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Keratinfilament are characteristicaly present in
epithelial ceUs and tumors, but have also been de-
tected in many normal and neoplastic non-
epithelial ceU types using immunohistochemical
techniques. To investigate the validity of this
seemingly aberrant protein expression, we ap-
plied the highly sensitive polymerase chain reac-
tion (PCR) technique to study keratin gene ex-
pression in a variety of non-epithelial tissues.
Total RNA was extractedfrom nine samples of
leiomyosarcoma, four non-Hodgkin's lymphoma,
seven normal bone marrows, normallymph node,
normal peripheral blood ceUs, freshly isolated
andcultured endothelial ceUs, cultured skinfibro-
blasts, and the myeloid leukemia ceU line HL-60.
Amplification primers and probes for the three
mostprimitive keratin types (8, 18; and 19) were
synthesized usingpublishedgene sequences. RNA
from the breast carcinoma ceU line MCF-7, known
to be rich in aU three keratins, was used as pos-
itive controL Concurrently run actinprimers were
used to confirm RNA integrity. After an initial cy-
cle with reverse transcriptase, PCR amplification
wasperformedfor30 cycles. Southern blots ofthe
PCRproducts showed variably intense bands cor-
responding to keratin 8 and 18 gene products in
aU samples, offering conclusive evidence of ker-
atin gene expression in ceUs ofboth stromal and
hematopoietic derivatiomL However, keratin 19
gene transcription was not nearly so ubiquitous,
being detected in normalfibroblasts and endothe-
llal ceUs, two offour non-Hodgkin's lymphoma
andfour ofnine leiomyosarcoma, but not in nor-
mal lymph node, peripheral blood cells, HL-60

ceUs, or any of the seven normal bone marrows
examined. Dilutional experiments showedPCR to

be highly sensitive in the detection of keratin 19
gene expression, capable of registering one

MCF-7 ceU in 106 HL-60 ceUs. These studies show
that variable levels of keratin 8 and 18 gene ex-

pression may be detected byPCR in a wide varlety
ofnon-epithelial tissues, supportlingprevious im-
munohistochemical and phylogenetic studies.
However, keratin 19 gene expression appears to
be more restricted and was not evident in any he-
matopoietic ceUs devoid of contaminating stro-
mal elements. these flndings suggest a role for
PCR in the detection ofepithelialmicrometastasis
in certain sites, particularly bone marrow. (Am
JPathol 1993, 142:1111-1118)

Intermediate filaments (IF) are the principal compo-
nents of the cytoskeleton in mammalian cells. Five
major classes of IF exist and are believed to be ex-
pressed in a cell type-specific manner: keratin in ep-
ithelial cells, desmin in muscle cells, vimentin in mes-
enchymal cells, glial fibrillary acidic protein in glial
cells, and neurofilaments in neural cells.1 Because
malignant cells tend to retain the IF of their progenitor
cell type, immunohistochemical methods for the de-
tection of these proteins have been widely instituted
to aid in the characterization of neoplastic tissues.2
Antibodies directed against keratin are the IF marker
most commonly used and have proven to be reliable
indicators of epithelial derivation.3 However, recent
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studies have reported keratin immunoreactivity in
smooth muscle tumors4-8 and a diverse array of non-
epithelial tumors,9 21 suggesting this IF may not be as
cell type-specific as previously thought. To investi-
gate the etiology of this seemingly aberrant protein
expression, we examined a variety of normal and neo-
plastic tissues of non-epithelial origin for keratin gene
expression using the highly sensitive polymerase
chain reaction (PCR) technique. Specifically, mesen-
chymal and hematopoietic tissues were studied for
expression of the three most primitive keratin genes
to test the specificity of the association between these
IF and cells of epithelial origin.

