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Cellular senescence has been widely recognized as a
tumor suppressing mechanism that acts as a barrier
to cancer development after oncogenic stimuli. A
prominent in vivo model of the senescence barrier is
represented by nevi, which are composed of melano-
cytes that, after an initial phase of proliferation in-
duced by activated oncogenes (most commonly
BRAF), are blocked in a state of cellular senescence.
Transformation to melanoma occurs when genes in-
volved in controlling senescence are mutated or si-
lenced and cells reacquire the capacity to proliferate.
Pirin (PIR) is a highly conserved nuclear protein that
likely functions as a transcriptional regulator whose
expression levels are altered in different types of tu-
mors. We analyzed the expression pattern of PIR in
adult human tissues and found that it is expressed in
melanocytes and has a complex pattern of regulation
in nevi and melanoma: it is rarely detected in mature
nevi, but is expressed at high levels in a subset of
melanomas. Loss of function and overexpression ex-
periments in normal and transformed melanocytic
cells revealed that PIR is involved in the negative
control of cellular senescence and that its expression
is necessary to overcome the senescence barrier.
Our results suggest that PIR may have a relevant
role in melanoma progression. (Am J Pathol 2011, 178:
2397–2406; DOI: 10.1016/j.ajpath.2011.01.019)
Cellular senescence is a physiological process through
which normal somatic cells lose their ability to divide and
enter an irreversible state of cell cycle arrest, although
they remain viable and metabolically active.1,2 The spe-
cific molecular circuitry underlying the onset of cellular
senescence is dependent on the type of stimulus and on
the cellular context. A central role is held by the activation
of the tumor suppressor proteins p53 and retinoblastoma
susceptibility protein (pRB),3–5 which act by interfering
with the transcriptional program of the cell and ultimately
arresting cell cycle progression.

In the last decade, senescence has been recognized
as a major barrier against the development of tumors in
mammals.6–8 One of the most prominent in vivo examples
is represented by nevi, in which cells proliferate after
oncogene activation and then become senescent. Mela-
noma is a highly aggressive form of neoplasm often ob-
served to derive from nevi, and the transition implies
suppression of the mechanisms that sustain the onset
and maintenance of senescence.9 In fact, many of the
melanoma-associated tumor suppressor genes identified
to date are themselves involved in control of senescence,
including BRAF (encoding serine/threonine-protein ki-
nase B-raf), CKD4 (cyclin-dependent kinase 4), and
CDKN2A (encoding cyclin-dependent kinase inhibitor 2A
isoforms p16INK4a and p19ARF).3,10

Nevi frequently harbor oncogenic mutations of the ty-
rosine kinase BRAF gene, particularly V600E,11 and
BRAFV600E is also found in approximately 70% of cutane-
ous melanomas.12 Expression of BRAFV600E in human
melanocytes leads to oncogene-induced senescence,8
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which can be considered as a mechanism that protects
from malignant progression. In time, some cells may
eventually escape senescence, probably through the ac-
quisition of additional genetic abnormalities, thus favor-
ing transformation to melanoma.13

Pirin (PIR) is a highly conserved nuclear protein be-
longing to the Cupin superfamily14 whose function is, to
date, poorly characterized. It has been described as a
putative transcriptional regulator on the basis of its
physical association with the nuclear I/CCAAT box
transcription factor NFI/CTF115 and with the B-cell lym-
phoma protein, BCL-3, a regulator of NF-�B/Rel activ-
ity. A recent report shows that PIR controls melanoma
cell migration through the transcriptional regulation of
snail homolog 2, SNAI2 (previously SLUG).16 Other
reports described quercetinase enzymatic activity,17

and regulation of apoptosis18,19 and stress response,
unveiling a high degree of cell-type and species spec-
ificity in PIR function.

There is evidence of variations in PIR expression levels
in different types of malignancies, but a systematic anal-
ysis of PIR expression in human tumors has been lacking.
We analyzed PIR expression pattern in a collection of
normal and neoplastic human tissues and found that it is
expressed in scattered melanocytes, virtually absent in
more mature regions of nevi, and present at high levels
in a subset of melanomas. Functional studies performed
in normal and transformed melanocytic cells revealed
that PIR ablation results in cellular senescence, and that
PIR levels decrease in response to senescence stimuli.
Our results suggest that PIR may be a relevant player in
the negative control of cellular senescence in PIR-ex-
pressing melanomas.

