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Abstract

Previous investigations have linked decreased nuclear expression of the cell cycle inhibitor p27
with poor outcome in prostate cancer. However, these reports are inconsistent regarding the
magnitude of that association and its independence from other predictors. Moreover, cytoplasmic
translocation of p27 has been proposed as a negative prognostic sign. Given the cost and accuracy
limitations of manual scoring, particularly of tissue microarrays (TMAS), we determined if laser-
based fluorescence microscopy could provide automated analysis of p27 in both nuclear and
cytoplasmic locations, and thus clarify its significance as a prognostic biomarker.

We constructed TMASs covering 202 recurrent cases (rising PSA) and 202 matched controls
without recurrence. Quadruplicate tumor samples encompassed 5 slides and 1,616 cancer
histospots. Cases and controls matched on age, Gleason grade, stage and hospital. We
immunolabeled epithelial cytoplasm with Alexa647®; p27 with Alexa488®; and nuclei with
DAPI. Slides were scanned on an iCys® laser scanning cytometer. Nuclear crowding required a
stereological approach - random arrays of circles (phantoms) were layered on images and the
content of each phantom analyzed in scatterplots.

Both nuclear and cytoplasmic p27 were significantly lower in cases vs. controls (P=0.014,
P=0.004, respectively). Regression models controlling for matching variables plus PSA showed
strong linear trends for increased risk of recurrence with lower p27 in both nucleus and cytoplasm
(highest vs lowest quartile, OR=0.35, P=0.006). Manual scoring identified an inverse association
between p27 expression and tumor grade, but no independent association with recurrence.

In conclusion, we developed an automated method for subcellular scoring of p27 without the need
to segment individual cells. Our method identified a strong relationship, independent of tumor
grade, stage and PSA, between p27 expression — regardless of subcellular location - and prostate
cancer recurrence. This relationship was not observed with manual scoring.
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INTRODUCTION

Downregulation of p27KiPL a key inhibitor of cyclin-dependent kinase complexes and of
cell cycle progression from G to S phase, was one of the first molecular events to be
associated with poor prognosis among men with prostate cancer.1' 2 Subsequently, several
studies have focused on nuclear p27 expression and most, but not all, have concluded that
loss of p27 by immunohistochemical staining is independently associated with recurrence of
PCa, as indicated by a post-surgical rise in serum PSA.3' 4 Regulation of intracellular p27
protein activity occurs primarily at the post-translational level via ubiquitin-proteasome
dependent mechanisms. Therefore, some investigators have proposed that accumulation of
p27 in the cytoplasm is an indication of lower intracellular p27 activity and thus higher risk
for cancer progression.5 One study of prostate cancer outcome concluded that the risk of
recurrence was more strongly associated with elevated cytoplasmic p27 rather than
decreased nuclear p27, implying that the nuclear:cytoplasmic ratio could provide the best
prognostic biomarker.6

The reason some studies failed to observe a relationship between p27 expression and PCa
outcome might lie in the methods used to measure p27 in archival tissues. The limits of
conventional methods for quantification of immunostained molecular targets are well-
known.7 Manual scoring of chromagen-stained tissue is time-consuming and costly, and has
limited dynamic range, sensitivity and reproducibility. These limitations are especially
inhibitory when the study calls for large numbers of samples, such as those involving tissue
microarrays, or for subcellular localization and measurement of a target. Herein we report
the results of an analysis of p27 expression at the subcellular level, and its relation to PCa
recurrence in tissue microarrays, comparing manually-scored chromagen-stained tissue to
immunofluorescently-stained tissue scored with a laser scanning cytometer. The results
strongly confirm the association of p27 loss — regardless of cellular location - with PCa
recurrence and indicate that this association could not be detected with conventional
methods.

MATERIALS AND METHODS

Study population and tissue microarray

For this study we used a tissue microarray (TMA) created by the NIH-sponsored
Cooperative Prostate Cancer Tissue Resource (CPCTR), which collected tissue and follow-
up data from four centers: the Medical College of Wisconsin, University of Pittsburgh, New
York University and George Washington University. Details concerning the CPCTR
approach can be found elsewhere.8 This array included tissue cores of 0.6 mm diameter, in
quadruplicate, from 202 men (“cases”) who experienced biochemical recurrence (rising
serum PSA\) after prostatectomy and 202 controls matched on age at surgery, year of
surgery, race, Gleason sum score (including 4+3 vs. 3+4 Gleason 7), and pathological stage.
Cases and controls were required to have a PSA nadir and at least five PSA tests after
surgery. Recurrent cases had a single post-surgery PSA value > 0.4 ng/ml or a single value
> 0.2 ng/ml with the next PSA higher than this level. Serum PSA values before surgery were
available for all subjects. All tissue cores were contained in five TMA blocks, consisting of
1,616 cores in total. Tissue from cases and their matched controls were included in the same
TMA block.
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Tissue staining for fluorescent and brightfield analysis

