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pension cultures), cell lines were harvested, pelleted, fixed in 10% buffered
formalin, processed, and paraffin embedded using routine procedures. Nude
mouse xenografts of cell lines H417 and H2009 were developed as described
(20). Resected xenografts were fixed in 10% buffered formalin, routinely
processed, and paraffin embedded. Twenty breast carcinomas were randomly
selected from the tissue files of the UNC Carolina Breast Cancer Study.
Nineteen bladder carcinomas, 19 colon carcinomas, and 17 pulmonary carci-
nomas were randomly retrieved from the files of the Veterans Administration
Medical Center Department of Pathology (Minneapolis, MN). For all four
anatomic sites, different histological subtypes of carcinoma were represented.
Most tumors were primary, but a small number of metastatic lesions were also
included. The neoplasms had been fixed in 10% buffered formalin, routinely
processed, and embedded in paraffin.

Materials. Mouse monoclonal anti-RB antibody 3C8 was purchased from
QED (San Diego, CA; Ref. 21). Rabbit polyclonal anti-p16 antiserum was
obtained from PharMingen (San Diego, CA; Ref. 8). For immunohistochem-
istry, nonspecific mouse IgG1 or rabbit serum, respectively, was used as
negative control reagent. The detection reaction used the Vector (Burlingame,
CA) Elite ABC kit.

Western Blotting. Whole-cell lysates from each cell line were prepared
from 5 X 10° cells in 1 ml of lysis buffer as described previously (22), and 100
ug of total protein were electroblotted onto nitrocellulose following separation
on a 15% SDS-PAGE gel. Nitrocellulose filters were incubated overnight with
a 1:1000 dilution of anti-pl6 antiserum. Detection was performed using
enhanced chemical luminescence as recommended by the manufacturer (ECL;
Amersham, Arlington Heights, IL).

Immunohistochemistry. The immunohistochemical assay for detecting
pRB in fixed and paraffin-embedded tissues has been described in detail
elsewhere (23, 24). Following antigen retrieval in hot citrate buffer, paraffin
sections were reacted with antibody 3C8 (negative controls: nonspecific mouse
IgG1) at 1 pg/ml for 1 h. Immunohistochemical staining for pl6 was per-
formed without an antigen retrieval step. Five-um paraffin sections of cell
blocks or tumors were dewaxed, rehydrated, and reacted with p16 antiserum
(negative controls: preimmune rabbit serum) at a 1:400 dilution at 4°C over-
night. The detection reaction was a minor modification of the Vector Elite
ABC kit protocol. Biotinylated goat antirabbit antibody was added at a 1:200
dilution for 30 min at room temperature. ABC was used at a 1:75 dilution for
30 min at room temperature. For color development of both pRB and p16
stains, we used 3,3’- diaminobenzidine tetrahydrochloride and phosphate-
citrate-urea-H,0, tablets (Sigma Chemical Co.). Hematoxylin was used as
counterstain. Nuclear and cytoplasmic reactivity were separately graded as: —,
absent; +, weak; 2+, moderate; and 3+, strong.

Results

Development of an immunohistochemical assay for p16. The p16
staining protocol as detailed in “Materials and Methods” was arrived at
after several obstacles were recognized. It appears that p16 is a compar-
atively unstable protein that is easily damaged by prolonged fixation,
desiccation, oxidation, and various antigen retrieval methods. Its level in
normal tissues also seems to be lower than that of pRB. As controls, we
used paraffin-embedded cell buttons of eight cell lines with well-defined
pl16 status, as well as routinely processed sections from two nude mouse
xenografts (Table 1). Western blot analysis of these specimens confirmed
previous observations (8). There was good concordance between these
data and the immunocytochemical staining pattern (Table 1; Fig. 1). Cell
lines and nude mouse xenografts derived from them showed similar
patterns of reactivity (Fig. 1, B and D).

All four cell lines and the two xenografts with positive p16 status
showed moderate to strong nuclear staining, associated with variable
levels of cytoplasmic reactivity. Interestingly, a subset of nuclei in the
pl6-positive cells remained unstained (Fig. 1B). All four p16-negative
cell lines were devoid of nuclear reactivity. However, all displayed
focal or diffuse cytoplasmic staining (Fig. 1C), which could be strong.
Sections reacted with nonspecific rabbit serum at a 1:400 dilution
showed neither nuclear nor cytoplasmic reactivity. We conclude that

Table 1 pl6 expression in control cell blocks and nude mouse xenografts: correlation
of Western blot and immunocytochemistry
Western analysis was performed using protein extracts of cell lines and xenografts.
Paraffin-embedded cell buttons and formalin-fixed xenografts were reacted with anti-p16
antibody and evaluated as described in “Materials and Methods.” Reactivity ranged
from - (absent) to 3+ (strong).