Materials and Methods

TMA Design and IHC

FFPE human specimens were arrayed in specifically de-
signed TMAs, as previously described.20 For the prelim-
inary screening of PIR expression in human tissues, three
multitumor TMAs composed of various tumor specimens
and respective normal counterparts (when available)
were analyzed. Arrayed samples, provided by the Pathol-
ogy departments of Ospedale Maggiore (Novara), Presidio
Ospedaliero (Vimercate), and Ospedale Sacco (Milano),
included breast, colon, kidney, larynx, lung, prostate,
ovarian, and gastric carcinomas, as well as melanomas,
lymphomas, and glial tumors. Written informed consent
for research use of biological samples was obtained from
all patients, and the research project was approved by
the Institutional Ethical Committee of the European Insti-
tute of Oncology [Istituto Europeo di Oncologia (IEO)].

For the in-depth analysis of PIR expression in mela-
noma, two melanoma-specific microarrays were de-
signed: the first was composed of 27 intradermal nevi, 44
primary melanomas, and 61 metastatic melanomas pro-
vided by the Pathology Department of the European In-
stitute of Oncology (IEO, Milan); the second was com-

posed of 3 intradermal nevi, 94 primary melanomas, and
1 metastatic melanoma provided by the Pathology De-
partment of Ospedale San Paolo (Milan). The total num-
ber of samples actually evaluated for PIR staining was
slightly smaller, because of insufficient tumoral material
or loss of material during experimental procedure.

Sections (2-�m thick) of each TMA block were cut,
mounted on glass slides, and processed for IHC. Immu-
nohistochemical staining was performed overnight at 4°C
with affinity-purified primary anti-PIR antibody diluted
1:5000 followed by detection with the Dako EnVision Plus
system and, for melanoma-specific TMAs, Vector VIP kit
(SK-4600, peroxidase substrate; Vector Laboratories,
Burlingame, CA).

Sections were blindly and independently evaluated by
two investigators (P.N. and C.L.), and consensus was
reached in discordant cases (�5% of cases). A semi-
quantitative score was used to assess PIR expression:
0 � no staining, 1 � weak, 2 � moderate, and 3 � high
staining. For statistical analysis, three groups were de-
fined on the basis of staining intensity scores: Low-Neg-
ative (intensity score � 1), Moderate (intensity score be-
tween 1 and 2), and High (intensity score � 2).

Statistical Analysis

Association between the clinicopathological features of
the tumors and PIR expression was evaluated by analysis
of variance, Student’s t-test, and Fisher’s exact test. The
recognized prognostic factors included in the analysis
were Breslow’s index, Clark’s level, and histotype. Anal-
yses were performed using JMP statistical software ver-
sion 5.1 (SAS Institute, Cary, NC). All P values were
two-sided. A P value of �0.05 was considered to repre-
sent a significant result.

Cell Culture and Growth Media

HEK 293T cells were acquired from the American Type
Culture Collection (ATCC, Manassas, VA). Melanoma cell
lines WM1552, WM1575, WM35, WM278, WM793, and
WM902 were provided by Dr. Meenhard Herlyn (The
Wistar Institute, Philadelphia, PA) and were grown as
described previously.21 Melanoma cell lines IGR39 and
IGR37 were obtained from the German Collection of Mi-
croorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany) and were grown in supplemented Dulbecco’s
modified Eagle’s medium; melanoma cell lines WM266
and WM115 were obtained from ATCC and maintained
in supplemented modified Eagle’s medium. Metastatic
melanoma primary cell lines AnSe1965, IrAv1938B,
CaCi1962, AdMa1935, LiGh1927B, ClVe1946, and
GaLa1949 were established from surgical samples and
were grown in supplemented RPMI-164 medium. Normal
human melanocytes were isolated from surgical dissec-
tion according to standardized protocols. Cells were cul-
tured in McCoy’s 5A medium (Invitrogen, Carlsbad, CA)
supplemented with 2% fetal bovine serum (United States
origin), 5 �g/mL recombinant human insulin (Roche Ap-
plied Science, Monza, Italy), 5 �g/mL human holotrans-
ferrin (Sigma-Aldrich, St. Louis, MO), 0.5 �g/mL hydro-

