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The protein expression of the cyclin-dependent ki-
nase inhibitor p27 is often deregulated in human tu-
mors. In lymphomas the inactivation of p27 is
achieved through either increased degradation' or
sequestration via D cyclins,”> and p27 protein levels
have been shown to have a prognostic significance."-?
Recently, S-phase kinase-associated protein 2 (Skp2)
has been proved to mediate p27 degradation in nor-
mal cells*~7 and to have oncogenetic properties.®® In
this study, B-, T-, and myeloid hematopoietic cell
lines and a well-characterized panel of human lym-
phomas (n = 244) were studied for the expression of
Skp2. In human lymphomas, the expression of Skp2
strongly related to the grade of malignancy, being low
in indolent tumors and very high in aggressive lym-
phomas. Moreover, the percentages of Skp2- and S-
phase-positive cells, as measured by DNA content or
BrdU labeling, strictly matched and closely parallel
that of Ki-67 and cyclin A. An inverse correlation
between Skp2 and p27 was found in the majority of
lymphoma subtypes. Nonetheless, most mantle cell
lymphomas and a subset of diffuse large cell lympho-
mas failed to show this correlation, suggesting that
alternative pathway(s) for the regulation of p27 might
exist. The detection of Skp2 protein either by flow
cytometry or by immunohistochemistry represents a
simple method to precisely assess the S phase of lym-
phomas. The potential diagnostic and prognostic
value of Skp2 is discussed. (Am J Pathol 2002,
160:1457-1466)

The S-phase kinase-associated protein 2 (Skp2) belongs
to a family of proteins called F-box proteins (Fbps) char-
acterized by an ~40-amino acid long motif called F-box.
Skp1, Cul1, and Roc1/Rbx1 associate with different Fbps
to form E3 ubiquitin ligase complexes known as SCF. The
Fbp subunits of the SCF complex ensure the specific
recognition and ubiquitination of a large number of sub-
strates that are in turn degraded by the proteasome.’®

Skp2 was first identified to interact with the cyclin A-Cdk2
complex in immortalized fibroblasts and transformed cells
and required for G, to S transition.”™ In vitro and in vivo
studies have demonstrated that the SCF complexes con-
taining Skp2, as Fbp (SCFS*P2), bind to p27, which is spe-
cifically ubiquitinated by the ubiquitin-conjugating enzyme
Ubc3.#~" Skp2-deficient mice have smaller organs than
littermate controls, their cells grow more slowly, and they
display centrosome overduplication together with the accu-
mulation of p27 and free cyclin E.” Importantly, in Skp?2
transgenic mice, the forced expression of Skp2 in T cells
cooperates with the N-ras oncogene leading to lym-
phomagenesis.? Finally, the tumorigenic role of Skp2 has
been suggested by several investigators.®'?

The deregulated expression of p27 plays a critical role in
the pathogenesis of many human tumors.’® The protein
levels of p27 in normal cells are mainly regulated by an
ubiquitin-mediated degradation.’* Moreover, an enhanced
protein degradation via the ubiquitin-proteasome pathway
is also responsible for the low levels of p27 protein in ag-
gressive human tumors'®~"” and in mantle cell lymphomas
(MCLs)." We and others have demonstrated that the protein
levels of p27 expression are different in specific subsets of
human lymphomas, being high in low-grade and low in
high-grade lymphomas.™'® More importantly, the partial or
total loss of p27 function defines a group of patients that
exhibit low overall survival and poor outcome.’
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In this study we have analyzed the expression of Skp2 in
cell lines and human lymphomas and compared it to other
proliferation indexes and to the expression of its substrate
p27. Our findings demonstrate that Skp2 protein levels
tightly correlate with the late G; and S phase in neoplastic
cell lines and tumors. We have found that there is a direct
correlation among Skp2 and Ki-67 and cyclin A and an
inverse relationship between Skp2 and p27 protein levels in
the majority of human lymphomas. However, in a subset of
lymphomas this correlation is lost, suggesting that alterna-
tive pathways of p27 inactivation might exist.