Immunostaining

Cell line Cell tpye? Western blot” Nuclear Cytoplasmic
H792 SCLC Neg - +
H841 SCLC Neg - 2+
H2373 Mesothelioma Neg - 3+
U20S Osteosarcoma Neg - +
Saos2 Osteosarcoma Pos 2+ +
H2172 NSCLC Pos 2+ 2+
H417 SCLC Pos 3+ 2+
H417A° SCLC Pos 2+ +
H2009 NSCLC Pos 2+ 2+
H2009R,¢ NSCLC Pos 2+ 2+

“SCLC, small cell lung carcinoma; NSCLC, nonsmall cell lung carcinoma.
b Neg, no band; Pos, distinct 16K band.
€ Nude mouse xenografts.

only nuclear staining can be taken as evidence of p16 expression,
whereas cytoplasmic reactivity may be nonspecific.

Immunohistochemical Evaluation of p16 Expression in Archi-
val Tumors and Correlation with RB Status. To demonstrate the
applicability of the immunohistochemical p16 staining protocol devel-
oped in cell blocks and xenografts to formalin-fixed and paraffin-embed-
ded human neoplasms, we stained 75 random archival tumor specimens
representing four of the most common human malignancies for p16. As
it had been suggested that p16 and pRB expression may be inversely
correlated in some tumor types (4, 8, 11), immunohistochemistry for RB
was also performed as described previously (23, 24). A tumor was
considered to be p16 negative if there was no nuclear staining in any of
the tumor cells (in a few cases, there was some focal weak reactivity)
regardless of cytoplasmic staining, whereas admixed nonneoplastic ele-
ments did show nuclear reactivity (positive internal control). If the latter
were negative as well, the stain was considered uninterpretable. A tumor
was considered p16 positive if there were stained nuclei in all interpret-
able areas of the neoplasm. Similar criteria were applied in the evaluation
of RB stains (23, 24). Sections treated with nonspecific rabbit serum or
mouse IgG1 were completely nonreactive. Fig. 2 shows examples of the
three different reaction patterns.

In 43% of all carcinomas, both pRB and p16 could be identified
(Fig. 2, A and B). Thirty-seven % of neoplasms had undetectable p16
(Fig. 2D), while 20% of tumors lacked pRB (Fig. 2E). No tumor had
lost both RB and p16. Differences existed in the expression of the two
tumor suppressor genes between carcinomas from different anatomic
sites (Table 2). Breast cancers had the highest rate of p16 negativity
(65%). Bladder and lung carcinomas had the highest rate of RB
abnormalities (approximately 30%). Only 3 of 19 colon carcinomas
showed evidence of aberrant RB or p16 expression, whereas only
one-third of bladder cancers and a one-fourth of breast and lung
cancers expressed both pRB and p16 (Table 2). Whereas RB-positive
tumors generally had more diffuse and intense nuclear staining com-
pared to adjacent normal tissue, most p16-positive neoplasms dis-
played relatively weak nuclear reactivity in 10-70% of cells in a
mosaic pattern. Stronger and more diffuse nuclear p16 staining oc-
curred predominantly in RB-negative tumors (Fig. 2, E and F) but
also in tumors with preserved pRB reactivity (Fig. 2, A and B).

Discussion

Abnormalities involving the CDKN2/MTS] gene have been found
both in resected human tumors and in cell lines derived from them. A
number of investigators have suggested that the high frequency of p16
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Fig. 1. Correlation between Western blot and immunocytochemistry of p16-positive and p16-negative cell lines. A, pl6 Western blot (3-day exposure) of cell lines H2009 (p16
positive, left lane) and H792 (p16 negative, right lane). Left, size markers. Note faint high weight cross-reactive bands in both lanes. B and C, immunocytochemical p16 stains of cell
blocks of H2009 (B) and H792 (C). Note that in B, there is strong nuclear and somewhat weaker cytoplasmic reactivity; a minority of nuclei remains unstained. In C, there is no nuclear
staining but focal, weak to moderate cytoplasmic reactivity. B and C, X600. D, immunohistochemical p16 stain of H2009 R, nude mouse xenograft. Strong nuclear and somewhat less
intense cytoplasmic staining in most of the tumor cells. The mouse stroma is nonreactive. X400.