cortisone (Sigma-Aldrich), 20 pmol/L cholera toxin from
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Vibrio cholerae (Sigma-Aldrich), 16 nmol/L phorbol 12-
myristate 13-acetate (TPA; Sigma-Aldrich), 10 nmol/L en-
dothelin-1 porcine (Sigma-Aldrich), 10 ng/mL recombi-
nant human stem cell factor (PeproTech, Rocky Hill, NJ),
and 1 ng/mL recombinant human fibroblast growth factor
basic (PeproTech) in a humidified incubator at 37°C and
5% CO2. The medium was changed three times a week,
and cells were subcultured when approaching conflu-
ence by gentle tilting to avoid breaking the cell pro-
cesses.22 Normal keratinocytes were grown in serum-
free medium. All cell lines were incubated at 37°C in a
humidified atmosphere containing 5% CO2.

Generation of Polyclonal Anti-PIR Antibody

Full-length PIR coding sequence (873-bp sequence en-
coding a protein product of 291 amino acids with pre-
dicted molecular weight of 32 kDa) was cloned into
pGEX-4T1 vector (Pharmacia Biotech, Uppsala, Sweden)
downstream to the GST sequence. The protein was
expressed in BL21 Escherichia coli strain after induction
with 0.1 mmol/L isopropyl �-D-1-thiogalactopyranoside
(IPTG) at 37°C for 3 hours and purified on glutathione
beads (Pharmacia Biotech). After rabbit immunization, to-
tal antiserum was assessed for specificity by Western blot,
immunofluorescence, and IHC after either overexpression
or knockdown of PIR in HeLa cells, which express discrete

Figure 1. Analysis of PIR expression in normal human tissues and in mela
median expression in the entire sample set. Samples were run in triplicate and
of melanoma progression (�1, 1 to 3, �3 indicate Breslow depth in milli
according to intensity: Neg-Low (intensity scores equal or lower than 1
C: Representative images of PIR IHC staining. Vector VIP (pink color) was us
Note strong PIR signal in melanocytes (arrows) in a normal skin section, wit
space and are smaller than adjacent basal keratinocytes. There is little or no P

thickness, PIR expression is low (PM � 1). In primary melanoma with 3.22 mm Bresl
(MM, metastatic melanoma), PIR staining is intense in melanoma cells, with no sign
but detectable levels of endogenous protein (see Supple-
mental Figure S1 at http://ajp.amjpathol.org).

Quantitative RT-PCR

Total RNAs were extracted using an RNeasy mini kit
(Qiagen, Valencia, CA), and cDNA synthesis was per-
formed using SuperScript II reverse transcriptase (In-
vitrogen) following manufacturer’s instructions. Quantita-
tive RT-PCR (qRT-PCR) experiments were performed
using TaqMan chemistry. TaqMan gene expression as-
say Hs01125825_m1 (Applied Biosystems, Foster City,
CA) was used for evaluation of PIR expression, and hu-
man GAPDH expression was assessed with GAPDH-
Hs99999905_m1 TaqMan gene expression assay for nor-
malization among samples.

Western Blot

Cells were lysed in JS buffer (50 mmol/L HEPES, 150
mmol/L NaCl, 1% glycerol, 1% Triton-X100, 1.5 mmol/L
MgCl2, 5 mmol/L EDTA). Protein extracts (30 �g to 50 �g)
were run in polyacrylamide gels and were transferred to
Protran nitrocellulose membranes (Whatman, Kent, UK). Af-
ter incubation with primary antibodies, membranes were
incubated with peroxidase-coupled secondary antibodies.
Immunoreactivity was developed with an enhanced chemi-

mples. A: qRT-PCR analysis of PIR mRNA. Values are expressed relative to
ere plotted as means � SD. B: Correlation between PIR expression and stage
or primary melanoma). For statistical analysis, three groups were defined
(scores between 1 and 2), and High (intensity scores higher than 2).

tect PIR signal in melanoma-specific TMAs, to avoid confusion with melanin.
itic appearance and ovoid nucleus; the melanocytes are surrounded by clear
ession in a mature nevus. In primary melanoma (PM) with 0.25 mm Breslow
noma sa
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luminescence system (Amersham Biosciences, Fairfield,
CT). Commercial primary antibodies used were as follows:
anti-ERK (p44/42 MAP kinase) and anti-phospho ERK
(phospho-p44/42, Thr202/Tyr204) (both from Cell Signaling
Technology, Danvers, MA); anti-p16 (Santa Cruz Biotech-
nology, Santa Cruz, CA), anti-actin (mouse monoclonal
clone AC-40; Sigma-Aldrich), and anti-vinculin (mouse
monoclonal clone hVIN1; Sigma-Aldrich) for normalization.
Anti-PIR rabbit polyclonal antibody was used at 1:5000 con-
centration. For quantification of PIR expression levels in
melanoma samples, blots were scanned and the intensity of
the bands corresponding to PIR and vinculin was analyzed
and compared using ImageJ image processing software
version 1.44 (NIH, Bethesda, MD).

