters of both passages was seen 

at the low seeding density, while at the high seeding density EGF 

enhanced their invasiveness. At this density, cells were round or 

fusiform, which was characteristic of transformed cells. Further, 

there was the loss of organized stress fibres, presence of cortical 

actin and appearance of intensely stained intracellular areas. The 

alteration in invasive potential correlated with the morphological 

changes, which was more conducive to the motility of cells. Cell

associated uPA activity was also increased with 20 nM EGF 

treatment at the high seeding density, indicating a possible role 

for uPA in ECM or BM degradation. Thus, the increase in invasive 

potential was due to an increase in uPA activity as well as an 

increase in motility. 

1251-EGF binding studies with RL95-2 cells indicated a similar 

kinetics of binding, internalization and degradation for the two in 

illm cell passages. The late passage RL95-2 had a greater number 

of EGF receptors, with two affinity states of the EGF receptor (Kd 

and Bmax of 4.47 x 10-11 and 5 x 103 for the high affinity site and 

9.37 x 10-9 and 2.48 x 105 for the low affinity state), while the 

early passage had only a single class of high affinity receptors (Kd 

and Bmax 5.67 x 10-10 and 6.1 x 104). It has been suggested that 
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high affinity receptors mediate stimulation of growth, while low 

affinity receptors have been implicated in the inhibitory response 

[63]. Similar to RL95-2 cells which have 95-980/0 low affinity 

receptors, A431 cells have approximately 90-950/0 low affinity 

receptors. Exposure to EGF resulted in the down-regulation of their 

EGF receptors. Down-regulation occurred to a maximum extent in 

the late passage cells after 24 hr exposure to 20 nM EGF, with no 

detectable binding observed. Receptor analysis indicated the 

absence of any specific binding. Even at lower concentrations of 

EGF (16.6 pM), EGF receptor down-regulation of the late passage 

cells was greater than in the early passage. Also, EGF receptor 

associated with the late passage remained down-regulated for a 

longer time period than in the early passage cells. Down-regulation 

of A431 cells with a higher number of EGF receptors (2-3 x 106 

receptors/cell) was also reduced to the same extent compared 

with clones having a lower number of EGF receptor. Interestingly, 

similar to the late passage cells, the A431 cells are also inhibited 

in growth by EGF. Whether the greater degree of down-regulation 

serves any physiological role in the inhibitory response is not 

known, though it seems to be a common feature of some cell lines 

inhibited by EGF. 
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Working model for EGF action 

To explain the increase in invasion potential at high seeding 

density with 20 nM EGF, I have developed a working model which 

incorporates currently published concepts on : (a) EGF action [123], 

(b) regulatory molecules involved in maintaining equilibrium 

between F-actin and G-actin in the cell [154,155], and; (c) on the 

bundling and crosslinking of F-actin to form three dimensional 

structures such as the stress fibers at adhesion sites [156,157], 

and have extended it to EGF action on RL95-2 cells. EGF causes the 

hydrolysis of PIP2 and increases intracellular Ca++. Activation of 

several protein kinases by EGF leads to the phosphorylation of 

cellular substrates which leads to increased nuclear transcription 

of genes for transriptional activators such as mye, myb, fos, jun, 

structural genes like actin, and proteases such as uPA and 

collagenase. The increase in activity of these enzymes leads to the 

degradation of ECM, thereby resulting in increased invasion of the 

ECM. 

As explained earlier, EGF may also shift the equilibrium from F

actin to G-actin through an increase in Ca++ dependent activity of 

gelsolin which severs F-actin, and also cause the release of stress 

fibers from adhesion sites perhaps through phosphorylation and 

subsequent conformational change of the actin binding proteins 

talin, vinculin and integrin, leading to decreased attachment of 

cells to ECM. Phosphorylation of Calpactin I and II by EGF may 
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increase F-actin associated with the membrane skeleton [158], 

which in turn contracts the cell and controls the morphology, 

thereby increasing the motility of the cell. The increase in 

enzymatic activity of uPA complemented by the increased motility 

of the cells ultimately leads to an increase in invasion of the ECM 

by early and late passage cells of RL95-2. The decrease in invasive 

potential at low seeding density in RL95-2 cells could result from 

a suppression of the activities of uPA, collagenase and other 

proteinases involved in degradation of ECM and because of a 

decrease in motility of the cells resulting from increased F-actin 

at adhesion sites. 



Figure 24. Working model of EGF action on RL95-2 cells. 
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Future directions 

Although EGF binding to EGF receptor initiates the sequence of 

events ultimately resulting in a proliferative response, the 

mechanisms underlying such growth control are not known. In A431 

cells, the cell line from which most other studies have been based, 

EGF triggers Na+/H+ exchange, Ca++ influx and activation of 

phospholipase C-y-tyrosine phosphorylation, resulting in the 

production of diacylglycerol and inositol triphosphate, which 

activates protein kinase C and increases intracellular Ca+ + 

concentration, respectively. Protein kinase phosphorylates 

substrates on the serine and threonine residues while the intrinsic 

tyrosine kinase activity of EGF receptor phosphorylates several 

cellular substrates on tyrosine. Other unidentified 

serine/threonine kinases perhaps may also be activated. The 

contribution of the tyrosine kinase and protein kinase substrates 

to the pleiotropic cellular responses is not known. In most other 

cells, only tyrosine kinase activity has been detected. 

RL95-2 provides an interesting system to study the mechanism of 

action in cells which do not possess high numbers of the EGF 

receptor; both early and late passage cells have receptor numbers 

which are in the range reported for normal cells (50,000-300,000). 

Thus, the results from my dissertation research could lead to 

several interesting projects. Because of the varying effects of EGF 

on growth and invasion potential, either parameter could be 
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pursued. Studies on the growth aspects in RL95-2 could provide 

more information on the mechanisms underlying the inhibitory and 

stimulatory response of the two cell lines and is therefore of 

primary interest to me. Further studies could take several 

directions and address the following questions: 

1. Is the enhanced receptor number in late passage RL95-2 cells 

due to gene amplification or gene alteration, to increased gene 

expression or increased stability of the EGF receptor mRNA, or 

because of a change in the metabolic turnover rate of the EGF 

receptor? 

2. How does the increase in EGF receptor confer on the cells an 

inhibitory response? Are the signal transduction pathways 

different in the two cell lines? Is there a corresponding increase 

in the tyrosine kinase activity of the late passage cells 

corresponding to an increase receptor number? Are other kinases 

(like protein kinase C) activated with EGF? Is the decrease or 

increase in cell growth due to a specific signal? Could the effect 

be abrogated by using an antibody, assuming the signal is a 

protein? 

3. What are the proto-oncogenes that are induced upon EGF 

stimulation? How are these involved in the regulation of growth? 

Several other questions could also be raised addressing the 

mechanism of action by which EGF modulates invasive potential. 
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Further studies could focus on adhesion properties, the proteolytic 

cascade and motility factors. 

1. Is the alteration in invasion due to changes in adhesion to ECM 

molecules such as laminin or collagen IV? Is the altered adhesion 

due to an increase or decrease in the number of receptors for the 

above molecules? 

2. Does EGF increase the activity of other proteases like 

stromelysin, collagenase IV, or cathepsins? Is the increase in the 

enzyme activity due to changes in the gene transcription, 

translation or post-translational events? Does blocking of these 

proteases with protease inhibitors or specific antibodies result in 

decreased invasive potential? 

3. Does EGF induce the secretion of any motility factor (similar to 

AMF)? 
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