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Chapter

Cytokeratins of Tumorigenic and
Highly Malignant Respiratory
Tract Epithelial Cells

Carol A. Heckman

Abstract

In malignant airway epithelial cells, structural abnormalities were evident from
the cytokeratin organization. To determine whether the cytokeratins themselves
were responsible, an iz vitro model for bronchogenic carcinoma, consisting of three
highly malignant lines and three less tumorigenic lines, was studied. Cytokeratins
were evaluated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE).
When typical constraints on tumors were relieved by in vitro culture, lines showed
profiles resembling normal, primary cells. The CK5/CK14 combination, character-
istic of basal epithelial layers, was represented by CK6A/CK14. CK17 was invariably
present, while CK5, CK7, CK8, CK19, and CK42 content varied. CK19 appeared to
substitute for the rarely observed CK18. While lacking the common CK8/CK18
combination of hyperproliferative cells, an invasive, metastasizing line had CK6A/
CK7 or CK8 with CK19 suggesting derivation similar to adenocarcinomas. Bands of
CK19 and actin migrated to higher pl in tumorigenic and malignant lines than in
normal cells. Ubiquitinated acidic cytokeratins with a low isoelectric point (pI) and
high molecular weight (MW) showed no consistent differences in lines that differed
in growth potential. Type II made up 49-52% of total cytokeratins in nonmalignant
lines, whereas highly malignant lines showed lower levels. Posttranslational modi-
fications were identified but could not explain the shortfall of basic cytokeratins.

Keywords: actin, motility, invasion, squamous cell carcinoma, metastasis,
cytoskeleton, differentiation

1. Introduction

Intermediate filaments, which are made up of cytokeratins, are responsible for
the structural integration and resiliency of the epithelial linings. To build up the
10-nm filament from the molecular level, a subunit is formed by the dimerization of
one type I keratin and one type II molecule. These heterodimers attach in an
antiparallel arrangement to compose the larger tetrameric subunit common to
10-nm filaments. End-to-end and side-to-side assembly gives rise to the long, flex-
ible filaments seen in images of epithelial cells. When the large number of keratin
genes is considered, plus their posttranslational modifications, there is an impres-
sive variety of filament compositions. Each epithelial cell type is characterized by a
combination of type I and type II cytokeratins. For example, some of the human
cytokeratins discovered recently are highly expressed in the hair follicle [1]. While
the cytokeratin profile of a cell depends on selective expression, which in turn
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depends on its differentiated state, there is considerable latitude in expression
profiles of some cell types.

It has long been suspected that the cytokeratins play a role in growth regulation.
Indeed, CK8, CK17, and CK18 have been investigated with respect to their regula-
tory roles. Several basic or neutral type II proteins, including CK4-CK6, have a
conserved site corresponding to Ser/Thr73 of the CK8 sequence. Posttranslational
modification (PTM) at CK8 Ser/Thr73 was found downstream of proapoptotic
receptor Fas/CD95-mediated c-Jun N-terminal kinase activation (see for review
[2]). In different systems, phosphorylation of type II cytokeratins resulted in
increased solubility of the filaments and/or collapse of the filament network. These
are among the mechanisms contributing to dissolution of intermediate filaments
during mitosis, which allows the cell to round up for division [3-5]. Knockout of the
most commonly expressed pairs, CK5 and CK14 or CK8 and CK18, is often embry-
onic or neonatal lethal (see for review, [2]), affirming the importance of these
keratins for epithelial cell differentiations in the lining tissues. Cell behavior was
directly affected by cytokeratin content, as has been demonstrated by Magin and
coworkers. Keratinocytes deficient in all the cytokeratins showed increased softness
and invasiveness, which were largely restored by re-expression of CK5/CK14 [6].

The cytokeratins are also subject to complex transcriptional regulation. In the
epidermis, the CK6/CK16 pair are induced within a day after injury [7, 8]. The
stress-responsive CK6, CK16, and CK17 were all expressed in response to injury in
skin and during hyperproliferation in psoriasis, suggesting their upregulation by the
transcription factor, Nrf-2 (see for review [9, 10]). CK17 is regulated by several
transcription factors as well as by the possible interaction of the ubiquitylated form
with STAT3 (see for review [11]). High expression of CK17 in lung adenocarcinoma
was predictive of poor overall survival, suggesting a close relationship to malig-
nancy [12]. Evidence also suggested a process regulating CK6 through activator
protein-1 binding, which may be regulated by c-fos and c-jun [13].

Type I also have a role in regulating cell growth. CK17 presence in the nucleus
was shown to allow a complex to be formed by interaction with an integral mem-
brane protein, LAP2p. This was thought to affect gene expression and cell prolifer-
ation [14]. CK18 was modified by phosphorylation at Ser 33 and Ser 52 sites,
enabling it to interact with pathways regulated by parkin, a tumor suppressor [15].
Phosphorylated CK18 and CK19 interacted with 14-3-3 proteins, which promoted
the solubility of cytokeratins and their recruitment to membranes [16, 17]. Whereas
these modifications may modulate some of the non-mechanical functions of the
cytokeratins, it is not known whether they affect growth. One possible way in
which they could affect it is by regulating the formation of a CK8-Akt complex. It
has been proposed that Akt binds to CK8 in the CK8/CK18 protofilament. Failing
this interaction, it is hypophosphoryated specifically at a residue essential for acti-
vation. However, studies in which both CK8/CK18 were knocked down showed that
Akt phosphorylation and activation were enhanced [18].