PIR shRNA

Short hairpin RNA (shRNA) constructs were generated us-
ing the pSICO-R-PGK-puro lentiviral vector.23 The following
pairs of shRNA-forming sequences were annealed and
cloned into the pSICO-R vector backbone: PIR#7-fwd:
5’-TGAAGCCACTTTGTCTTAATTTCAAGAGAATTAAGACAA-
AGTGGCTTCTTTTTTC-3’; PIR#7-rev: 5-TCGAGAAAAAA-
GAAGCCACTTTGTCTTAATTCTCTTGAAATTAAGACAAA-
GTGGCTTCA-3’; PIR#16-fwd: 5’-TGAACACCAATGAAGA-
GATTTTCAAGAGAAATCTCTTCATTGGTGTTCTTTTTTC-3’;
PIR#16-rev: 5’-TCGAGAAAAAAGAACACCAATGAA-
GAGATTTCTCTTGAAAATCTCTTCATTGGTGTTCA-3’;
PIR#19-fwd: 5’-TGAAGGCATTCCATTTCTAATTCAA-
GAGATTAGAAATGGAATGCCTTCTTTTTTC-3’; and
PIR#19-rev: 5’ -TCGAGAAAAAAGAAGGCATTC-
CATTTCTAATCTCTTGAATTAGAAATGGAATGC-
CTTCA-3’.

Table 1. Clinicopathologic Data for 201 Melanoma Samples Incl
Expression

Parameter Total

All lesions
Nevi 27
Primary melanoma 117
Metastatic melanoma 57

Primary melanoma: histotype
Nodular melanoma 14
Superficial spreading melanoma 103

Primary melanoma: age (years)
�50 40
�50 74
Data not available 3

Primary melanoma: breslow
0–1 56
�1–3 34
�3 26
Data not available 1

Primary melanoma: clark
1–2 29
3–5 86
Data not available 2

Primary melanoma: regression
No 83
Yes 32
Data not available 2
Semiquantitative scoring was used to assess PIR expression: 0 � no staining;
considered positive.
Lentiviruses were packaged by transfection of
pSICO-R and helper vectors in HEK 293T cells; the su-
pernatant was concentrated, filtered, and overlaid on the
target cells grown at 50% to 60% of confluence in the
presence of polybrene for 8 hours; at 24 hours after
infection, puromycin (1 �g/mL) was added to the medium
for 72 hours.

PIR Overexpression

To prepare the PINCO-PIR construct, the complete PIR
coding sequence was cloned into the PINCO plasmid.24

PINCO-PIR was transfected into Phoenix cells (American
Type Culture Collection, Manassas, VA) by a calcium
chloride method. At 48 hours after transfection, the su-
pernatant containing recombinant retroviral particles was
harvested, filtered though 0.45-�m pores, and added to
IGR39 cells with 8 �g/mL polybrene. Cells were incu-
bated for 3 hours at 37°C, and the infection was repeated
twice consecutively. At 48 hours after infection, green
fluorescent protein-positive IGR39 cells were sorted by
fluorescence-activated cell sorting and expression of PIR
was evaluated using Western blot analysis.

Growth Curves

WM266-4 and IGR37 cells were seeded at 130,000 cells
and 280,000, respectively, in triplicate in 6-well plates.
Cells were counted at 24-hour intervals for 4 days, and
mean values � SD were plotted.

the Melanoma-Specific TMA and Correlation with PIR

PIR� PIR� % PIR�

2 25 7.4
36 81 30.8
24 33 42.1

6 8 42.9
30 73 29.1

14 26 35.0
21 53 28.4

15 41 26.8
10 24 29.4
11 15 42.3

10 19 34.5
60 26 69.8

27 56 32.5
9 23 28.1
uded in
1 � weak; 2 � moderate; 3 � high staining. Samples with score �1 were
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Colony-Forming Assay

Five thousand WM266-4 cells and 10,000 IGR37 cells
were seeded in 100-mm dishes in duplicate. Cells were
cultured for 15 days, with the medium replaced every 4 to
5 days, and then were washed with PBS, stained for 10
minutes with 0.1% Crystal Violet, washed again, and
dried at room temperature.