Materials and Methods

Pathological Samples

A panel of 244 well-characterized non-Hodgkin’s lympho-
mas (NHLs) was retrieved from the archives of the Divi-
sion of Hematopathology of the New York University
School of Medicine, from the Division of Morphology and
Molecular Pathology of the Catholic University of Leuven
in Belgium, and the Surgical Pathology Departments of
the Universities of Torino and Verona in ltaly. NHLs were
classified according to the International Lymphoma
Study Group, based on hematoxylin and eosin and im-
munoperoxidase stains, and clinical and molecular data,
as previously described.! The NHLs characterized in this
study included: 28 chronic lymphocytic leukemia/small
lymphocytic lymphomas (CLL/SLLs), 51 follicular lym-
phomas (FL), 34 mucosa-associated lymphoid tissue B-
cell lymphomas, 34 MCLs, and 76 diffuse large B-cell
lymphomas (DLCLs), 15 lymphoblastic lymphomas (6
B-lymphoblastic lymphoma and 9 T-lymphoblastic lym-
phomas), 25 Burkitt's lymphomas, and 5 Burkitt-like lym-
phomas. FL were classified based on the criteria of the
revised World Health Organization classification'® and of
Mann and Berard.?® A single case of plasma cell leuke-
mia (>90% plasma cells) was also included for the flow
cytometry staining. The following cell lines were also
used: Namalwa, Jurkat, Karpas 299, DHL, JB, KM512,
and K562.

Antibodies

The monoclonal antibodies (mAbs) applied for the immu-
nohistochemistry in this study included: anti-p27 (KIP-1,
1:1000; Transduction Laboratories, Lexington, KY, USA),
anti-p53 (DO-1, 1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Ki-67 (MIB-1, 1:1000; Immunotech,
Marseille, France), anti-cyclin E (1:50; Novocastra, CA,
USA) and cyclin A (1:100, Santa Cruz Biotechnology).
Mouse mAbs to Skp2 were produced in collaboration
with Zymed Inc., South San Francisco, CA, USA. Immu-
nohistochemical staining and Western blotting for Skp2
were performed using a cocktail of four different affinity-
purified mAbs (clones 2C8D9, 2C2B12, 4A9B2, and
2G12E9) or a single mAb (clone 4A9B2) ® as indicated.

Western Blot Analysis and in Vitro Protein
Degradation Assay

For Western Blotting, cells were lysed (50 mmol/L Tris-
HCI, pH 7.4, 150 mmol/L NaCl, 0.1% Triton X-100, 5
mmol/L ethylenediaminetetraacetic acid, 1 mmol/L
Naz;VO,, and 1 mmol/L phenylmethyl sulfonyl fluoride and
protease inhibitors) and 20 to 30 ug of proteins were
electrophoresed in sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis gel and transferred onto nitrocel-
lulose membranes. The membranes were first blocked
and then incubated with the primary antibody (anti-Skp2,
clone 4A9B2, 1:500; anti-p27, KIP-1, 1:2000; and anti-
cyclin A, 1:1000) for 1 hour at room temperature. After
three washes, filters were incubated with horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit an-
tibodies (1:2000; Amersham, Arlington Heights, IL, USA)
for 1 hour at room temperature. Detection of immunocom-
plexes was performed with an enhanced chemilumines-
cence system (ECL, Amersham).’

In vitro degradation assays were performed on cryopre-
served tissue samples.’ Frozen tissues of MCLs (express-
ing low, intermediate, and high protein levels of p27), with
>80% of tumor cells were sectioned and quickly disrupted
by nitrogen decompression in 100 wl of lysing buffer (50
mmol/L Tris-HCI, pH 8.3, 5 mmol/L MgCl,, and 1 mmol/L
dithiothreitol). Samples were then frozen and thawed three
consecutive times. Lysates were spun down at 15,000 rpm
and supernatants were collected and frozen at —80°C.
Histidine-tagged p27 (100 wg) was incubated at 37°C for
different intervals in 60 ul of degradation mix containing 30
g of protein tissue homogenates, 50 mmol/L Tris-HCL (pH
8.0), 5 mmol/L MgCl,, 1 mmol/L dithiothreitol, 2 mmol/L ATP,
10 mmol/L creatine phosphokinase, and 10 mmol/L creat-
ine phosphatase. The in vitro degradation of p27 was ana-
lyzed by immunoblotting with anti-p27 mAb.