Previous studies have not addressed the question of whether any changes were
related to oncogenic transformation but independent of the expression patterns
associated with the tumors’ differentiated state. Some 85% of human tumors origi-
nate from epithelial cells. As cytokeratins comprise a large fraction of the cytoskel-
eton, they could have an important role in growth control. Nevertheless, the
profiles of tumors remained roughly similar to those in the tissue of origin (see for
review [19]). Even in the normal state, the epithelial differentiation could be
perturbed by chemical or physical agents, initiating changes in cytokeratin expres-
sion. For example, in upper airway epithelium, vitamin A deficiency caused the
normal pseudostratified epithelium to be replaced by a metaplastic squamous epi-
thelium [20]. This was accompanied by the disappearance of certain cytokeratins
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and a marked increase in expression of one or more others [21]. Both in vivo [22]
and in vitro [23, 24], CK18 expression was reduced while expression of CK13, a
marker for cornified squamous epithelium, was increased. Changes in type II
cytokeratins were also found, especially enhanced expression of CK4, typical of
stratified epithelial tissues (see for review [22]). Another change following toxin
exposure was a reduction in CK15 expression in submucosal glands [25]. Upon
removal of the pathological stimulus, the squamous metaplasia was reversed along
with the cytokeratin profile (see for review [26]).

The cytokeratins of airway tumors were dramatically different from the compo-
sition of the normal epithelium. In parallel to the differentiation of the epithelial
lining into a squamous epithelium, tumors with a squamous differentiation
expressed cytokeratins typical of squamous metaplasia, namely CK4 and CK10. In
contrast, adenocarcinomas, which are thought to arise from hyperplastic adenoma-
tous lesions, expressed keratins typical of mucous cells, namely CK7, CK8, and
CK18 [27]. CK13 was present in most tumors showing squamous differentiation,
while CK4 was found with CKs 7, 18, and 19 in adenocarcinomas of the lung and
adenosquamous tumors [28]. These studies did not screen for “keratinocyte-type”
K5/K14 pair which typically composed the filaments attached to hemidesmosomes
and desmosomes [1], but these cytokeratins were also found in non-small cell lung
cancer [29]. CK6 and, in some cases variable levels of CK14 and CK15, were identi-
fied in squamous cell carcinomas. Altogether, keratins CK4-CK8, 10, 13, 17, 18, and
19 were found in squamous cell carcinomas, although the exact pattern depended
on the differentiated state of each tumor [30].

It was clear from the above studies that cytokeratin profiles from airway epithe-
lium depended on differentiation to such an extent that it was difficult to infer a
relationship to growth control. As the defects that enable epithelial cells to invade
the submucosa and metastasize are of great interest, it was desirable to reinvestigate
the cytokeratins’ relationship to growth potential after having compensated for the
cells’ differentiated state. The cytokeratin profiles of epithelia originating from the
same tissue source could be compared in a well-characterized in vitro model system
for squamous cell carcinoma. In the tissue culture setting, physical barriers to
expansion were removed, and cells entered the logarithmic phase of growth within
48 h of being subcultured. Moreover, the nutritional composition of the environ-
ment could be simplified by growing the cell lines in identical media. Three highly
tumorigenic lines and three lines with lesser tumorigenic potential were used [31],
and the question of whether cytokeratin profiles were related to the altered growth
potential of epithelial cells was revisited.

2. Materials and methods
2.1 Primary cells and cell lines

Normal, primary epithelial cultures were grown out of tracheal explants from
specific-pathogen-free, inbred F344 rats. The cultures were grown in a Waymouth’s
medium enriched with amino acids, putrescine, sodium pyruvate, hydrocortisone,
insulin, fetal bovine serum, penicillin, and streptomycin [32, 33]. Cell lines were
also from the upper airway epithelium of F344 rats. Nonmalignant lines were
derived after treatment with 7,12-dimethylbenz(a)anthracene- or 12-0-tetradeca-
noylphorbol-13-acetate. They were tested in immune-suppressed host animals.
They were found to be nontumorigenic at early passages but became tumorigenic
after prolonged growth in vitro [31, 34-36]. Malignant cell lines were generated by
treating tracheal tissues with benzo[a]pyrene (B2-1 and BP3) or 3-
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methylcholanthrene (MCA7). The malignancy of the resulting tumors was
increased further by serial passage in animals [37].

2.2 Characterization of malignancy and differentiation

To classify the cell lines by their growth potential, we determined the number of
cells required to induce tumors in 50% of the animals tested (T.D.50). Cultured cells
were injected into the thighs of immune-deficient rats or athymic nude mice, as
previously described [31]. The highly malignant cell lines were tested by titrating
the dose down from 1000 cells and determining the frequency with which tumors
appeared by 43 weeks. These lines all produced invasive, keratinizing squamous cell
carcinomas. To check for metastases, 1 x 10* cells were injected into the thigh, and
the leg with the primary tumor was amputated 6 weeks after the injection date.
Animals were euthanized and necropsied 6 weeks after the amputation.

Tissue differentiation was studied by removing tumors at 7-13 weeks after
injection and preparing them for histological examination. They were bisected,
fixed in 10% buffered formalin, and embedded in paraffin. Sections were cut at
6 pm thickness, mounted on slides and stained with hematoxylin and eosin.

The tendency of cells to undergo terminal keratinization in vitro was evaluated
by examining cells dislodged from the surface of confluent cultures. A stream of
medium was directed across the surface of the culture and the suspended cells were
recovered by centrifugation at 1200 x g. Smears prepared from the pellets were
fixed in 95% ethanol and stained by the Papanicolaou procedure [38].

2.3 Extraction of cytoskeletal proteins

To prepare the cytokeratins for 2D-PAGE, cells were plated at a density of 7-12
x 10° per 100 mm dish and allowed to become confluent. A cytoskeletal prepara-
tion rich in keratins was made by the extraction procedure of Franke and coworkers
[39]. Samples for isoelectric focusing were made by rinsing the dishes twice with
TNM buffer (140 mM NaCl, 5 mM MgCl,, 10 mM Tris-HCI, pH 7.6) and then
treating them with 1% Triton X-100 for 4 min. The detergent-extracted cells were
then washed twice with TMN, harvested with a rubber policeman, and pelleted by
centrifugation at 1500 x g at 4°C. An additional extraction was performed in some
preparations. The culture dishes were rinsed with high salt TNM buffer containing
1.5 M KCl and 0.5% Triton X-100 for 10 min, and then the preparation was com-
pleted as above. The pellets were resuspended in sample buffer (2% SDS, 10%
glycerol, 5% B-mercaptoethanol in 25 mM Tris-HCI, pH 8.3) and boiled until solu-
bilized. Each sample was dialysed against 0.1 mM phenylmethylsulfonylfluoride at
4°C. The dialysate was lyophilized and resolubilized in lysis buffer (9.S M urea, 2%
Nonidet P-40, and 5% fB-mercaptoethanol).