Senescence-Associated �-Galactosidase
Assay

Cells infected with lentivaral vectors containing short hair-
pin RNAs targeting PIR (shPIR) and control cells were

Figure 2. PIR expression in melanoma cell lines. A: qRT-PCR comparing PIR
mRNA abundance in melanoma cell lines with normal cultured melanocytes
(black bar). Light gray bars represent primary melanoma cell lines and
dark gray bars represent metastatic melanoma cell lines. Values were calcu-
lated relative to median expression in the entire set of samples. Samples were
run in triplicate and data were plotted as mean � SD. B, top: Western blot
analysis of the same melanoma cell lines. RGP, radial growth phase; VGP,
vertical growth phase. Metastatic cell lines are divided by site of metastasis.
B, bottom: Quantification of PIR expression levels normalized to vinculin
loading control using ImageJ image processing software version 1.44 (NIH).
Expression levels in melanocytes were considered to equal 1.
seeded in 12-well plates at an appropriate number to
have 60% confluence after 24 hours. Cells were fixed and
stained using a senescence detection kit from Calbi-
ochem (Nottingham, UK) and were incubated for 16
hours at 37°C.

Camptothecin Treatment

Camptothecin (Sigma-Aldrich) was used at a concentra-
tion of 250 nmol/L for 24, 48, or 72 hours.

Results

Analysis of PIR Expression in Human Adult
Tissues

PIR protein expression was assessed by IHC on three
different multitumor TMAs containing a total of 218 tumor
and 159 normal samples derived from 11 human adult
tissues. PIR was detectable at low levels in a fraction of
samples derived from 6/11 normal tissues and 9/11 tumor
types and was most abundantly expressed in a subset of
melanoma (7/15 samples). In parallel, PIR mRNA expres-
sion was analyzed by qRT-PCR in a collection of samples
including 20 normal tissues (normal cultured melano-
cytes and keratinocytes). PIR expression values were
calculated relative to the median level of expression in
the entire sample set. Variably low levels of PIR mRNA
were detected in all samples, and higher expression lev-
els were found in normal melanocytes (Figure 1A).

The analysis of PIR expression was extended to a
larger series of melanocytic lesions exploiting two mela-

Figure 3. PIR overexpression in PIR� melanoma cells has no effect on
proliferation. A: Western blot analysis of PIR� IGR39 cells transduced with
the PINCO-PIR vector. Vinculin was used as loading control. B: Growth curve
of IGR39 cells expressing PIR compared with control (PINCO) cells; 35,000
cells were seeded and counted at 24-hour intervals for 4 days. Data points

represent means � SD of triplicate wells; one representative experiment of
two is shown.
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noma-specific TMAs, for a total of 27 intradermal nevus,
117 primary melanoma, and 57 metastatic melanoma
samples. Clinicopathological data for the sample collec-
tion are given in Table 1. The pattern of expression at
different stages of melanoma progression was complex
and diverse: PIR protein was detected in 2/27 nevi
(7.4%), 36/117 primary melanomas (30.8%), and 24/57
metastatic melanomas (42.1%) (Table 1). A significant
correlation between PIR staining and disease progres-
sion from nevus to primary to metastatic melanoma was
observed (P � 0.017), and was also found when primary
melanoma samples were further subclassified according
to the Breslow index,25 which measures the thickness of
the primary lesion (P � 0.029; Table 1 and Figure 1B), or
to Clark staging,26 which indicates the level of skin inva-
sion (P � 0.043; Table 1). Scattered normal melanocytes
present in the basal layer of skin areas within some sam-
ples showed intense PIR staining (representative images
are shown in Figure 1C). Notably, PIR subcellular local-
ization differed among samples: the protein was nuclear
in melanocytes, but melanoma samples displayed grow-
ing amounts of cytoplasmic protein at advanced
stages.27

PIR mRNA expression levels in eight primary mela-
noma cell lines and nine metastatic melanoma cell lines
were next investigated by qRT-PCR and compared with
those in normal melanocytes from primary cultures.
GAPDH expression was used to normalize expression
levels among samples. Compared with normal melano-