For immunohistochemistry and manual brightfield analysis, TMA sections of 4u thickness
were cut from each TMA block and placed on charged glass slides. Following
deparaffinization and rehydration, antigen retrieval was performed by placing the slides in
citrate buffer and warming them to 95-99° C for 20 minutes in a vegetable steamer. Slides
were incubated overnight at 4° C with a cocktail of primary antibodies for p27 (rabbit
monoclonal 1:100, Epitomics, Inc., Burlingame, CA) and pan-cytokeratin (mouse
monoclonal, 1:50, Dako, Carpinteria, CA). Slides were then incubated with fluorophore-
tagged secondary antibodies at 1:500 dilutions: for p27 we used antirabbit IgG labeled with
Alexafluor 488, and for cytokeratins, antimouse 1gG labeled with Alexafluor 647. Nuclei
were then stained with a 1:500 dilution of DAPI and mounted with DAPI/Anti-Fade
(Millipore, Billerica, MA) and Gel Mount ® fluorescent mounting medium (Biomeda Corp.,
Foster City, CA).

Scoring of TMAs manually by brightfield microscopy

All TMA slides were scored manually by a single pathologist (VA) who was blinded to the
outcome or case-control status of each subject. For the first TMA slide, we obtained a
nuclear score by counting each nucleus and recording the stain intensity at four levels: 0 —
3+. Cytoplasmic staining was scored by estimating the percentage of epithelial cytoplasm in
each histospot that contained p27 staining at levels 0 through 3+. To improve the speed for
scoring the remaining four TMA slides, nuclear scores were obtained by estimating the
percentage of nuclei stained at each of the four intensity levels. The result was that for each
histospot in the TMAs, we measured the percentage of positive nuclei, the percentage of
positive cytoplasmic area, and an H-score index combining extent and intensity for both
nuclear and cytoplasmic stains. The H-score was defined as the sum of the percentage of
nuclei or cytoplasmic area at each stain intensity level times the ordinal value (0-3)
corresponding to that level.

Scoring of TMAs by laser scanning cytometry

Slides were scanned at 40x on an iCys® instrument (CompuCyte Corp, Cambridge, MA), a
multi-laser scanning cytometer. Individual nuclei are often crowded in prostate tissue and
therefore it is difficult to accurately segment them for image analysis. Thus, instead of using
peripheral contouring on the LSC, which could provide separate cytoplasmic and nuclear
measurements from individual cells, we used the LSC’s phantom contouring capability. A
dense random array of circles, approximately 2—3,000 per histospot, was layered onto each
histospot image (see Figure 1). Separate channels for each target color were created by
optimizing the settings for a selected laser and a paired photomultiplier detector. The
fluorophore content (red = epithelial cytoplasm, blue = nuclear and green = p27) of each
phantom could be quantified and sorted in scatterplots. A virtual channel for
autofluorescence was created and data from that channel was subtracted from the channels
of interest. Phantoms containing little or no CK were identified and excluded from analysis
(Figure 1). We performed image algebra on gray-scale images from separate channels in
order to obtain separate nuclear and cytoplasmic p27 images. For cytoplasmic p27, we
subtracted the nuclear (blue) image from the total p27 image; for nuclear p27 we subtracted
the cytoplasmic (red) image from total p27. The quantity of nuclear and cytoplasmic p27 per
epithelial phantom (as the integral of fluorescence intensity across pixels in the phantom)
could then be measured, and the raw data for analysis consisted of the frequency distribution
of phantoms from each histospot. Results for quadruplicate histospots were averaged to
obtain single values for nuclear and cytoplasmic p27 per patient.
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Statistical analysis

Data on nuclear and cytoplasmic p27 fluorescence integrals, and their ratio, were assessed
for normality and log-transformed for statistical analysis. We computed Pearson and
Spearman coefficients to evaluate correlation between nuclear and cytoplasmic scores, and
between manual and automated staining scores. We used repeated measures ANOVA to
compute intraclass correlation coefficients for manual and automated p27 scores, reflecting
the amount of variation between cores for individual subjects relative to the total amount of
variation between subjects. We used data from both cases and controls to compare mean p27
scores and 95% confidence intervals across Gleason grade categories, and compared cases to
matched controls using a paired t-test.