2.4 2D-PAGE and quantification of Coomassie blue staining intensity

Separation of proteins by their isoelectric point was performed by the method of
O’Farrell [40]. Samples containing 300 pg of protein were run for 18-20 hin a
gradient made up of LKB Ampholine pH 3.5-10. The pH profile in the first dimen-
sion was determined by measuring the pH in small sections of gels processed in
parallel with those containing protein samples. After separation in the first dimen-
sion, each sample was electrophoresed into a 4% polyacrylamide stacking gel and
10% polyacrylamide resolving gel in a final concentration of 0.1% sodium dodecyl
sulfate (SDS). For each cell line, 6-10 gels were run. In addition, some 150 pg
samples were run to confirm the identity of the major protein species. The gels were
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fixed in 12% trichloroacetic acid and stained with Coomassie blue, as previously
described [40]. A lane of markers was added for the electrophoretic separation,
including phosphorylase B (92.5 kDa), bovine serum albumin (66.2), ovalbumin
(45.0), carbonic anhydrase (31.0) and soybean trypsin inhibitor (20.1). To analyze
the total mass of cytoskeletal protein, samples were prepared with high-salt extrac-
tion, which ensured greater contrast between proteins and the background. A repre-
sentative digital image from each line was selected, and the integrated absorbance at
each spot on the gel estimated by comparison to the markers. After background
subtraction, the boundaries around the spots were drawn manually, and the mass of
each protein estimated by converting absorbance into intensity values, as previously
described [41]. Total mass varied from ~60 to ~200 pg per gel.

2.5 Liquid chromatography-mass spectrometry-mass-spectrometry

For analysis by LC-MS-MS, proteins were excised from the gels, destained,
reduced, alkylated, and trypsin-digested by a standard in-gel method. The peptides
from each sample were concentrated and desalted using C18 Zip-Tip and
reconstituted in 0.1% formic acid. Peptide mixtures were loaded onto a peptide trap
cartridge and eluted onto a reversed-phase PicoFrit column (New Objective,
Woburn, MA) as described elsewhere [42]. The eluted peptides were ionized and
sprayed into the mass spectrometer, using a Nanospray Flex Ion Source ES071
(Thermo) and analyzed using a Thermo Scientific Q-Exactive hybrid Quadrupole-
Orbitrap Mass Spectrometer and a Thermo Dionex UltiMate 3000 RSLCnano System.

Raw data files were searched against the rat protein sequences database using
Proteome Discoverer 1.4 software (Thermo, San Jose, CA) based on the SEQUEST
algorithm. Carbamidomethylation (+57.021 Da) of cysteines was set as a fixed
modification, and oxidation/+15.995 Da (M), deamidated/+0.984 Da (N, Q), acetyl/
+42.011 Da (K), phospho/+79.966 Da (S, T, Y), and ubiquitin-K/+114.043 Da (K)
were set as dynamic modifications. The minimum peptide length was specified as
five amino acids, and precursor mass tolerance was set to 15 ppm. The peptides’
sequences and counts of peptide spectrum matches (PSM) were assembled into a
Proteome Discoverer Report [42]. The effect of posttranslational modifications
(PTMs) on the pl and MW of each protein were modeled using the Prot pi online
bioinformatics tool [43].

2.6 Frequency and area analysis on gel spots and bands

For frequency analysis, spots on each gel were traced, converted to a binary
image, and their areas were analyzed using the Particle Analysis module of Image]
[44]. Under the assumption that each gel spot was a thin, continuous protein layer,
the area was used to represent fractional volumes of each protein on the gel.

3. Results
3.1 Growth and differentiation of nonmalignant and malignant lines

Lines from the respiratory airway epithelium were divided into two groups on
the basis of their abnormal growth potential as defined by their T.D.50 values.
Tumor production required a 1000-fold greater number of nonmalignant cells than
malignant cells (Tables 1 and 2). Moreover, none of the nonmalignant lines showed
metastasis. Upon histological examination, all of the tumors had characteristics of
invasive squamous cell carcinomas. The entire range of variation was represented
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Tumorigenicity tests on cell lines of low malignant potential

Cell line (passage) Number of animals tested Number with tumors
5% 10° 2 x 10°
4C9 (17) 3 0/2 0/1
4C9 (38) 4 2/2 12
165S (16) 4 0/2 0/2
165S (32) 4 0/2 12
2C1 (13) 3 0/1 0/2
2C1 (23) 3 0/1 0/2
Table 1.

Cells of low malignancy tested in athymic nude mice.

Tumorigenicity tests on cell lines of high malignant potential

Cell line Animals tested Number with tumors
1x10? 3 x 10° 1x 10
B2-1 (37) 25 5/10 8/10 5/5
BP3-0 (1) 15 5/5 5/5 5/5
MCA7 (21) 30 9/10 10/10 10/10
Table 2.

Cells of high malignancy tested in immune-suppressed, isogenic F44 rats.

by the B2-1 and BP3 lines, with MCA7 tumors showing intermediate histology
between these two extremes. The keratinized cells of B2-1 tumors were squamous in
shape but rarely if ever became enucleated. Even terminally differentiated cells
showed small, pyknotic nuclei (Figure 1a). Internal portions of the B2-1 and MCA7
tumors became necrotic and also showed areas of infiltration by lymphatic cells. In
BP3 tumors, multiple layers of enucleated squames were readily formed

(Figure 1b). All three lines metastasized to the lymph nodes, and B2-1 also
metastasized to the lung in 60% of the animals. The morphology of the metastases
resembled that of the primary tumors (Figure 1c).