Materials and Methods

Total RNA was extracted from recently isolated via-
ble cells or a small piece (approximately 0.5 g) of
frozen tissue stored at -80 C using commercial
RNAzol B (Cinna/Biotex Laboratories International,
Inc., Friendswood, TX). Nine cases of leiomyosar-
coma, four malignant non-Hodgkin's lymphomas,
seven normal bone marrows, normal peripheral
blood mononuclear cells, freshly isolated and cul-
tured umbilical vein endothelial cells, cultured nor-

mal skin fibroblasts, a normal lymph node, and the
myeloid leukemia cell line HL-60 were extracted.
RNA from the breast carcinoma cell line MCF-7
served as control for all studies. Using previously
published complementary DNA sequences,22-25 oli-
gonucleotide primers and probes were synthesized
by the phosphoramidite method on an Applied Bio-
systems DNA synthesizer (Foster City, CA). To avoid
spurious amplification of genomic DNA, each
primer set was chosen to span an intron.

Keratin 8 Primers and Probe Sequence

Keratin 8 primers and probe sequence were as fol-
lows. Primer 1: 5'-CTG GTG GAG GAC TTC AAG
AAC-3'; Primer 11: 5'-GAC CTC AGC AAT GAT GCT
GTC-3'; Probe: 5'-CAA GAA GGA TGT GGA TGA
AGC-3'.

Keratin 18 Primers and Probe Sequence

Keratin 18 primers and probe sequence were as

follows. Primer I: 5'-AGC CAT TAC TTC AAG ATC
ATC-3'; Primer Il: 5'-CTC TGT CTC ATA CTT GAC
TCT-3'; Probe: 5'-ATT GTC AAT CTG CAG AAC
GAT-3'.

Keratin 19 Primers and Probe Sequence

Keratin 19 primers and probe sequence were as
follows. Primer 1: 5'-GCG GGA CAA GAT TCT TGG
TG-3'; Primer 11: 5'-CTT CAG GCC TTC GAT CTG
CAT-3'; Probe: 5'-CTT CCG AAC CAA GTT TGA
GAC-3'.

Human 3-Actin Primers

Human 3-Actin primers were as follows. Primer 1: 5'-
TCA TCA CCA TTG GCA ATG AG-3'; Primer II: 5'-
CAC TGT GTT GGC GTA CAG GT-3'.

One hundred nanograms of total RNA from each
tissue sample were amplified using 10 pmol of each
primer set specific for 3-actin and keratins 8, 18,
and 19. An initial cycle with reverse transcriptase
was performed at 37 C for 7 minutes. The PCR re-
action was then performed for 30 cycles using PCR
buffer from a Perkin Elmer Cetus DNA Amplification
Kit under the following conditions. 1) Keratin 8: de-
nature at 94 C for 1 minute, anneal at 55 C for 1
minute, extend at 72 C for 2 minutes (extension time
prolonged to 10 minutes for the last cycle). 2) Kera-
tin 18: the annealing temperature was 48 C. 3) Ker-
atin 19: the annealing temperature was 57 C.

After completion of the amplification cycles, 10 pl
of each PCR product was run in 1.5% agarose gel,
transferred to nitrocellulose membrane, and hybrid-
ized overnight with 32P-labeled oligonucleotide
probes internal to the PCR primers. Post-hybridiza-
tion washes were carried out in 6X SSC at room
temperature for 2 hours. Autoradiograph exposure
times varied from 15 minutes at room temperature
to overnight at -70 C.

To test the sensitivity of the PCR technique,
MCF-7 cells were serially diluted with HL-60 cells.
RNA extracted from each dilution was amplified and
probed for the presence of keratin 19 transcripts.

Results
The primers used for amplification of keratins 8, 18,
and 19 were proven to be unique by comparing
their sequences with all known primate genes on
file at the GenBank at the National Institutes of
Health. No sequences homologous with any of the
primers were found, except for the keratin genes
specifically being amplified.
RNA integrity was confirmed in all samples by the

detection of a 154-bp actin product in ethidium
bromide-stained gels. Southern blot analysis of the
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Table 1. Keratin Gene Expression in Non-Epithelial Tissues