Immunohistochemical Staining

For immunohistochemistry, slides were subjected to micro-
waving for 20 minutes in 10 mmol/L of citrate buffer (pH 8.0
for Skp2, cyclin E, and cyclin A; pH 6.0 for p27, p53, and
Ki67). Immunostaining were performed on formalin-fixed,
paraffin-embedded tissues using the avidin biotin peroxi-
dase complex method and a semiautomated immuno-
stainer (DAKO, Carpinteria, CA, USA or Ventana Systems,
Tucson, AZ, USA) as described.’ Three independent pa-
thologists (RC, YF, and Gl) evaluated the immunostaining.
At least 10 high-power fields were randomly chosen and at
least 100 cells/field were counted. Tumors were scored as
percentage of positive cells for each antigen. The statistical
significance of the means was calculated using a Student’s
t-test. The statistical significance of Spk2 versus cyclin A
expression was calculated with the chi-square test. P =
0.05 was required for statistical significance.

Flow Cytometry and BrdU Labeling

For flow cytometric staining, untreated cell lines or lovas-
tatin-treated (24 hours, 50 umol/L; Sigma Chemical Co.,



St. Louis, MO, USA) cells were fixed and permeabilized
according to the manufacturer’s instruction (Fix and
Perm; Caltag, Burlingame, CA). Cells were subsequently
stained using a cocktail of anti-Skp2 mAbs (1:100,
Zymed). Anti-Skp2 mAbs were detected using phyco-
erythrin-conjugated horse anti-mouse antibody (1:200;
Biosource, Camarillo, CA, USA). For DNA content deter-
mination, cells were fixed for 1 hour in 70% ethanol at
4°C. After washing, cells were treated with RNase (0.25
mg/ml) and stained with propidium iodide (50 ng/ml). The
S-phase fraction was calculated using the Modfit pro-
gram from Becton-Dickinson, Mountain View, CA.

For BrdU labeling, 1 X 10° cells or 1-mm-thick fresh
tissues (three normal tonsils and seven randomly se-
lected NHLs) were incubated in complete cell-culture
media (RPMI-1640 with 10% fetal calf serum) in the pres-
ence of 10 umol/L of BrdU for 30 minutes (suspension
cells) or for 2 hours (tissue samples) at 37°C in 5% CO..
For BrdU determination using flow cytometry, cells were
subsequently washed, fixed in 70% alcohol for 30 min-
utes, denatured with 2 N HCI, and then incubated with an
anti-BrdU fluorescein isothiocyanate-labeled mAb (1:10,
Becton-Dickinson) and propidium iodide (50 wg/ml). For
BrdU determination using immunohistochemistry, tissue
samples were rinsed in phosphate-buffered saline and
fixed overnight in 10% buffered formalin. The incorpora-
tion of BrdU in proliferating cells was then detected by
enzymatic digestion (0.05% proteinase K for 20 minutes
at 37°C), denaturation (2 N HCI for 30 minutes at 37°C),
and incubation with an anti-BrdU fluorescein isothiocya-
nate-conjugated antibody (30 minutes at room tempera-
ture, Becton-Dickinson). Bound anti-BrdU fluorescein iso-
thiocyanate-conjugated antibodies were detected using
an alkaline-conjugated anti-fluorescein isothiocyanate
antibody (1:200; Roche, Indianapolis, IN) and NBT/BCIP
as a substrate.

Results

Skp2 Expression in Human Lymphoid Tissues

The specificity of our anti-Skp2 antibodies was first eval-
uated in cell lines derived from human lymphomas by
Western blotting. Skp2 mAbs detected only a single band
migrating slightly faster than a tagged Skp2 recombinant
protein (Figure 1A). We subsequently evaluated by im-
munohistochemistry Skp2 protein expression in normal
primary and secondary lymphoid tissues. In primary lym-
phoid organs, Skp2 staining was restricted to the nuclei
of a subset of cortical thymocytes as well as of precursor
myeloid and erythroid cells in the bone marrow (Figure 1,
B and C). In peripheral lymphoid organs, centroblasts or
large centrocytes, within the dark zone of the germinal
centers, were preferentially positive (Figure 1, D and E).
In contrast, small resting cells within the mantle of the
B-cell follicle and interfollicular T lymphocytes were neg-
ative. Nonetheless, in the interfollicular areas some of the
intermediate large cells were also Skp2-positive. In the
oral mucosa as well as in the epidermis, Skp2-positive
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Figure 1. Skp2 expression in lymphoid cell lines and normal tissues. A:
Western blot analysis on human lymphoid cell lines. Cells from the indicated
cell lines were lysed and Western blotting was performed as described in
Material and Methods. Lane 1, Namalwa cell line; lane 2, DHL cell line; lane
3, recombinant His-tagged Skp2 protein. B-E: Formalin-fixed, paraffin-em-
bedded tissue sections were stained by immunohistochemistry with an anti-
Skp2 mADb, as described in Materials and Methods. In the thymus (B) and in
the bone marrow (C), Skp2 stained primarily the immature subcortical
thymocytes and immature hematopoietic cells, respectively. In lymph nodes
and tonsils, Skp2 labeled active proliferating cells within germinal centers
and scattered immunoblasts in interfollicular areas (D and E).