Patients were assigned to quartiles for each type of p27 score (including nuclear:cytoplasmic
ratio) based on cut-off points determined by the entire control group. Results for the ratio
were null and are not presented in detail. We fit conditional logistic regression models to
estimate odds ratios and 95% confidence intervals for the risk of biochemical recurrence for
each quartile of p27. The conditional models incorporated adjustment for case-control
matching variables; additional models were fit with baseline PSA (coded as both a
continuous and categorical variable) as an additional covariate, since PSA was not a
matching factor. Additional models with multiplicative indicator variables for each
combination of nuclear and cytoplasmic score were fit to evaluate the joint effect of these
variables on risk of recurrence. To evaluate the accuracy of p27 scores (by quartile) for
predicting outcome, we computed the area-under-curve (AUC) from ROC analysis for
conditional logistic models containing PSA as a covariate either with or without both
nuclear and cytoplasmic p27 scores as additional covariates. The 95% confidence intervals
for each AUC were computed by bootstrap re-sampling with 1000 repetitions. To reduce
overfitting, we performed cross-validation by partitioning the entire subject population into
10 random subsets, and computing the mean AUC for predicting recurrence when each
subset was left out of the model fitting.

Table 1 compares selected characteristics between cases and controls in the CPCTR
outcomes TMA. Cases and controls were closely matched on age at surgery, race, Gleason
score, and pathological stage at radical prostatectomy. The last PSA prior to surgery
averaged 12.2 ng/ml and 8.7 ng/ml in cases and controls, respectively, as expected given the
known association between pre-operative PSA and recurrence. The mean and median time-
to-recurrence among cases was 29.0 and 37.9 months; corresponding mean and median
follow-up time among controls was 55.4 and 53.0 months.

Figure 2 shows examples of data obtained from two varying histospots — one with a
predominant nuclear pattern of staining and one with a more predominant cytoplasmic
pattern. Note that the corresponding scatterplots and frequency histograms, which display
results from thousands of epithelial phantoms for p27 content, reflect these patterns. The
integral of the nuclear or cytoplasmic p27 signal is proportional to the cumulative p27
content within these subcellular compartments. The correlation between tumor cores from
the same subject was higher for the LSC compared to the manual method. The ICCs for LSC
nuclear and cytoplasmic score were 0.67 and 0.72, respectively, while the manual ICCs for
nuclear and cytoplasmic p27 were 0.58 and 0.64. Nuclear and cytoplasmic p27 expression
levels were highly correlated by both methods (Spearman r = 0.82 for LSC, r = 0.60 for
manual).

The relationship of p27 expression to Gleason grade — for both manual and automated
scoring — is shown in Figure 3. The manual scores are H-scores representing an index for
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both the extent and intensity of staining. With manual scoring, no apparent relationship
between grade and either nuclear or cytoplasmic p27 was observed. However, with scoring
using the laser scanning cytometer, both nuclear and cytoplasmic p27 was significantly
lower in subjects with Gleason grade of 8 or higher. No such relationship was seen for the
ratio of nuclear and cytoplasmic p27. The TMA was constructed so as to represent the
highest grade areas of each tumor, and grade can change according to sectioning level; thus
there could be some overlap across the assigned Gleason categories, especially for the two
Gleason 7 groups. Figure 4 shows the comparison of recurrent cases versus matched
controls for manual and automated scoring. No differences were observed between cases
and controls for either nuclear or cytoplasmic p27, or their ratio. Results were also null for
manually-scored percent of positively stained nuclei or percent of positive cytoplasm rather
than the H-score index. In contrast, automated scoring revealed a highly significant decrease
in both nuclear and cytoplasmic p27 among cases compared to their matched controls (P =
0.008 and P = 0.002, respectively). The nuclear:cytoplasmic ratio was not significantly
different between cases and controls.