After injection with the specified number of cells, animals were maintained for
24-43 weeks. MCA?7, the most immunogenic of the highly malignant cell lines, was
tested similarly and formed tumors in 2 of 2 mice after injection of 1 x 10> cells.
Modified from [31].

After injection with the specified number of cells, animals were maintained
for up to 22 weeks. 165S (T15) was tested in 5 irradiated host animals at a dose of
1 x 10 cells and formed a tumor in one animal. The other nonmalignant lines
were tested under similar conditions but failed to produce tumors. Modified
from [31].

Normal and tumorigenic cells in vitro showed similar tendencies to form strati-
tied squamous epithelia at high-density. The degree of squamous differentiation in
confluent cultures could be assessed by imaging cells exfoliated from the cultures.
In normal, primary cultures, the exfoliated cells were squamous in shape but did not
become enucleated. The exfoliated cells from the lines differed in shape, but exfo-
liated cells from both primary cultures and cell lines commonly had pycnotic nuclei
(Figure 1D-G).
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Figure 1.

Morphology of tumorigenic cells in vivo and in vitro. (A) B2-1 tumor. The squamous cells in the outermost
epithelial layer exhibit pycnotic nuclei (arrows). Invasion into the surrounding tissue containing blood vessels
(bottom) is obvious. (B) BP3 tumor. Squamous cells of the differentiated epithelial layers show enucleated cells
(arrows) resembling keratin “pearls” (K). Cells are invading into the mesenchyme at the bottom. (C) Border of
a B2-1 metastasis to the lung. Nests of tumor cells (N) form at the boundary with the compressed lung tissue (L).
(D-G) Exfoliated cells. (D) Squames from normal cell cultures with pycnotic nuclei (arvows), (E) BP3 with
pyknotic nuclei, (F) 1658 cells with pyknotic nuclei (arrow), (G) 4C9 cell. Bars, (A) and (B) 500 pm, (C)
200 um, (D-G) 20 um.

3.2 Cytokeratins of normal epithelial cultures

Previous studies provided information about the keratin proteins of different
cell types in the respiratory tract [1, 25, 28, 30, 45-53]. Methods for generating
primary cultures were also well-known, and such cultures maintained the ability to
repopulate normal epithelia after several weeks of growth in vitro [54]. Thus, the
cytokeratins of the upper airways are summarized in Tables 3 and 4, and their
presence or absence determined for cell lines differing in growth potential.
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MW kDa, pI* MW (rat) pI (rat) PTM (UniProt) From LC-MS-MS
MW pl MW pl

CK14%* meth R, 1 phos 3 phos, 2 Ac

50, 5.3 52.68 5.09 53.76 5.04 53.01 4.88

CK15"+1 7 phos

50, 4.9 48.87 4.81 49.43 4.60

CK19%$%l 9 phos, 5 meth R 2 Ac

40-44 44.64 5.23 45.51 4.56 44.72 5.10

4.6-5.2

CK16*

46,5.1 51.61 5.12

CK17+$ 2 phos 3 phos, 8 Ac

48,5.1 48.12 4.97 48.28 4.89 48.62 4.64

CK10 6 phos

56.5, 5.3 56.50 5.11 56.90 4.90

CK18™57 4 phos

45,5.1-5.7 47.76 5.19 48.08 4.99

CK42 50.21 5.10

B-Actin Met oxidation 4 Ac

41.7 41.74 5.32 41.77 5.32 41.91 5.03

52-53

*The MW (kDa) and pI on the left column are for human keratins [1]. Proteins of the same family ave identified by
colored typeface [55]. The effect of PTMs is modeled as described in Section 2. Abbreviations used are phos,
phosphorylation; meth, methyl; Ac, acetylation.

TSubmucosal glands.

*Basal cells.

SClara cells.

ICiliated cells.

ICuboidal bronchiolar cells.

Table 3.
Type I proteins and p-actin between 4.6 and 5.3 pl compared to the human map.

Due to the fact that cytokeratins are highly conserved throughout evolution, it
was possible to gather preliminary data by overlaying a map of the cytokeratins [1]
on the proteins separated by 2D-PAGE. As shown in Table 3, the posttranslational
modifications of CK14 and CK15 had minor effects on their position in 2D-PAGE, so
they were used to center the map (Figure 2a). The spot representing CK17 (241
PSM) was confirmed by LC-MS-MS but also contained CK19 (99 PSM) and CK42
(97 PSM). The levels of the latter two appeared high as estimated by PSM, but were
much lower than CK17 when the MS1 area of unique sequence was analyzed. These
proteins, CK19 (89 PSM), CK17 (56 PSM), and CK42 (34 PSM), also made up the
band at 42-43 kDa. CK42 was not displayed on the map of human cytokeratins [1],
because it is a rodent cytokeratin that was lost in primates [56].

The CK5/CK14 pair was characteristic of basal cells of the normal mouse respi-
ratory tract [52]. However, CK5 often occurred in the absence of CK14 in the
human airway epithelium [57], and the latter was considered a marker for meta-
plasia [58]. Because primary tracheal cultures were largely made up of basal cells
[59], the presence of the CK5/CK14 pair was anticipated. The CK14 spot was
prominent, and the 56-kDa band contained both CK5 (311 PSM) and CK6A (272
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MW KkDa, pI* MW (rat) pI (rat) PTM UniProt (1) From LC-MS-MS
LC-MS-MS (2)
MW pl MW pl
CK4
59,7.3 57.67 7.24
CK5' (1) 11 phos 3 Ac
(2) Met oxidation
56, 7.4 61.83 7.37 62.71 5.22 61.95 6.20
61.91 7.37
CK6AT (2) Met oxidation 8 Ac
56,7.8 59.25 7.62 59.33 7.62 59.58 5.72
CK7"#$ (1) 8 phos 2 Ac
36.7-54, 50.71 5.70 51.35 5.29 50.79 5.51
4.6-6.0
CK8*$ (1) 22 phos 5 Met oxidation
(2) Ac
49.7-54, 54.02 5.85 55.78 4.65 54.10 5.85
5.4-6.1
54.10 5.60

*The MW and pl on the left column are for human keratins [1]. Proteins of the same family are identified by colored
typeface [55]. Abbreviations used are phos, phosphorylation; Ac, acetylation.