cells were confined, similarly to the Ki-67-positive cells,
within the basal layer of the epithelium (data not shown).

Skp2 Is Expressed in S Phase in Neoplastic
Lymphoid Cells

Since in normal cells the levels of Skp2 vary during the
cell cycle, with a peak of expression at G4 to S through S
phase,”’ we investigated the kinetics of Skp2 during
cell-cycle progression in neoplastic lymphoid cells to
seek for a possible aberrant pattern and/or deregulation.
First, we compared Skp2 expression to the fraction of
cells in S phase calculated by DNA content and BrdU
incorporation in multiple and T-lymphoblastoid cell lines
and in a case of plasma cell leukemia. In all of the cell
lines the percentage of Skp2-positive cells always corre-
sponded with the percentage of cells in the S phase
(Table 1, Figure 2A). Moreover, flow cytometric analysis
demonstrated two distinct subpopulations of Skp2-posi-
tive cells, with intermediate and high intensity of expres-
sion, suggesting that different levels of expression of
Skp2 are achieved in different phases of the cell cycle
(Figure 2B). To further confirm the relation between Skp2
and S phase, we blocked the progression into the S
phase of multiple lymphoid cell lines by inducing an early
G, cell-cycle arrest. In cells arrested by lovastatin in G,
phase, both the percentage of cells in S phase and those
of Skp2-positive cells decreased in a comparable man-
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Table 1. Comparison between Skp2-Positive Cells and the
Fraction of Cells in S Phase

Cell line Skp2* DNAT BrdU*
Karpas 51 51 52
Jurkat 39 38 ND
Namalwa 49 42 46
DHL 55 47 51
JB 46 36 45
KM512 60 50 56
K562 60 62 57
Plasma cell leukemia 3 3 3

*, Percent of positive cells.
T, Percent of S phase.
Representative data of at least two experiments.

ner (Figure 2B). These results were confirmed in all lym-
phoma-derived cell lines, demonstrating that Skp2 ex-
pression in neoplastic lymphoid cells as well in normal
nonlymphoid cells,’! peaks in late G, to S phase and is
maintained throughout the S phase. Next, we correlated
the percentage and distribution of Skp2-positive cells
with BrdU incorporation in fresh lymphoma samples. This
approach showed a close correspondence between
Skp2- and BrdU-positive cells (Figure 2C), confirming
that the majority of Skp2-positive cells are actively syn-
thesizing the DNA in normal as well in neoplastic lym-
phoma cells.

Skp2 Expression in Human Lymphomas

The expression of Skp2 was subsequently evaluated in
B-cell NHLs representing all grades of malignancy. In
CLLs and Skp2-positive cells were primarily localized
within the proliferation centers primarily restricted to
para-immunoblasts. (Figure 3B). In mucosa-associated
lymphoid tissue B-cell lymphomas only 5% of the neo-
plastic cells were found to be positive for Skp2. Skp2
expression in FL was restricted to a fraction of centro-
blasts and large centrocytes, but a variable number of
interfollicular cells were also found positive. More impor-
tantly, the percentage of Skp2-positive cells significantly
correlated with the histological grade of these lymphoma
(mean percentage: FL grade |, 3.5%; grade Il, 10.4%,
and grade lll, 20.1%). Notably the sole expression of
Skp2 statistically correlated with the FL grading obtained
using conventional cytological criteria®® (grade | versus
grade Il, P = 0.0007; grade Il versus grade Ill, P =
0.0006; grade | versus grade IlI, P < 0.0001) (Table 2). A
positive correlation was also found when the percentages
of Ki-67-positive cells were correlated to the same groups
of FL. In MCLs, Skp2-positive tumor cells were uniformly
distributed (Figure 4, B and E), with clusters of Skp2-
positive cells corresponding to nonneoplastic cells within
residual normal germinal centers. As expected, the blas-
toid and large cell variants of MCL?" showed the highest
percentages of Skp2-positive cells (Figure 4E). Interest-
ingly, among high-grade lymphomas, a very high per-
centage of Skp2-positive cells was found in Burkitt's lym-
phomas (87 = 8.8%) (Figure 5). By contrast, in DLCL and
Burkitt-like and lymphoblastic lymphomas the percent-
age of Skp2-positive cells ranged from 10 to 65%. These