Table 2 shows the odds ratios and 95% confidence intervals for the association between
cancer recurrence and quartiles of nuclear, cytoplasmic, or total p27 by automated scoring.
The estimates are adjusted for Gleason grade, stage, age at diagnosis and PSA, and thus p27
associations are independent of these factors. The results indicate strong inverse trends
between both nuclear and cytoplasmic p27 and risk of recurrence, with 3—4 fold differences
between extreme quartiles. Tests for linear trend across quartiles generated small P values,
i.e., <0.01. The nuclear:cytoplasmic ratio was not associated with PCa recurrence, nor did
we find evidence for a multiplicative interaction between nuclear and cytoplasmic p27 when
these scores were modeled jointly. However, the data do suggest a small additive joint
effect: subjects within the highest quartiles for both nuclear and cytoplasmic p27 had an
odds ratio of 0.20 for recurrence (95% CI: 0.08 — 0.51) compared to subjects in the lowest
quartile for both scores.

ROC analyses revealed that, in spite of the relatively large inverse associations between p27
expression and risk of recurrence, the addition of nuclear and cytoplasmic p27 to traditional
variables provided little increase in accuracy for predicting outcomes. Models with PSA but
without p27 had a cross-validation AUC = 0.57 (95% CI: 0.42-0.71) whereas models with
nuclear and cytoplasmic p27 added had a cross-validation AUC = 0.60 (95% CI: 0.45-0.73).
We note that recurrent cases and controls were matched on age, Gleason grade and stage, so
the naive probability of discriminating a case from a control is 0.50 (AUC = 0.50), hence
these important predictors were already taken into account.

DISCUSSION

Using a set of prostate cancer tissue microarrays, we found that an automated method for
digital image analysis of fluorescently-labeled p27 detected a profound inverse association
between p27 expression and risk of cancer recurrence. This association was independent of
Gleason grade, tumor stage and serum PSA level, and was apparent for both nuclear and
cytoplasmic p27 expression. The nuclear:cytoplasmic p27 ratio was not associated with risk
of recurrence. Our results further indicate that careful conventional scoring of chromagen-
stained sections from the same microarrays did not detect these associations, nor did it detect
the expected association between p27 expression and tumor grade. Despite the relatively
strong independent associations observed between p27 and prognosis, it does not appear
likely that p27 measurement, by itself, would add significantly to the clinical prediction of
recurrence in individual patients, beyond the currently available clinical predictors.

Hum Pathol. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ananthanarayanan et al. Page 6

The relationship between loss of p27 and prognosis in prostate cancer was reported almost
simultaneously by multiple, independent groups in 1998.1: 2+ 9 Previous studies had
reported a similar association between p27 and prognosis in lung, breast and colorectal
cancer.10712 In the early PCa studies, p27 expression was also found to be inversely
associated with Gleason grade but not pathological stage.13 Several subsequent studies
replicated the findings regarding p27 as an independent prognostic factor3: 14 15, but
several did not.4: 16718 This inconsistency could be attributed, at least partly, to limitations
imposed by the scoring method.

Intracellular levels of p27 are regulated by post-translational ubiquitination and proteasomal
degradation rather than by transcriptional control mechanisms.19 The degradation process
requires recognition of phosphorylated p27 by Skp2, followed by activation of a ubiquitin
ligase complex. This finely-tuned process, which controls the cell cycle transition from G,
to S phase in prostate cells, is believed to be modulated by upstream forces related to loss of
PTEN and PI3K/Akt activation, and to androgen signaling.20' 21

Expression of p27 is predominantly nuclear in prostate cells, although some degree of
cytoplasmic expression is frequently noted. In contrast to previous studies, which focused
solely on nuclear p27, Li et al addressed the question as to whether sequestration of p27 in
the cytoplasm might provide an indication of inactive p27 and therefore greater risk of
tumor progression.6 Using a tissue microarray containing PCa samples from 640 patients,
these investigators observed no significant association between nuclear p27 and biochemical
recurrence; however, any degree of cytoplasmic staining was associated with a significant
increase in risk of recurrence, independent of other clinicopathological variables (HR = 2.18,
P =0.001). Cytoplasmic displacement of p27 was first reported in transformed human
fibroblasts exhibiting anchorage-independent growth.22 Using frozen tissue and Western
blotting, Sgambato et al observed a higher nuclear/cytoplasmic ratio of p27 in colon tumors
compared to paired samples of benign tissue, and similar results were reported in esophageal
adenocarcinoma and dysplasia associated with Barrett’s epithelium.5: 23

There is further evidence to suggest that the quantitative relationship of p27 to cancer
outcome may vary substantially among cancer sites and types. Psyrri et al, in perhaps the
only study besides the present one to use automated analysis for measuring p27 in
subcellular compartments, observed that disease-free and overall survival from ovarian
cancer was actually worse for cases with high nuclear p27.24 In fact, higher nuclear
expression of p27 has been linked to higher rates of cell proliferation and histological grade
in endometrial and colon cancer, and to poorer outcome in a subset of pancreatic endocrine
tumors.25727 Therefore, the results we are reporting for p27 in prostate cancer should not
be over-generalized.