Tissue sample Keratin 8 Keratin 18 Keratin 19

MCF-7 cells + + +
Peripheral blood mononuclear cells + +
Endothelial cells + + +
Fibroblasts + + +
Normal lymph node + +
Normal bone marrow (7) + (7) + (7) - (7)
HL-60 cells + +
Non-Hodgkin's lymphoma (4) + (4) + (4) + (2)
Leiomyosarcoma (9) + (9) + (9) + (4)
MCF-7 is a human breast carcinoma cell line known to be rich in all three primitive keratins. HL-60 is a human acute myeloid leukemia cell

line. For tissue types in which more than one specimen was studied, the number of samples with (+) or without (-) detectable transcripts is
given in parentheses following the appropriate symbol.

amplified keratin 8, 18, and 19 gene products re-
vealed variable keratin gene expression in the dif-
ferent tissue types, as summarized in Table 1. Only
hybridizing bands of the expected molecular size
(277 bp for keratin 8, 135 bp for keratin 18, and 214
bp for keratin 19) were taken to be conclusive evi-
dence of keratin gene expression. Occasional
higher molecular weight bands were seen on the
keratin 8 and the keratin 19 blots and were taken to
be nonspecifically amplified PCR products. All nor-
mal tissues examined, including isolated endothelial
cells, cultured fibroblasts, normal lymph node, pe-
ripheral blood mononuclear cells, and the myeloid
leukemia cell line HL-60, contained detectable kera-
tin 8 and 18 transcripts (Figure 1). In addition, kera-
tin 8 and 18 gene products were present in aspi-
rated cells from all seven normal bone marrows
studied (Figure 2). The intensity of the keratin 8 and
18 bands, a rough indicator of gene transcript lev-
els best judged relative to MCF-7 expression, varied
greatly between samples. Furthermore, due to the
many vagaries involved in the process of RNA ex-
traction, amplification, and Southern blotting, any
quantitative estimate of gene product levels in these
samples is presumptive, at best. However, overall
there appeared to be more keratin 18 RNA present
in these non-neoplastic tissues than keratin 8 RNA.
The degree of expression of the two keratin genes
was rarely equal in individual cases, and no consis-
tent relationship of keratins 8 and 18 levels was ev-
ident in the different types of normal tissue. Even
within the one normal tissue type on which multiple
samples were studied, namely bone marrow, there
were no consistently proportionate levels of keratin
8 and keratin 18 RNA.

All nine leiomyosarcoma samples and all four
non-Hodgkin's lymphomas studied also expressed
both keratin 8 and 18 genes (Figures 3 and 4). In
these malignant tissues there was no consistent
preferential expression of one keratin type, though

in general there appeared to be greater keratin 8
levels in the majority of samples. As with the normal
tissues, there was also no consistent relationship
between tumor type and the relative expression
levels of the two keratin genes.

In contrast to expression of the keratins 8 and 18
genes, keratin 19 gene expression is not nearly so

Figure 1. Keratin gene expression in control MCF-7 cells (C), mye-
loid leukemia HL-60 cells (1), normal lymph node (2), peripheral
blood mononuclear cells (3), endothelial cells (4), andfibroblasts (5).
a: amplified keratin 8 gene product of 277 bp; b: 135-bp keratin 18
product. C: 214-bp keratin 19 PCR product. Note the presence of de-
tectable keratin 19 gene product in the stromal cell samples but not
in the hematopoietic samples.
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Figure 2. Keratin gene expression in seven niormal bone marrou
samples. a: keratin 8 PCR product; b: keratin 18 product; C: keratin
19 product; C: control MCF-7 cells. Keratin 8 and 18getne expression
is relativlelv homogenious, except for tuwo samples that shouw only small
amountits of keratini 8 genie producct. A spurious higher molecuilar
weight banzd representing nonspecifically amplified product is present
in sample 6 amplified for keratinz 8. Note the absenice of any detect-
able keratini 19 getne prodtuct in all the bonie marrou samples.

ubiquitous. In normal tissues, keratin 19 transcripts
were found only in endothelial cells and fibroblasts.
Keratin 19 gene expression appeared to be espe-
cially strong in endothelial cells, comparable with

Figure 3. Keratin gene expression in nine leiomyosarcoma. Thepan-
els and control tissue are the same as shown in Figures 1 and 2.
There is variable but detectable expression of keratin 8 and 18 genes

in all nine samples. 7Tere is a convincing keratin 19 signal in two
cases (5 and 9), weak gene expressiotn in two cases (1 and 4), and
no detectable product in the remaining five specimens. Keratin 19-
positive stromal cells (fibroblasts and endothelial cells) may be a

soturce of contamination in these studies, particularly in cases 1 and
4. Rare nonspecifically amplified products uere present after keratin
19 amplification, as seen in lane 4; these inappropriately sized banids
were not considered to be indicators ofgene expressionz.