"Basal cells.

*Clara cells.

SCiliated cells.

Table 4.
Type II cytokeratins of upper airways corresponding to pls 4.6—7.8 of human.

PSM), as shown in Figure 2b. The amount of CK13, a marker of cornified squamous
differentiation, was negligible, but another squamous cell marker, CK10, was
sometimes present (Figure 2a).

Cells of the glands and gland ducts were previously shown to express CK14,
CK15, CK18, and CK19 [45], and CK18 was also found in columnar and mucous cells
[27]. CK8/CK18/CK19 characterized all columnar cells in the upper airways iz vivo,
including gland cells [28] and Clara cells [53], but were absent from basal cells of
the bronchi [28, 45]. Whereas CK18 was not found in primary rat tracheal cultures,
CK19 was present (Figure 2b). The band of 42-46 kDa spots contained both CK19
and CK42 and included B-actin. Although the theoretical range of p-actin pls did not
extend further than 5.3 (Table 3), p-actin in this band extended up to pl 6.1. CK8,
which was shown to form heterodimers with both CK18 and CK19, was also present
in primary cells. In addition, small amounts of CK7 were present (Figure 2b).

3.3 Is the cytokeratin profile changed by sequential passage of a cell line?

As oncogenic transformation generally gives rise to genomic instability, it is
possible that sequential passage of a line might alter the cytokeratin expression.
Samples from the 4C9 line were collected in passages 12-14 and compared to
samples collected at passages 33 and 34. Proteins in the MW range of 45 kDa
extended into more basic pls in 4C9 than in normal cells, but this pattern was
unchanged with passage levels. Similarly, bands of very low pI (less than 3.9) at
approximately 61 and 55 kDA, were unaltered (cf. Figure 2a and Figure 3a).
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Figure 2.

Map of human cytokeratins [1] overlaid on a 2D-PAGE gel from normal tracheal epithelial cells. (a) Type I
cytokeratins. There is a small spot at the site of CK10, and CK14 and CK17 are prominent. The proteins at 42—
46 kDa are p-actin and CK19 mixed with degradation products from CK8 and CK5. At a highly acidic pl, the
ubiquitinated CK14 and CK1y7 proteins are present (see Table 5). (b) Type II cytokeratins. CK6A and CK5
are present at MW ~56 kDa, while low MW proteins, CK7 and CK8, migrate to lower pls than other type II
proteins. Proteins confirmed by LC-MS-MS analysis are underlined in Tables 3 and 4.

Although a 4C9 sample from passage 33 showed a trace of CK13, this was also
present in samples from the early passages. K13 was expressed in squamous meta-
plasia [22] and cultured tracheal cells [23]. The sporadic K13 spots observed in the
current studies were consistent with the fact that, although the cells studied here
showed signs of squamous differentiation, they were not cornified.

3.4 Differences in the actin and cytokeratins related to immortalization

The extension of the band containing actin and CK19 proteins into more basic pl
ranges (cf. Figures 2b and 3a) suggested that there may have been posttranslational
modifications. Acetylation occurred on f-actin, as Lys61, Lys113, Lys213, Lys291,
Lys315, Lys326, and Lys328 were found by LC-MS-MS. Modeling the addition of

10
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Figure 3.

Cytokeratins from nonmalignant cell lines. The calculated MW is given in parentheses (see Tables 3 and 4).
(a) 4C9. Type I cytokeratins, CK14 (53 kDa) and CK17 (48 kDa), are present along with actin and CK19
(below the marker for CK18) and type II CK5/CK6A (56 kDa) and CK8 (54 kDa). There is a faint spot in
the region of CK13 (circled). Proteins present at high MW and pl of 3.5-3.9 are ubiquitinated CK14 and
CK1y. (b) 165S. The spot identified in (a) as CK14 (53 kDa) is resolved into two spots. CK7 (51 kDa) is
present as a faint band below CK6A. (c) 2C1. The same cytokeratins are present as in (a) including a large
amount of CK5/CK6A. As in (b), the p-actin/CK19 band extends beyond 5.8 pl.

these residues together with Met sulfoxide modifications reported in the Uniprot
database did not markedly change the predicted pI of f-actin, nor did any CK19
modifications found here shift the pI (Table 3). The 2C1 line, which had the lowest
tumorigenic potential (Table 1), resembled 165S in the pls of these 42-46 kDa
proteins (cf. Figure 3b and c). The three lines showed slight differences in the
cytokeratins of higher MW. In some 165S samples, the protein identified as CK14
was resolved into two spots (Figure 3b). The second was similar in MW but
differed in pI, as would be expected for CK16. Likewise, in certain samples, the
CK17 spot was resolved into two proteins. This is shown in a replicate 2D-PAGE
experiment on the tumorigenic line (see Appendix, Figure A1). Trace amounts of
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CK15 and CK16, found by LC-MS-MS analysis, were thought to reflect sporadic
expression of these species. The spots sampled are shown in Appendix A (Portions
of gel sampled for LC-MS-MS, Figure A3).

3.5 Cytokeratin profiles of malignant lines

The profile of samples from MCA7 and BP3 generally resembled normal cells. In
particular, they had prominent bands containing CK8 (cf. Figures 3b and 4a-b, and
Appendix Figure A2). The mass represented in the type II cytokeratin, CK6A,
declined in samples from all malignant lines, compared to primary and
nonmalignant cells (cf. Figures 3 and 4). Unless the decrease in CK6A was

kDa

kDa

kDa

Figure 4.