Figure 4. PIR ablation affects growth and induces senescence in PIR� melan
IGR37 cell lines. A, bottom: Growth curve of shPIR and pSICO-infected WM
represent means � SD of triplicate wells; one representative experiment of t
control; 5000 WM266-4 and 10,000 IGR37 cells were seeded in triplicate plate
for each condition is shown. C: Microscopic images in bright field after staini

D: Percentages of SA-�-galactosidase-positive cells, calculated on the sum of total a
experiment was repeated three times, with similar results.
cytes, there was a greater than threefold decrease of
PIR expression in 6/8 primary melanoma cell lines and
in 3/9 metastatic melanoma cell lines (Figure 2A). Anal-
ysis and quantification of PIR protein expression in the
same cell lines using Western blot analysis yielded
similar results (Figure 2B). Thus, melanoma cell lines
show a pattern of PIR expression similar to that of
primary tumor samples.

Taken together, our results indicate that PIR is ex-
pressed at low levels in a variety of human tissue types,
and is present at higher levels in melanocytes. PIR is
virtually absent in mature nevus samples but is highly
expressed in a subset of primary and metastatic mel-
anomas. For the purpose of further analyses, we there-
fore considered as PIR-expressing melanomas (referred
to as PIR�) all those primary samples presenting moder-
ate or high PIR expression in TMA analysis (as defined
under Materials and Methods) and also established or
primary cell lines presenting a value �0.4 in mRNA and
protein levels, compared with primary melanocytes (Fig-
ure 2). Other melanoma samples are considered PIR-
negative (PIR�).

PIR Ablation in Melanoma Cells Induces a
Senescence-Like Phenotype

We next investigated the effect of PIR overexpression or
ablation in PIR� or PIR� melanoma cell lines, respec-

lls. A, top: Western blots of PIR down-regulation by shRNA in WM266-4 and
d IGR37 cells. Cells were counted at 24-hour intervals for 4 days. Data points
own. B: Colony formation assay of shPIR cells, with pSICO-infected cells as
lates were stained with Crystal Violet after 10 days. One representative plate
A-�-galactosidase in WM266-4 and IGR37 control (pSICO-R) and shPIR cells.
oma ce
266-4 an
wo is sh
s, and p
ng for S
nd SA-�-galactosidase-positive cells counted in six independent fields. The
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tively. PIR� IGR39 cells were infected with the retroviral
construct PINCO-PIR, which contains the entire PIR cod-
ing sequence cloned in the green fluorescent protein-
expressing PINCO vector,24 or with the empty vector as
control. Green fluorescent protein-positive cells were
sorted; expression of PIR was assessed using Western
blot analysis (Figure 3A), and cell growth and survival
were analyzed. No significant effect on cellular prolifera-
tion and/or viability was observed (Figure 3B).

Figure 5. PIR ablation induces senescence in normal melanocytes. A: Western
blot control of PIR knockdown in melanocytes. B: Percentages of SA-�-galac-
tosidase-positive cells were calculated on the sum of total and SA-�-galactosi-
dase-positive cells counted in six independent fields. The experiment was
repeated twice, with similar results. C: Representative pictures of SA-�-galacto-
sidase staining in pSICO-R, shPIR#7, and shPIR#19 melanocytes.

Figure 6. PIR expression is down-regulated by senescence stimuli. A, top
4-hydroxytamoxifen (OHT) treatment to induce BRAF expression. Samples w
analysis of PIR protein expression in the same conditions. Actin was used a
and actin expression in TIG3-BRAF-ER cells on 800 mmol/L OHT treatment. C
in cells treated with 800 nmol/L OHT for 120 hours, with quantification of
SA-�-galactosidase-positive cells counted in six independent fields. The ex
mRNA expression in WM266-4 cells on treatment with camptothecin (CPT) a
means � SD. D, right: Western blot analysis of PIR protein expression in ext

in control cells (CTR) and in cells treated with 250 nmol/L CPT for 96 hours (CP
calculated on the sum of total and SA-�-galactosidase-positive cells counted in six in
PIR� WM266-4 and IGR37 metastatic melanoma cell
lines were transduced with three different lentiviral
shRNAs (pSICO-R-shPIR#7, #16, and #19) to induce
stable knockdown of PIR expression, or with the empty
pSICO-R vector as control. Western blot analysis of PIR
knockdown is shown in Figure 4A. Transduced cells
were counted at 24-hour intervals for 4 days. The
growth rate was significantly reduced in both mela-
noma cell lines stably expressing shPIR constructs,
compared with that of cells bearing the empty pSICO-R
(Figure 4A). A colony formation assay was also per-
formed to measure the growth rate at low density. The
number of colonies formed by shPIR cells was signifi-
cantly reduced in both cell lines (Figure 4B).