deletions in cell lines may represent a tissue culture adaptation artifact
since the rate of abnormalities in resected tumors appears to be signifi-
cantly lower (10, 18). However, serious methodological problems call
these conclusions into question. Virtually all published studies on primary
tumors are based on homogenates that invariably included nonneoplastic
cells as well. It is conceivable that in many cases, the number of normal
cells in a given specimen was sufficiently large to obscure any evidence
of a homozygous deletion that may have been present in the tumor cells.
As deletion appears to be the principal mechanism of CDKN2/MTS1 gene
inactivation and, unlike for p53, point mutations seem to be less common
(9, 14), stromal contamination is a very significant problem for PCR-
based, Southern, Northern, or Western analyses. In addition, DNA-based
approaches may also fail to detect gene silencing by DNA hypermethy-

lation, which appears to be another mechanism for inactivating the
CDKN2/MTS]I gene (12, 15). To selectively evaluate pl16 expression in
neoplastic cells in resection specimens, we have devised an immunohis-
tochemical assay for this protein. Using well-defined p16-positive and
pl6-negative control cell lines and nude mouse xenografts, we were able
to establish an immunohistochemical assay that has adequate sensitivity
and specificity and that can be performed on paraffin sections. There was
complete agreement between Western blot and immunohistochemical
data for all 10 controls tested (Table 1). In agreement with previous
descriptions of nuclear localization of the p16 protein (5, 11, 25), we
found that p16-negative cell lines were devoid of nuclear staining. How-
ever, there was variable cytoplasmic reactivity, which could be strong and
which has to be considered nonspecific.
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Fig. 2. pRB and p16 staining patterns in primary human carcinomas. Left panels, RB stains; right panels, p16 stains. A and B, example of RB+/p16+ tumor (nonsmall cell carcinoma of
lung). Note diffuse and distinct nuclear staining for both pRB and p16. C and D, example of RB+/p16~ tumor (infiltrating lobular carcinoma of breast). In D, note that tumor cells show neither
nuclear nor cytoplasmic staining, while admixed stromal cells (arrows) have strong, predominantly nuclear reactivity. E and F, example of RB—/p16+ tumor (poorly differentiated infiltrating
ductal carcinoma of breast). In E, admixed stromal cells display distinct nuclear staining (arrows) while the tumor is completely negative. In F, the tumor has strong nuclear and cytoplasmic

reactivity. A-F, X400.

It is unclear how much of the cytoplasmic staining seen in p16-
positive cells is nonspecific or due to extranuclear pl6. Previous
limited immunofluorescence or immunocytochemical studies also re-
ported variable degrees of cytoplasmic reactivity in p16-positive cells

Table 2 pRB and p16 expression by i histochemistry in routinely pr d
human tumors
Random formalin-fixed, paraffin-embedded carcinomas from four different anatomic
sites were sectioned and reacted with anti-RB and anti-p16 antibodies. Each tumor was
evaluated for normal (+) or aberrant (-) RB and p16 expression.

Organ RB+/pl6+ RB+/pl16- RB-/pl16+ RB-/pl16- Total
Breast 5 13 2 0 20
Bladder 7 5 7 0 19
Colon 16 2 1 0 19
Lung 4 8 5 0 17
Total 32 28 .15 0 75

(5, 11). Even in p16-positive cell lines, a subset of nuclei remained
unstained (Fig. 1B). This finding indicates that the intracellular level
of pl6 may be subject to largely unknown regulatory mechanisms.
Indeed, it has been shown that the level of p16 may vary as much as
S-fold during the cell cycle, the lowest number of pl6 molecules
occurring in G, and early G, (26). This is analogous to the fluctuation
in pRB levels (2) and may explain why in many primary tumors and
most normal tissues only a minority of cells displays nuclear p16
staining, which usually is weak. Our interpretation of this staining
pattern is in contrast to the conclusion by Reed et al. (27) that a
mosaic pattern of expression with absence of pl6 reactivity in a
proportion of tumor cells can be viewed as evidence of a homozygous
pl6 deletion in the unlabeled cells. These authors, using the same
anti-p16 antibody but a different staining protocol, reported the only
other immunohistochemical study on paraffin-embedded human tis-
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sue known to us. In two p16-positive control cell lines, 100% of cells
were labeled (27), but there was very strong cytoplasmic reactivity,
and it is unclear whether all cells had nuclear staining above the
cytoplasmic background.