Malignant cell lines

60 5':_‘_,. A
cl - 3
48 - il -

il -

60

52
- —
48 - gt i &

[ B
44 - . *
6.159 57555351 49 47 45 43 41 39 3.7 35
(b)
60 =i

6.1 5957 5553 5149 47 45 4.3 41 39 3.7 35

Isoelectric point
(c)

Cytokeratins from malignant cell lines. The calculated MW is given in paventheses (Tables 3 and 4). (a)
MCAj. The type I CK14, CK17, and K19 were mapped, along with type II cytokeratins, CK5/CK6A

(62 kDa/59 kDa), and CK8 (54 kDa). The actin/CK19 band occupies a similar range of pI as in normal cells.
Faint bands ave visible at pI 3.7 (arrowheads). (b) BP3. The profile resembles that in (a), except that the
actin/CK19 range extends beyond 5.9. (¢) B2—1. The profile resembles (a) and (b), but CK8 is absent and
proteins of the actin/CK19 band are increased.
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accompanied by an increase in another type II protein or a reduction in type I
proteins, it would mean an imbalance between acidic and basic cytokeratins. This
implication was investigated by determining the frequency of observing each major
cytokeratin in the nonmalignant and malignant lines. The results suggested that the
decline in CK6A content occurred over the entire range of pls (uppermost markers,
Figure 5a). There were also changes in a lower MW range within the pl range,
5.8-6.0. The actin/CK19 band was slightly more apparent in malignant cell samples
at the extreme end of the pI range (lowermost markers, Figure 5a). With respect to
the type I cytokeratins, two spots were occasionally observed at the location of CK17
in BP3 samples (Figure 5b). CK15 may have been resolved from CK17 at this
location, as mentioned above. Results of replicate experiments on the highly
malignant lines are shown in Appendix Figure A2.

The implication that there was a reduced content of basic cytokeratins was
further investigated by selecting a representative 2D-PAGE image for each line and
measuring the intensities of all spots. The results suggested that CK6A was the
predominant type II cytokeratin in all samples except those from B2-1 where it
varied widely. Thus, the total levels of type II closely followed those of CK6A. In the
B2-1line, CK7/CK8, and CK19 were elevated (Figure 5c). Heterodimers formed

66 kDa
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Isoelectric point
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m all basic keratins
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Figure 5.

Differences among the cytokeratins in selected samples from nonmalignant and malignant lines. (a, b) The
frequency of observing a cytokeratin is represented by symbols for nonmalignant (green) and malignant
(yellow). (a) Percentage of gels in which CK5/CK6A (uppermost), CK8 (middle), and the actin/CK19 band
(lowermost) were present. (b) Percentage of gels in which CK14 (upper) and CK1y7 (lower) were present.
(c) Content of type II cytokeratins and mavkers for secretory and hyperproliferating cells. Total type II content
is similar to CK6A content except for the B2-1 line, where there is less CK6A. The results are representative of

27 gels.
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between CK7/CK8 and CK19 were considered a marker for columnar or secretory
cells (Tables 3 and 4). Interestingly, CK18 and CK19 were identified in sero
(mucous) glands [28] and also found, along with CK7 and CKS8, in large cell neuro-
endocrine carcinomas iz vivo [60]. This suggested that B2-1 arose from a differen-
tiated mucous, neuroendocrine, or Clara cell. Nevertheless, the total mass of type I
cytokeratins also exceeded type II in the MCA?7 line, which was apparently not
derived from a differentiated cell type. Thus, the shortfall in type II content was not
restricted to the B2-1 line.

3.6 Is there a general difference between nonmalignant and malignant?

While the results of Figure 5 suggested a decrease of CK6A, a larger mass of
protein in the 42-46 kDa band would automatically have reduced the amount of
CK6A apparent at certain pl intervals. This band made up 25% of the mass in 2D-
PAGE preparations from malignant MCA?7 cells. The mass of protein in high MW/
low pI bands was also variable (cf. Figures 2 and 3). For images in which most spots
were present, a quantitative analysis was performed. To this end, the integrated
intensities of proteins in the gels were computed in Image]J. The results showed that
these ubiquitinated protein bands were present in all cell lines and made up 9-18%
of the total. The comparison also made it clear that lower CK5/CK6A content in the
B2-1line (Figure 5c) was accompanied by greater CK8 content (Figure 6a).

It is widely thought that cells maintain a stoichiometry of 1:1 type I to type II,
and if any imbalance occurs, that they are able to restore the balance (see for review
[9, 61]). If the entire type II keratin gene cluster was eliminated, the CK14 expres-
sion level was also reduced [62], (see for review [10]), suggesting a dependency of
type I on type II expression. As the laddered arrangement of high MW bands at low
pls (<3.9) suggested addition of 8.6 kDa subunits from ubiquitin, LC-MS-MS was
performed on tryptic digests to determine whether these proteins showed
SUMOylation or ubiquitination. The main constituents were CK14 (317 PSM), CK17
(179 PSM), CK42 (91 PSM), CK19 (76 PSM), CK12/13 (58 PSM), and CK15 (41
PSM). Some type II proteins, CK6a (67 PSM) and CK5 (47 PSM), were also found.
SUMO1-3 were not found, but sites of ubiquitin addition on CK14 and CK17 were
identified (Table 5). For CK14 Lys153 and CK17 Lys374, the same residue was
alternatively acetylated or ubiquitinated. Most of the peptide represented was in
one of these two forms, suggesting near-universal modification at those sites. One
of the ubiquitinated sites in CK17 (K172) was homologous to that of CK19
(Table 6). Thus, although the bands at very low pl contained some basic
cytokeratins, the shortfall of type II content could not be explained by selective
ubiquitination, as these bands were mainly composed of type I proteins (Table 5).

The reason for the extremely low pl of these proteins was unclear. While both
CK14 and CK17 are acetylated, modeling the effect of this PTM only slightly
changed the estimated pI (Table 3). Modeling the addition of both acetyl groups
and ubiquitin B onto CK17 gave a pl of ~5.1 and MW of ~74 kDa. The acidic pls
may have been due to PTMs not detected, or the proteins’ configurations may have
changed, causing basic charges to be sequestered in regions of the protein that were
relatively resistant to unfolding.