The shPIR-transduced cell lines exhibited changes in
size and morphology compatible with cellular senes-
cence (flattened and enlarged phenotype). We therefore
performed a senescence-associated � galactosidase
(SA-�-galactosidase) assay and found that PIR knock-
down in WM266-4 cells resulted in an increase from 2.1%
positivity in control cells to 41.3%, 16.6%, and 37.1% in
shPIR#7, #16, and #19 transduced cells, respectively
(Figure 4, C and D). Similarly in IGR37 cells, SA-�-galac-
tosidase staining was detected in 0.5% of control cells
and in 7.6%, 13%, or 13.2% in shPIR#7, #16, and #19
cells, respectively (Figure 4, C and D). These results
suggest that ablation of PIR is associated with induction
of cellular senescence in PIR� melanoma cells.

To assess whether senescence resulting from ablation
of PIR is a specific feature of malignant melanocytic cells,
we next analyzed the effect of PIR knockdown in normal
cultured melanocytes. Infection with shPIR#7 and
shPIR#19 resulted in efficient knockdown of the protein
(Figure 5A) and induced an increase in the percentage of

R analysis of PIR mRNA expression in TIG3 BRAF-ER cells on 800 nmol/L
in triplicate and data were plotted as means � SD. A, bottom: Western blot
g control. B: Western blot analysis of phospho-ERK (pERK), total ERK, p16,
sentative images of SA-�-galactosidase staining in control cells (0 hours) and
ges of SA-�-galactosidase-positive cells, calculated on the sum of total and
t was repeated twice, with similar results. D, left: qRT-PCR analysis of PIR
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SA-�-galactosidase positive melanocytes from 7.7% to
28.3% for shPIR#7 and 41.1% for shPIR#19 (Figure 5, B
and C). This result suggests that PIR expression is asso-
ciated with negative control of cellular senescence also in
nontransformed melanocytes.

PIR Expression Is Down-Regulated by BRAF
Activation and Camptothecin Treatment

BRAF mutations are frequent in nevi, and are directly
linked to the induction of oncogene-induced senes-
cence. Variations in PIR expression levels were there-
fore investigated in an experimental model of senes-
cence induced by oncogenic BRAF. Human diploid
fibroblasts (TIG3–hTERT) expressing a conditional form
of constitutively activated BRAF fused to the ligand-bind-
ing domain of the estrogen receptor (ER) rapidly undergo
oncogene-induced senescence on treatment with 4-hy-
droxytamoxifen (OHT).28,29 PIR protein and mRNA levels
were measured in TIG3-BRAF-ER cells at different time
points of treatment with 800 nmol/L OHT. PIR expression
was significantly repressed both at the mRNA and at the
protein level after BRAF activation (Figure 6A), and re-
mained at low levels after 120 hours, suggesting that a
significant reduction of PIR expression is associated with
the establishment of oncogene-induced senescence in
different cell types.

It has been shown that low levels of BRAF expres-
sion (induced by low doses of OHT) elicit a mitogenic
response due to induction of cyclins D1 and E,28 while
only a modest activity of mitogen-activated protein ki-
nase (MAPK) is detected. In contrast, higher levels of
BRAF result in high MAPK activity, and both conditions
are associated with increased expression of cyclin-de-
pendent kinase inhibitors and cell cycle arrest. As a read-
out for effective induction of senescence in our experi-
mental conditions, we therefore analyzed the
phosphorylation levels of ELK-related tyrosine kinase
ERK (p44/42 MAPK) and the expression of CDKN2A
(p16INK4a) using Western blot analysis. OHT treatment
and consequent BRAF expression resulted in a consid-
erable increase in ERK phosphorylation within 48 hours,
as expected for a high dose of OHT (Figure 6B; total ERK
was used as control). After 72 hours of treatment and
establishment of cell cycle arrest and senescence, ERK
phosphorylation regains levels similar to its basal levels
(Figure 6B).