values were statistically different and we were able to
separate these tumors from Burkitt's lymphomas (P <
0.0001). Finally, when all types of lymphomas were com-
pared, the percentage of Skp2-positive cells strictly cor-
related with the distinct groups of NHLs being low in
low-grade lymphomas and higher in high-grade tumors
(P < 0.001) (Table 2).

Correlation of Skp2 Expression with Other
Cell-Cycle Markers

We next compared the expression of Skp2 and Ki-67, the
most commonly used proliferation marker, with those of
p27, cyclin E, and cyclin A. Skp2 expression showed a
statistical correlation with Ki-67 and cyclin E both in low-
grade lymphomas, such as CLLs (r = 0.47, P = 0.01),
and in high-grade lymphomas such as DLCL (r = 0.63
and r = 0.48, respectively; P < 0.0001). Nevertheless,
the percentage of Skp2-positive cells always corre-
sponded to a subset of Ki-67-positive cells. As previously
described, in high-grade lymphomas (lymphoblastic lym-
phoma, DLCL, Burkitt's and Burkitt-like lymphomas),
Ki-67 was expressed by the very large majority of tumor
cells (mean percentage =64%), whereas the percentage
of Skp2-positive cells varied among these categories
(Table 2). Interestingly, in lymphoblastic lymphomas,
DLCL, and Burkitt-like lymphomas anti-Skp2 mAb identi-
fied only a fraction (mean percentage =36% of the total
tumors cells) of the Ki-67-positive cells. Conversely, the
percentages of Skp2- and Ki-67-positive cells were very
similar in Burkitt's lymphomas (87% versus 92.6%, re-
spectively). As shown above, the expression of Skp2 in
lymphoid cell lines highly correlates with the percentage
of cells within the S phase and BrdU-positive cells. To
corroborate this finding, we further investigated the rela-
tionship between Skp2 expression and the expression of
cyclin A. A total of 38 cases, including FL (n = 10), MCL
(n = 18), and DLCL (n = 10) lymphomas, were studied.
We decided to study the expression of cyclin A because
its expression is largely limited to S to G, phases®**® and
it correlates with the percentages of S to G, and BrdU in
normal and transformed cells.?* To identify whether the
p27, and cyclin A and Skp2 expression were correlated,
we selected p27-negative (n = 14) and p27-positive (n =
4) MCL lymphomas. Using this approach, we demon-
strated that Skp2 and cyclin A expression directly corre-
lated in all tumors, including p27-negative lymphomas
(Figure BA). Overall, these findings further support the
hypothesis that in human lymphomas the percentage of
Skp2-positive cells is closely correlated to the fraction of
proliferating cells.

We and others have recently demonstrated that p27
protein expression not only inversely correlates with the
grade of lymphomas, but it also has a prognostic signif-
icance.”®'® Because in normal cells p27 protein levels
are tightly regulated during the cell cycle via Skp2, we
investigated whether the protein levels of p27 also in-
versely correlated with Skp2 in human lymphomas. As
anticipated, in a very large majority of lymphomas there
was an inverse correlation between p27 and Skp2 (Table
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Figure 2. Correlation among Skp2-, S phase-, and BrdU-positive cells. A: BrdU-labeled K562 cells (top) and a clinical case of plasma cell leukemia (bottom) were
stained for anti-Skp2 and anti-BrdU mAbs. DNA content was also calculated, as described in Materials and Methods. Samples were analyzed by flow cytometry
and the percentage of Skp2- and BrdU-positive cells was determined. The fraction of cells within the S phase was also itemized. B: The Namalwa cell line
(Burkitt's-derived cell line) was incubated with medium alone or 50 wmol/L of lovastatin for 24 hours. Cells were subsequently stained with anti-Skp2 mAbs of
PI and analyzed by flow cytometry. The percentages of cells in S phase and positive for Skp2 were calculated as above. C: Tissue sections from cases of CLL or
DLCL were incubated in medium containing BrdU and then processed as described in Materials and Methods. Sections showed a correlation between
Skp2-expressing cells (left) and BrdU-positive cells (right). Original magnifications, X200.