In skin in vivo, ubiquitination of CK14 levels occurred in the basal cells, and so
the above data were consistent with the known mechanism whereby Kelch protein,
Cul3 substrate adaptor, recruited CK14 for ubiquitination [63]. As ubiquitinated
cytokeratins were more soluble in Triton X-100 [64], the fractionation method of
the current experiments could have resulted in artifactual loss of ubiquitinated
proteins. As mentioned above for mass determinations, this could have accounted
for a shortfall in type I, but not type II cytokeratins. Another possible source of
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Figure 6.

Aveas of spots identified on 2D-PAGE gels. The areas occupied were measured and represented as a fraction of
the total area occupied by proteins on the gel. (a) Fraction occupied by CK8, bands of high MW and low pI,
and proteins in the 42—46 kDa band. (b) Fraction of type II cytokeratins as a fraction of the total active
cytokeratin, which was defined as the total area minus the area of the ubiquitinated cytokeratins. (c) Average
integrated intensity of type II cytokeratins of nonmalignant versus malignant lines. Bars, £ standard ervor of the
mean for 4—9 samples from each line.

artifact was phosphorylation, which again increased solubility and caused protein to
be lost following dissolution of the filaments [4]. Although phosphosites were
found in the current studies, they occurred in type I and type II alike (Table 6). As
acetylation had a similar effect on solubility (see for review [10]), it is possible that
the higher acetylation of CK6A accounted for some shortfall of the type II proteins.
Another source of artifact could be the variable mass of actin in the actin/CK19
band. Having been counted in the area of the acidic cytokeratins, the mass of actin
could cause an artificial elevation in the mass counted as type I. MCA7 and 4C9
samples were at the opposite extremes of high and low 42-46 kDa content
(Figure 6a). Despite being between these extreme values, BP3 cells still had less
type II, suggesting that the actin band could not explain the effect overall. By
assuming that the proteins at high MW and pI <3.9 were unavailable for filament
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ID Name PTM Peptide With PTM (%)
Q6IFV1 CK14 Acetyl-K139 LATYLDKVR 54.5
Acetyl-K153 ALEEANSDLEVKIR 83.6
Ubi-K139 LATYLDKVR 4.0
Ubi-K153 ALEEANSDLEVKIR 16.4
Q6IFU8 CK17 Acetyl-K172 TKFETEQALR 23.7
Acetyl-K374 LLDVKTR 93.0
Acetyl-K172 TKEFETEQALR 0.7%
Ubi-K374 ILLDVKTR 2.5
*Uhiquitinated and acetylated sites of cytokeratins of high MW and low (<3.9) pl.
Table 5. .
Ubiquitination in cytokeratin spots of high MW identified by LC-MS-MS.
ID CK PTM (First residue) Site
Q6IFV1 14 Phos (7) QFTSSSSMKGSCGIGGGSSR T9
14 Phos (209) TKFETEQSLRINVESDINGLR T213, S216
Q6IFU8 17 Phos (7) QFTSSSSIKGSSGLGGGSSR S13
17 Ac (130) DYSAYYQTIEDLKNK K142
17 Ac (202) ADLEMQIENLKEELAYLKK K212, 219, 220
17 Ac (408) TIVEEVQDGKVISSR K420
Q6IFU7 b} Phos (316) SVQNLEIELQSQLSM S316
Q63279 19/17 Ac (94) LASYLDKVR K100
Q63279 19/17 Ac (170) TKFETEQALR K171
Q63279 19/17 Ubi (170) TKFETEQALR K171
Q63279 19 Ac (144) ILGATIENSK K153
19 Ac (257) SQYEAMAEKNRK K265
Q6P6Q2 5 Phos (30) TTFSSVSR T30
5 Phos (45) VSLGGAYGAGGYGSR S46
5 Ac (60) SLYNVGGSKR K68
5 Ubi (60) SLYNVGGSKR K68
5 Ac (274) DVDAAYMNKVELEA K282
5 Ac (426) NKLTELEEALQK K427, 437
5 Ac (262) TTAENEFVMLKK K272
Q61G12 7 Ac (324) AKLESSIAEAEEQGE K326
Q6IG12 7/8 Ac (182) TAAENEFVLLKK K192
Q6I1G12 7/8 Ac (388) KLLEGEESR K388
Q6IG12 7/8 Ac (91) TLNNKFASFIDK K102
Q10758 8 Ac (317) LQAEIDALKGQR K325
Q4FZU2 6A Ac (150) TEEREQIKTLNNK K157
6A Ac (172) FLEQQNKVLDTK K178
6A Ac (240) SKYEDEINRR K241
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ID CK PTM (First residue) Site
6A Ac (250) TAAENEFVTLKK K260, 261
6A Ac (328) AQYEEIAKR K335
6A Phos, Glyc (339) AEAESWYQTKYEELQITAGR S342, O-GalNAc
6A Ac (365) NTKQEISEINR K367
6A Ac (380) LRSEIDHVKK K388
6A Ac (389) KQIANLQAAIAEAEQ K389
6A Ac (414) GKLEGLEDALQK K415
6A Ac (433) LLKEYQDLMNVK K435
6A Ac (523) GISSGLSSSGGSSSTIK K539
6A Glyc (523) GISSGLSSSGGSSSTIK S525

"PTMs ave on unique peptides unless otherwise designated. Ac = acetyl, Phos = phosphate, Glyc = O-GalNAc,
Ubi = ubiquitin.

Table 6.
PTMs identified by LC-MS-MS in the cytokeratins of airway epithelium.”

formation, it was possible to get an accurate estimate of the type I:type II ratio for
each line. Type II proteins from nonmalignant cells made up 49-52% of the total
(Figure 6b and c), suggesting a balance close to the hypothetical 1:1. In the malig-
nant lines, basic cytokeratins constituted 39-46% of the total protein in 2D-PAGE
gels. Despite its variability in malignant lines (Figure 6c), the lesser fractions
suggested a shortfall of type II in the total cytokeratin fraction.