To demonstrate that the p16 staining protocol was applicable to
archival pathological specimens and to investigate preliminarily
the frequency of p16 abnormalities in human tumors, we randomly
selected 75 paraffin blocks with common carcinomas from four
different anatomic sites. We additionally stained all samples for
pRB. The frequency of RB abnormalities was similar to those
reported previously (8, 19, 23). As expected, bladder and lung
cancers had the highest number of RB-negative cases (approxi-
mately 30%). Interestingly, we also found abnormal RB expression
in one colonic carcinoma; no previous RB abnormalities in this
type of tumor have been described. Our data confirm observations
by others that the level of p16 in normal cells generally is low (14,
17, 26). Moreover, in preliminary experiments, we noticed that p16
may be an unstable protein, although it could be detected in
paraffin blocks up to 20 years old. Paraffin sections may lose their
p16 reactivity if left at room temperature over a prolonged period
of time, and the protein seems to be damaged by microwave-based
antigen retrieval techniques. Staining is best if freshly cut sections
are used. Thirty-seven % of all tumors tested were negative for
p16. The number of cases was small, and more definitive estimates
of immunohistochemical p16 abnormalities in human tumors will
depend on larger studies. However, we provide preliminary evi-
dence that the rate of abnormal pl16 expression may vary widely
between different types of carcinomas. It may be high in breast
cancers (65% in our series), somewhat less in lung and bladder
cancer (47 and 26%, respectively), and uncommon in colon cancers
(only 2 of 19 cases were negative). Our data are in good agreement
with two previous surveys of pl6 deletions and mutations in a
variety of human cancer cell lines (6, 9). However, they are in
contrast to studies reporting a low rate of pl6 deletions or muta-
tions in primary breast cancer, using different methodological
approaches (13, 18). Our staining data also support observations by
others that abnormalities involving both the RB and the CDKN2/
MTS] genes are a very rare occurrence in human neoplasia (8, 11).
On the other hand, 43% of all tumors, including 24% of lung
cancers, were immunoreactive for both pRB and pl6, indicating
that expression of these two proteins in some common human
malignancies may not be mutually exclusive, as had been sug-
gested previously for pulmonary carcinoma (8). It also had been
proposed that p16 levels may be highest in RB-negative cells (4,
28). In partial support of this notion, pl6 immunostaining was
strong in a minority of our tumors, most but not all of which were
RB negative.

Although the immunohistochemical evaluation of archival tumor
specimens for p16 and RB expression has many advantages, we are
mindful of the limitations of this approach. The interpretative
pitfalls of RB immunostaining are described in detail elsewhere
(24). Problems include positive staining of tumors with missense
mutations or small deletions. Sensitivity and specificity of the
immunohistochemical p16 assay need to be more clearly defined.
Although we feel that the assay described has adequate sensitivity,
as evidenced by the presence of nuclear staining in tissues known
to have low levels of pl16, we cannot exclude that some tumors
with very small amounts of intranuclear p16 may be incorrectly
classified as negative. The antigen seems to be much more sus-
ceptible to damage than pRB, which may make some sections
stained for pl6 uninterpretable (in the absence of any stromal
staining, the absence of nuclear reactivity within a tumor cannot be
interpreted). Depending on fixation and other factors, nuclear p16

may be difficult to demonstrate in nonneoplastic tissues. The
immunocytochemical reaction pattern of mutant pl6 proteins is
unknown. It is conceivable that positive nuclear reactivity may not
necessarily indicate the presence of functional p16. And lastly, the
strong cytoplasmic staining seen in some tissues and tumors may
interfere with the evaluation of nuclear reactivity. Despite these
reservations, we believe that the immunohistochemical test de-
scribed here is a suitable modality to screen for CDKN2/MTS1
abnormalities in paraffin-embedded tissues and a good comple-
ment to molecular biological techniques. It may help to define
more clearly the extent of pl6 abnormalities in human neoplasia.
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