Figure 4. Keratin gene expressiotn in fouir non-Hodgkin's Iymphoma.
The panels and control tissue are the same as shoun in Figures 1
anid 2. Tbere is variable expression of the keratin 8 and 18 genes in
all samples. Keratint 19 gene expression is not detectable in two cases
and shous on/v slight positivity in the other tu'o samples. The faint
signial seent in speciments 2 anid 3 may be duie to the presenice of con-
taminating stromal cells.

the levels found in MCF-7 breast carcinoma cells.
Low-level gene activity was present in pure fibro-
blast cultures, but no keratin 19 transcripts were de-
tected in HL-60 cells, normal lymph node, or pe-
ripheral blood and bone marrow cells (Figures 1
and 2). Keratin 19 gene expression was variable in
the leiomyosarcoma samples, with two cases (5
and 9) being convincingly positive, two cases (1
and 4) showing faint bands, and the remainder be-
ing clearly negative (Figure 3). Keratin 19 tran-
scripts were also inconsistent in the non-Hodgkin's
lymphoma cases studied, with two cases (2 and 3)
showing faint bands and two showing no bands
(Figure 4).

The sensitivity of the PCR detection of keratin
gene expressing cells was tested by diluting MCF-7
cells with HL-60 cells, and analyzing the extracted
RNA for keratin 19 transcripts. As seen in Figure 5,
the lower limit of detection was about one cell in
10,000 (1:104) after a 2-hour exposure at room tem-
perature. However, overnight exposure at -70 C
yielded faint bands at 1:10,6 a finding comparable
with other PCR detection systems.
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Figure 5. PCR detection of keratin 19 gene expression in MCF- 7 cells
(M), HL-60 cells (H), and MCF-7:HL-60 dilutions of 1:102 (2), 1:10l
(3), 1:104 (4), 1:105 (5), and 1:106 (6). Exposure of the autoradio-
graph for 2 hours at room temperature gives this picture showing de-
tectable signals to the 104 dilution. However, overnight exposure at
-70 C revealed a faint band in the 106, dilution.

Discussion
The cytoskeleton of eukaryotic cells is composed of
relatively large tubulin polymers (22-25 mm in di-
ameter), microfilaments of actin (5-7 nm), and a

third group of 7- to 11-nm diameter filaments called
intermediate filaments, because of their size. Study
of these intermediate sized filaments with human
and rabbit antisera revealed significant immu-
nophenotypic heterogeneity and allowed categori-
zation into five classes with a high degree of cell-
type specificity: cytokeratins in epithelial cells,
neurofilaments in neurons and peripheral neuroen-

docrine cells, glial fibrillary acidic protein in astro-
cytes, desmin in muscle cells, and vimentin in mes-

enchymal cells.1 With the exception of neurofila-
ments and cytokeratins, the intermediate filaments
are composed of one type of protein. The keratin
filaments are especially complex, however. At
least 20 distinct cytokeratin proteins have been
identified, each probably encoded by a separate
gene. 26,27

The keratin proteins may be divided into two
broad subgroups based on their individual molecu-
lar weights and isoelectric points (pi), as deter-
mined by two-dimensional gel electrophoresis.26
The smaller proteins, ranging from 40 to 56 kd and
have relatively acid pl, comprise numbers 10 and
12 through 20 in Moll's classification system. The
larger filaments range from 53 to 67 kd, have a rel-
atively basic pl, and correspond to keratin types 1
to 8 according to Moll. A typical keratin filament is
composed of one member from the smaller protein
group and a specific corresponding member from
the larger protein group. For example, keratins 8
and 18 are usually paired in simple normal epithe-
lia, and are often abundant in epithelial neoplasms.
Keratin 19 (40 kd) is the sole exception to this rule.
This Moll type is the first to appear during embry-

onic life, and may nonspecifically pair with any one
of a number of basic keratins.