2) (r = 0.81, P = 0.01). Overall, these findings parallel
and expand our previous results obtained from the anal-
ysis of Ki-67 and p27 expression in human NHLs." How-
ever in MCLs and in a subset of DLCLs and lymphoblas-
tic lymphomas this relationship was not found. In fact, the
percentage of p27-negative cells did not always correlate
with that of Skp2-positive cells, being MCL mostly nega-

tive for p27 expression and showing a relatively low per-
centage of Skp2-positive cells (Figure 4). Moreover, a
fraction of cells of DLCLs was negative for both p27 and
Skp2 (Figure 3, E and F). Because the protein levels of
p27 in MCL correlate with the degree of p27 protein
degradation in vitro," we compared the expression of p27
and Skp2 and p27 degradation in vitro in a small number
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mAbs. Ki-67-positive (A) and Skp2-positive (B) cells reside in the proliferating centers of CLL/SLL, which are mainly p27-negative (C). In DLCL, Ki-67 labeled the majority
of large cells (D) in contrast to Skp2 that stained only a fraction (E). The p27-positive cells (F) were almost exclusively limited to small lymphocytes.

of MCLs with high, intermediate, and low levels of p27. As percentage of positive cells stained with anti-cyclin A and
shown in Figure 6, the protein levels of Skp2 were quite anti-Ki-67 antibodies (data not shown). These findings
similar despite the different expression of p27 and they further support the hypothesis that Skp2 is not overex-
correlated quite closely to those of cyclin A and to the pressed in tumors lacking p27 and that p27 protein levels

Table 2. Expression of Skp2, Ki-67, p27, p53, and Cyclin E in Different Types of Lymphomas

Lymphoma subtype No. of cases Skp2 (%) Ki-67 (%) p27 (%) Cyclin E (%)

Small lymphocytic lymphoma 28 29+28 55+57 87.1x11.2 77*+73
Marginal zone lymphoma 26 34x25 47 24 89.5+52 3623
Follicular center cell lymphoma 35 12286 33.1 £19.9 453 £ 255 8157
Grade | 10 3.5 x 2.4 15.8 = 8.61 73.1 122 37+15
Grade Il 11 10.4 + 4.8* 29.1 £ 1247 47.0 +13.6 6.6 =32
Grade |lI 14 20.1 = 6.8* 48.6 + 19.27 21.5 = 18.1 18.0+6.7
Mantle cell lymphoma 34 114 =80 259 + 16.1 26.0 £ 30.4 9972

Diffuse large-cell lymphoma 76 20.9 = 151 63.8 = 24.7 23.3 = 16.2 226 =123
Lymphoblastic lymphoma 15 36.3 =118 675+ 148 20.0 = 19.1 25094
Burkitt-like lymphoma 5 340+ 8.2 82.0 = 16.0 475+ 38.4 237*x75

Burkitt's lymphoma 25 87.0 + 838 945 +55 16.8 + 22.4 33.1 +13.8

*Statistical significance of Skp2 percentages and grade: grade | versus grade Il, P = 0.0007; grade Il versus grade lll, P = 0.0006; grade | versus

grade lll, P < 0.0001.

TStatistical significance of Ki-67 percentages and grade: grade | versus grade Il, P = 0.01; grade Il versus grade lll, P = 0.006; grade | versus

grade lll, P < 0.0001.
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Figure 4. Skp2 and p27 stains are not inversely correlated in MCLs. Serial sections from MCLs were stained with anti-Skp2, anti Ki-67, and anti-p27 mAbs. The
fraction of cells stained for Skp2 (B) was low and similar to the percentage of Ki-67-positive cells (A) and not complementary to the fraction of cells stained with
p27 (C), thus underlining an absence of inverse correlation. In the blastoid variant of MCL, both stains for Ki-67 (D) and Skp2 (E) were higher than in the classical

MCLs and p27 (F) was negative.

in these lymphomas may be regulated via alternative
mechanisms.