4, Discussion

Investigators’ attempts to address the relationship between cytokeratins and
growth control have been frustrated by the tremendous complexity of cytokeratin
expression. In the current research, this was overcome by growing cells in media
with the same composition and collecting them in the log phase of growth iz vitro.
This relieved the constraints of the iz vivo environment. The cytokeratin profile
became surprisingly similar to normal, primary cells, even for lines differing in
growth potential in vivo. Despite the fact that the rat lines all formed squamous cell
carcinomas upon testing in hosts, the cytokeratins typical of human airway squa-
mous cell carcinomas iz vivo [28] were much reduced. There was little representa-
tion of cornification markers, and CK4, the characteristic cytokeratin of stratified
epithelia, was rare. In contrast, cytokeratins that were not prominent in vivo, e.g.
CK6A and CK17, were present at high levels.

Thus, the conservatism of cytokeratin expression, which has made these pro-
teins useful markers of a tumor’s cell type of origin, was overcome by the in vitro
conditions. Comparisons among the cultured lines suggested that B2-1 cells were
derived from mucous cells or Clara cells, but otherwise there was a dearth of
differentiation markers. For example, CK5/CK14 characterize the basal cells of
compound epithelia, but the in vitro cultures showed CKS5 levels that were far lower
than CK14. The CK8/CK18 pair making up loose filaments, called “the simple-
epithelial keratins”, characterized the lumen linings of pseudostratified and com-
plex epithelia (see for review [1]). This pair was found in most non-small cell lung
cancer lines [65]. Whereas CK8 was present in most of the samples analyzed here, it
was at lower levels than CK6A, except in the B2-1 line which apparently originated
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from a columnar cell type. In the airway epithelium iz vivo, CK6 and CK16 were
upregulated during development of squamous metaplasia [22, 66], as was CK14 in
proliferating airway cells [52]. CK6A, typically paired with CK16, was a marker of
hyperproliferation and wound healing, but the current results suggested that CK17
substituted for CK16 in the airway epithelial cultures. The CK6A/CK17 pair charac-
terized both normal cells, nonmalignant, and malignant cell lines, suggesting that it
was a hyperproliferation marker and unrelated to malignancy.

One novel observation from these studies was that ~10% or more of the
cytokeratin mass is ubiquitinated. These species do not seem to have been reported
previously but may have been missed because they occupy very low pl regions after
2D-PAGE. Although these bands might represent disordered proteins that are being
recycled, only ubiquitin-mediated targeting for degradation has been reported to date
[61, 63, 64]. As very little type II cytokeratin content was found in the highly acidic,
ubiquitinated bands, turnover mainly affected type I proteins. A previous proposal,
based on knockout of the type II genes, held that acidic cytokeratins were degraded
rapidly in the absence of basic cytokeratins [67]. This is supported by the current
work. The type I and II cytokeratin content is normally equal, but the contents here
were not equally weighted. If the ubiquitinated protein content had been included in
the mass estimates, an even higher type Iitype II ratio would have been represented.
The shortfall, however, became noticeable in the lines of high malignancy.

Previous evidence suggested that high levels of CK8 can facilitate tumor pro-
gression (see for review [9]). Although CK8 levels were elevated in some samples of
the metastasizing cell line, B2-1, this may reflect its derivation from a differentiated
secretory cell rather than oncogenic transformation. On the other hand, the species
of 42-46 kDa and high pl, especially CK19, are of interest. The samples from
tumorigenic and malignant lines generally differed in the migration of CK19 and/or
actin to higher pl. PTMs leading to a high pI in CK19 were previously associated
with worse prognoses in adenocarcinoma [51]. While subcellular reorganization of
cytokeratins is typical of cells with invasive or malignant traits [6, 31], it remains
unclear whether this is due to signaling or merely mechanical properties. Some of
the cytokeratins were implicated in signaling, but clear relationships to growth
control were lacking. CK18 and CK19 bound 14-3-3 proteins (see Introduction) and
Src kinase was inhibited by its association with CK6 [68]. If type I cytokeratin
expression depended on the presence of type II, as suggested above, it is possible
that greater turnover of acidic proteins occurred. This may account for the current
finding of ubiquitylated proteins at low pl. Thus, further studies on the deficit in 1:1
ratio of basic to acidic cytokeratins may shed light on the mechanism of structural
revision during tumor progression.
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A. Appendix
A.1 Portions of gel sampled for LC-MS-MS
The identity of the proteins on gels was determined by reference to a 4C9

sample. Six positions on the gel, shown on Figure A3, were excised for LC-MS-MS.
The MS raw files can be found at pCloud.
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https://u.pcloud.link/publink/show?code=kZuGtUXZjqkXZG6pCy]-
TO3VJHoKAWna7dM8gSU9gV

4C9

165S

2C1

Figure A1.

Replicate experiments on cytokeratins from nonmalignant lines. In 4C9, CK14 (53 kDa) and CK17 (48 kDa)
are present along with actin and CK19 (below the marker for human CK18) and type II CK5/CK6A

(56 kDa) and CK8 (54 kDa). Bands are also present at high MW and low pI (3.5-3.9). In 165S, CK14 and
CK17 ave present, along with actin and CK19. Type II cytokeratins ave represented by CK5/CK6A (56 kDa)
and CK7 (51 kDa). In 2C1, the same cytokeratins are present as in 4C9.
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MCA7

BP3

B2-1

Figure A2.

Replicate experiments on cytokeratins from malignant lines. Type I cytokeratins, CK14 and CK1y7, were
identified in all samples by reference to the map of human cytokeratins. Spots representing CK42 and CK19 are
close to the CK18 marker. In MCAy, the type II cytokeratins found were CK5/CK6A (62 kDa/59 kDa), and
CK8 (54 kDa). Faint bands are visible at low pI. In BP3, the profile is similar except that CK6A is the
predominant type II cytokeratin. There is also a faint spot near the marker for CK15, as well as four bands at
low pl. In B2-1, the CK8 band and proteins of the actin/CK42/CK19 band are prominent. Again, there are
four discrete bands at low pl.
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Figure A3.
Cytokeratins from 4C9 identified by LS-MS-MS.
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