Keratins are the most reliable markers of epithe-
lial differentiation and are therefore more useful than
the other intermediate filaments in the characteriza-
tion of neoplastic tissues.23 A large number of sen-
sitive and specific antibodies to keratin filaments
have been generated, leading to many reports on
the utility of these reagents in diagnostic surgical
pathology. Initial reports indicated a high degree of
specificity of keratin antibodies for epithelial tis-
sues. 26,28 However, as is common with immu-
noreagents, as the number of studies increased, the
apparent specificity of the antibodies decreased.
Keratin immunoreactivity has now been reported in
a diverse array of normal and malignant non-
epithelial tissues that include lymph node reticulum
cells,29 melanoma,14 lymphoma and plasmacy-
toma,12'16 and smooth muscle.46'7 In addition, a
long list of soft-tissue tumors have shown immuno-
cytochemical positivity for keratin: synovial sar-
coma,10 epithelioid sarcoma,9 leiomyosarcoma,458
rhabdomyosarcoma,15 malignant fibrous histiocyto-
ma, 17 rhabdoid tumor,11 Ewing's sarcoma, 13 en-
dometrial stromal sarcoma,21 and a variety of endo-
thelial cell tumors.18-20 Many of these tumor types
have only rarely been reported to be keratin-
positive, and the validity of some of these reports
has been seriously questioned.3>32 However, the
aberrant expression of keratin filaments have been
repeatedly documented in some tissues, such as
normal smooth muscle, smooth muscle tumors, and
endothelial lesions, with convincing biochemical
confirmation in a few cases.5-7

To test the immunohistochemical evidence that
keratin filaments are present in some non-epithelial
cells, we examined a wide variety of normal and
neoplastic non-epithelial tissues for keratin gene ex-
pression using the highly sensitive PCR technique.
We restricted our study to keratins 8, 18, and 19, as
these are the most simple keratins and are the first
to be expressed in normal phylogeny.1 These stud-
ies revealed that keratin 8 and 18 genes were tran-
scribed in all tissues examined, both benign and
malignant. Normal tissues positive for keratin 8 and
18 RNA included a variety of hematopoietic tissues
in the form of peripheral blood mononuclear cells,
aspirated bone marrow cells, and lymph node. Nor-
mal mesenchymal tissue examined included fibro-
blasts and umbilical vein-derived endothelial cells.
Multiple cases of non-Hodgkin's lymphoma and lei-
omyosarcoma were the solid tissue tumors studied.
Significantly, the HL-60 cell line, a pure culture of
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acute myeloid leukemia, was also found to contain
keratin 8 and 18 transcripts.

Although our results indicate that keratin genes 8
and 18 are ubiquitously expressed, keratin 19 gene
activity appears to be somewhat more restricted.
Specifically, no keratin 19 gene activity was de-
tected in normal peripheral blood and bone marrow.
Significantly, a total of seven normal bone marrow
aspirations were studied, and no evidence of kera-
tin 19 gene expression was detected, even after
long exposure times at -70 C. Furthermore, the my-
eloid leukemia cell line HL-60 was devoid of detect-
able keratin 19 transcripts. Conversely, both of the
normal mesenchymal tissue types studied, namely
fibroblasts and endothelial cells, had detectable
keratin 19 expression. A significant minority of lei-
omyosarcomas also expressed this keratin type, al-
though the level of expression varied, as judged
from the band intensity on the Southern blots. The
presence of keratin 19 transcripts in two of the four
non-Hodgkin's lymphomas is somewhat perplexing,
especially considering the absence of detectable
gene activity in peripheral blood and bone marrow,
but may be explained on the basis of contaminating
stromal cells (fibroblasts and endothelial cells). The
faint positivity of the two positive cases is consistent
with the presence of only a minor population of
keratin-expressing cells in these tissues. Unfortu-
nately, the ubiquitous presence of these stromal
cells as a contaminating source of keratin 19 cannot
be easily avoided. In fact, we cannot entirely ex-
clude stromal cells as a possible source of keratin
19 transcripts in the leiomyosarcoma samples, even
though the band intensity in two of the samples
suggests that the source of this RNA is not a minor
component of the cell population.