The present study benefited from access to a large set of tissue microarrays containing tumor
samples from over 200 recurrent cases and matched controls. The use of a nested case-
control design for these TMAs provided a highly efficient means to estimate relative risks
while avoiding bias in the selection of controls. The laser scanning microscopy system also
provided several advantages for automated quantification of p27. The combination of laser
light sources and photomultiplier tube detectors allows for removal of autofluorescence as
well as high sensitivity and wide dynamic range in measuring fluorophores within specified
subcellular compartments. In contrast to confocal imaging, the laser scanning cytometer uses
a high depth of field (approximately 20-30 w), which produces less sharply focused images
but penetrates each cell more deeply for more thorough quantification. This system also
provided a flexible stereological approach while retaining object-based scatterplot analysis
and gating, and thus circumvented the need to segment individual nuclei and their
surrounding cytoplasm in crowded tissue images. The resulting scores for p27 expression
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reflected the integrated p27 signals from each subcellular compartment and are considerably
more refined than the arbitrarily dichotomized manual scores used in previous studies.
Finally, the manual scoring that was compared to automated scoring was conducted
carefully by a single pathologist using a weighted metric for staining prevalence and
intensity.

In conclusion, our results provide additional support indicating that automated image
analysis can detect independent associations between p27 loss and PCa recurrence that
conventional scoring can not detect. Similar results have been obtained in other contexts
using quantitative immunofluorescence in a non-laser microscopy platform.28 The present
findings are consistent with the hypothesis that in tumors with a higher risk of recurrence,
p27 is lost in both the nuclear and cytoplasmic subcellular compartments. Quantitative
image analysis technologies such as the one we have used will play a vital role in allowing
investigators to exploit the potential power of tissue microarrays in biomarker research and
molecular pathology.29
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Figure 1.

Detection of epithelial areas using stereological “phantoms”, a dense array of circles
randomly placed on the image. Each phantom becomes a distinct object that can be sorted
according to its content of cytoplasm (cytokeratin), nucleus (DAPI) and p27. Phantoms
containing little or no epithelium are discarded by gating in a scatterplot.
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Figure 2.
Examples of TMA histospots with dominant nuclear (a) or dominant cytoplasmic (b) p27

expression. Adjacent scatterplots show frequency distribution of p27 in epithelial phantoms
from the corresponding histospot. Scatterplots (left to right) represent total p27, nuclear p27
and cytoplasmic p27.
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Figure 3.

Expression of p27 by manual vs. automated scoring according to Gleason grade of prostate
cancer. Note: manual scores are a random sample of all subjects.
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Figure 4.

Expression of p27 in recurrent vs. non-recurrent prostate cancer: manual scoring vs.
automated laser scanning cytometry scoring of total, nuclear and cytoplasmic p27.
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Table 1

Selected characteristics of recurrent prostate cancer patients and non-recurrent controls in the CPCTR
outcomes tissue microarray

Cases Controls

n =202 n =202

Age at surgery, years (mean, sd) 62.7 (6.8) 63.5(6.4)
Race (n, %)
Caucasian 181 (89.6) 181 (89.6)
African-American 20 (9.9) 20 (9.9)
Other 1(0.5) 1(0.5)
Gleason sum (n, %)
<6 49 (24.3) 49
7 (3+4) 103 (51.0) 103
7 (4+3) 31(15.3) 31
8-10 19 (9.4) 19
Pathological Stage (n, %)
T2a 18 (8.9) 17
T2b 117 (57.9) 118
T3a 61 (30.2) 61
T3b 6 (3.0) 6

Serum PSA, pre-operative, ng/ml (mean, sd)  12.2 (15.0) 8.7 (6.4)

Recurrence-free survival (n, %)

< 2 years 92 (45.4) -
2 -5 years 90 (44.3) -
> 5 years 20 (10.3) -
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