Discussion

In recent years the cell-cycle-related proteins have
gained increasing importance in the understanding of the
pathogenesis and prognosis of lymphomas. In lympho-
mas, alterations of the cell cycle are related to the over-
expression of molecules driving the progression through
the cell cycle (such as cyclin D1 in MCL), and/or to the
decreased expression of proteins that inhibit cell-cycle
progression (ie, p16"™** and p27'""). Among these in-
hibitors, increasing importance has been attributed to

p27.1318:25 |n quiescent cells the levels of p27 are high,
whereas in response to mitogenic stimuli, p27 is phos-
phorylated in threonine-187 and subsequently degraded
via the ubiquitin-proteasome pathway.'® The F-box pro-
tein of the E3 ligase responsible for p27 degradation has
been recently demonstrated to be Skp2,*” a protein
required for the G, to S transition in both transformed
cells and diploid fibroblasts.

In human lymphomas p27 has been shown to inversely
correlate with the proliferation index and to have prog-
nostic significance.’* Since p27 degradation in normal
cells is dependent on the expression of Skp2 and be-
cause the loss of p27 expression in some lymphomas is
due to an increased rate of p27 degradation,” we tested
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Figure 5. Burkitt's lymphomas display high expression of Skp2. Serial sections from Burkitt's lymphomas were stained for Ki-67 (A and B), Skp2 (C and D), and
p27 (E and F). High-power magnification (B, D, and F) demonstrates that almost 100% of the cells are Ki-67-positive, and the vast majority are positive for Skp2.
p27 was not expressed in the neoplastic cells, rare and few normal cells were p27-positive.

whether the expression of Skp2 could correlate with the
levels of p27 protein in human lymphomas. We analyzed
a large series of B-cell lymphomas derived from different
B cells frozen at different stages of differentiation and
representing unique histological and clinical grades. As
hypothesized, we could observe an inverse correlation
between p27 and Skp2 in most human lymphomas. Over-
all, these findings are in agreement with the notion that
the protein levels of p27 are—at least in normal cells—
primarily regulated by the SCFS*P? Jigase. On the other
hand MCLs, in which p27 levels are often undetectable
and do not correlate with the cell-cycle progression,’
showed only a low percentage of Skp2-positive cells.
Moreover 30 to 35% of the cells of high-grade lympho-
mas displayed no staining for both Skp2 and p27. These
findings argue in favor of a down-regulation of p27 that is
not solely dependent on Skp2. In favor of this hypothesis
are data that indicate that other factors might influence

p27 protein levels, such as decreased transcription or
translation, abnormal localization or sequestration,'® and
cleavage via nonapoptotic caspases.?® Finally the recent
demonstration that p27 can also be degraded via a Skp2-
independent pathway sheds new light on the high and
complex regulation of this cell-cycle inhibitor.2”

By comparing the expression of Skp2 with that of other
cell-cycle proteins, such as Ki-67, cyclin E, and cyclin A,
we have also shown that Skp2 directly correlates with the
proliferative index in all types of lymphomas. Interest-
ingly, the fraction of cells stained with anti-Skp2 antibody
was always lower than the percentage of cells stained
using anti-Ki-67 mAb. These findings are in accordance
with the different patterns of expression of these proteins
during the cell cycle. In cycling cells, in fact, the Ki-67
protein is expressed throughout the cell cycle, ie, from
the G, phase, through the entire S phase, up to the G, to
M phase,?® whereas Skp2 is expressed only during the
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Figure 6. Correlation between cyclin A and Skp2 and p27 in vitro degrada-
tion. A: Expression of Skp2 and cyclin A in NHLs. A representative panel of
low- and high-grade lymphomas were stained using anti-Skp2 and anti-cyclin
A antibodies as described in Material and Methods. Values are reported as
percentage of positive tumor cells. Single regression analysis demonstrates a
positive correlation between Skp2 and cyclin A expression (P < 0.0001). B:
The protein expression profiles of MCLs were determined using Western blot
with the indicated antibodies (left). Purified recombinant p27 was incubated
in vitro with the tissue extracts of MCLs with low (a), intermediate (b), and
high (c) protein levels of p27 for the indicated intervals (right). Levels of
recombinant p27 were evaluated by Western blotting using anti-p27 mAb.
Tumor cells represented more than 80% of the total cells.