Detection of gene expression of simple keratins
in a variety of non-epithelial tissues is a novel find-
ing, but not entirely surprising, as good evidence of
the filament in mesenchymal tissues already exist.
The presence of keratin protein has been previously
demonstrated in normal smooth muscle cells and
smooth muscle tumors with Western blots.5-7 In ad-
dition, although an early antibody study of umbilical
vein endothelial cells showed no keratin positivity,33
subsequent studies have found the protein in a sub-
set of normal endothelial cells in the toad Xenopus
laevis, in the rainbow trout, and in man.3435 These
previous studies, as well as our detection of keratin
gene expression in vascular endothelium, serve to
illustrate the fact that endothelium is really a form of
epithelium, being derived from mesenchyme that
also gives rise to mesothelium and renal tubular

cells.36 However, our studies also offer the first con-
clusive evidence of keratin gene expression in he-
matopoietic cells. Unlike mesenchymal tissue, in
which transcription of all three primitive keratin
genes occurs, our studies suggest that only keratin
8 and 18 genes are active in hematopoietic cells.
Keratin 19 gene expression was not detected in the
absence of contaminating stromal cells.
As the function of intermediate filaments is still

largely unknown, the biological significance of kera-
tin gene expression in these non-epithelial tissues
remains obscure. Their primary function has been
presumed to be mechanical support, as these pro-
teins are relatively insoluble and not easily degrad-
ed.1 Maintenance of normal structure is important
for all cells, and even though the protein may be
present in only very small quantities, this seems the
most likely role of keratin filaments in non-epithelial
tissues. In epithelial cells, keratin filaments have
also been shown to interact with desmosomal
plaque proteins and are therefore probably impor-
tant in cell-to-cell cohesion.1 More recently, expres-
sion of primitive keratins has been correlated with
invasive and metastatic potential in a series of mel-
anoma cell lines, a cryptic but intriguing finding.37

This study was begun with the intent of evaluat-
ing the possible usefulness of PCR for the detection
of epithelial micrometastases. Our results clearly in-
dicate that the widespread presence of keratin 8
and 18 gene activity, even in hematopoietic cells
and tissues, precludes the use of epithelial cell de-
tection by PCR for these particular genes. However,
keratin 19 gene expression is more limited and may
be of some clinical utility, especially for the detec-
tion of small metastatic deposits in bone marrow.
Unfortunately, the presence of keratin 19 activity in
stromal cells is problematic, as these elements are
inevitably present in solid tissue samples such as
lymph nodes. The bone marrow specimens studied
did not contain detectable keratin 19 messenger
RNA, indicating that the act of aspiration apparently
renders contaminating stromal cells below the de-
tection limit of this technique. PCR analysis of kera-
tin 19 may therefore be of some use in the study of
aspirated bone marrow for micrometastasis, either
as a staging procedure or in preparation for autolo-
gous bone marrow transplantation. Our dilution ex-
periments show the sensitivity for the detection of
keratin 19 gene expressing cells is high, capable of
detecting one epithelial cell among 1,000,000 he-
matopoietic cells. This degree of sensitivity is prob-
ably near the limit of reliable PCR detection and is
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comparable with that seen in the study of bcl-2
gene rearrangements.38

In conclusion, these studies indicate that keratin
filament gene expression is not restricted to cells of
epithelial origin and may be found by PCR in a wide
variety of normal and neoplastic non-epithelial tis-
sues. In particular, our results lend credence to the
previously reported finding of keratin filaments in
smooth muscle and endothelial cells and tumors,
and document for the first time keratin gene expres-
sion in hematopoietic cells. The ubiquitous pres-
ence of keratin gene expression, especially keratins
8 and 18, precludes PCR analysis of these genes
as a detector of micrometastases. However, PCR
analysis of keratin 19 gene expression may prove to
be useful in the detection of epithelial tumor depos-
its in selected sites, such as bone marrow.
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