late G, and S phase.""®® Thus, Skp2 expression defines
a narrower window in the cell-cycle progression com-
pared with that identified by anti-Ki-67 mAbs. This differ-
ence may offer a clear advantage in the analysis of
neoplastic processes. It is not simple, in fact, to separate
lymphoma subtypes or to predict biological evolutions
within specific groups considering only the percentage of
Ki-67-positive cells. This is particularly true in tumors with
high proliferating indexes such as Burkitt's lymphoma,
Burkitt-like lymphomas, and many DLCLs, whose per-
centages of Ki-67-positive cells are uniformly too high. By
contrast, Skp2 determination could provide a real advan-
tage in clinical settings permitting discrimination between
Burkitt's lymphomas (87%), and other high-grade neo-
plasms (Burkitt-like lymphomas and DLCLs, 34% and
21%, respectively). Nonetheless, the mechanisms re-
sponsible for these differences are unclear. Toward this
end, we could speculate that the high expression of Skp2
in Burkitt’s lymphomas might result from its deregulated
expression or might simply reflect a very fast cell-cycle
progression.

The analysis of Skp2 levels may also provide a pow-
erful tool for a more precise grading of follicular cell
lymphomas. So far, the grading system of follicular cell
lymphomas remains still imprecise and often irreproduc-
ible, being dependent on the subjective count of centro-

Skp2 Expression in NHL 1465
AJP April 2002, Vol. 160, No. 4

blasts or large centrocytes.'®3° Because Skp2 staining
gives the precise measurement of cells committed to
proliferating its quantification, particularly by using auto-
matic microscopic scanning, it might offer a more objec-
tive grading. A reproducible classification of FL will allow
studying the efficacy of conventional and new therapeu-
tic approaches, such as anti-idiotype vaccine strategies
in the treatment of lymphomas.

Finally, flow cytometry has also shown that the percent-
age of Skp2-positive cells matches with the number of
cells in S phase. Because Skp2 has a precise concor-
dance with S phase, it could be the best candidate to
replace Ki-67, proliferating cell nuclear antigen, and
other commonly used markers for the determination of
the proliferation index in human tumors. In particular, it
could be extremely convenient in the determination of the
fraction of proliferating cells in tumors in which BrdU
incorporation still has an important prognostic value,
such as multiple myeloma. BrdU incorporation analysis,
in fact, is technically demanding, time consuming, and
limited only to specialized laboratories. The reproducibil-
ity and technical simplicity of the flow cytometry and
immunohistochemical stains using anti-Skp2 antibodies
gives a real edge for the analysis of many human tumors
in routine clinical settings.

In conclusion, we have shown that Skp2 is a useful and
precise marker to quantify cells committed to or in S
phase. Thus, the analysis of Skp2 expression may repre-
sent a useful tool with both diagnostic and possibly prog-
nostic applications in lymphomas. Notably, Kudo and
colleagues®' have recently demonstrated that Skp2 ex-
pression can be used as a prognostic marker in oral
squamous cell carcinomas. We also found that the ex-
pression of Skp2 seems not to be deregulated in the
large majority of human lymphomas. Nonetheless, more
studies are requested to confirm our observations, par-
ticularly in lymphomas with very high Skp2 expression, ie,
Burkitt's lymphomas. In fact, because Skp2 overexpres-
sion may occur in other neoplasms and high levels of
Skp2 seem to play an important role in tumorigene-
sis®9 1231 g more extensive analysis of Skp2 may be
necessary. Finally, the apparent discrepancy between
low levels of Skp2 and p27 seen in MCLs suggests that
an enhanced degradation of p27 may occur via alterna-
tive F-box proteins or additional E3 ligase(s). In fact,
recent studies have pointed out that the protein regula-
tion of p27 and other SCF substrates may be achieved by
different pathways involving multiple players.?”323% The
discovery of the molecular mechanisms regulating the
protein expression of p27 in lymphomas might bring new
light in the understanding of the pathogenesis of human
tumors. Moreover, the recognition of these defects will
allow the design of new and more specific approaches
for the treatment of human malignancies.
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