In parallel, we observed a dramatic and progres-
sive increase in the expression levels of CDKN2A
(p16INK4a), a crucial player in the control of G1 cell
cycle arrest and a well-known marker of senescence
(Figure 6B). Moreover, SA-�-galactosidase staining of
TIG3-BRAF-ER cells before and after 120 hours of OHT
treatment showed approximately a 30-fold increase in
the fraction of cells that express the senescence
marker (Figure 6C). Taken together, our data suggest
that BRAF activation in TIG3– hTERT cells induces cel-
lular senescence that is accompanied by a significant

repression of PIR expression.
To investigate whether PIR down-regulation is also as-
sociated with other stimuli that trigger senescence, PIR
protein and mRNA levels were measured in WM266-4
melanoma cells treated with low doses of camptothecin
(CPT), an antineoplastic agent that induces a senes-
cence-like phenotype in colon cancer cells.30 PIR mRNA
levels showed a fivefold decrease after 24 hours of CPT
treatment, and a decrease in protein expression was
clearly detectable after 48 hours (Figure 6D). Increased
size, flattened morphology, and positive staining for SA-
�-galactosidase activity after 96 hours of CPT treatment
confirmed that cells had undergone senescence (Figure
6E). Thus, PIR down-regulation is not a specific feature of
oncogene-induced senescence and can also be associ-
ated with senescence induced by treatment with cyto-
toxic agents.

Discussion

PIR is a highly conserved protein whose expression is
deregulated in different tumor types. We found that ex-
pression of PIR is abundant in melanocytes, and analysis
of PIR expression in different stages of melanoma pro-
gression revealed a complex and intriguing pattern. PIR
is virtually absent in mature nevi, but is detectable at high
levels in a proportion of primary and metastatic melano-
mas. The observed expression pattern suggests that PIR
expression is switched off in nevi, and is reactivated in a
subset of melanomas, in which PIR levels might increase
as the disease progresses.

Gain and loss of function experiments were performed
in PIR� or PIR� melanoma cells to study the role of PIR in
melanocytic cells. PIR overexpression in PIR� melanoma
did not result in any significant effect on cell proliferation
and survival. Instead, PIR ablation in normal melanocytes
and in PIR� melanoma cell lines induced growth arrest
and a senescence-like phenotype. Cellular senescence
is a protective mechanism triggered by a variety of stress
stimuli, including DNA-damaging drugs and activated
oncogenes. This anticancer barrier is of particular rel-
evance in melanoma, which often stems from a nevus
that is composed of senescent melanocytes.3 One
could, therefore, hypothesize that the decrease in PIR
levels that characterizes the transition from normal me-
lanocytes to nevi is associated with the onset of cellular
senescence. In accordance with this view, PIR expres-
sion in intradermal nevi is restricted to the superficial
portion of the lesion, whereas deeper parts, which are
rich in senescent cells, do not express PIR (data not
shown). Furthermore, PIR levels rapidly and signifi-
cantly decrease on expression of activated BRAF,
which is an extremely frequent event in nevi and is
directly associated with the onset of oncogene-in-
duced senescence.8

PIR expression appears to be required to overcome
the senescence barrier in PIR� melanomas, given that its
ablation in these models rapidly results in a senescence-
like phenotype. Instead, PIR� melanomas likely reac-
quire the capacity to proliferate through mechanisms that

do not involve PIR.
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PIR down-regulation is not specific to oncogene-in-
duced senescence, as shown by its rapid decrease in
response to camptothecin treatment, and might therefore
represent a more general feature of the senescence pro-
gram induced by diverse stimuli in melanocytic cells.
Notably, this effect is likely cell type-specific, because
PIR ablation in other tissues yields different effects. We
recently observed that PIR knockdown in hematopoietic
precursors impairs terminal myeloid differentiation, and
its down-regulation in leukemias may therefore contribute
to the maturation arrest characteristic of acute myeloid
leukemia.31

The molecular mechanisms underlying the role of PIR
in counteracting senescence remain unknown. PIR may
contribute to this phenotype by modulating the transcrip-
tion of key regulators of senescence, but it may also exert
its function through other mechanisms. A detailed analy-
sis of PIR subcellular localization in melanoma revealed
that advanced stage melanomas display increasing
amounts of cytoplasmic PIR,27 suggesting the existence
of additional functions that could confer yet unknown
characteristics to tumor cells.

Our present results reveal a complex pattern of ex-
pression of PIR in melanoma and demonstrate that PIR is
a negative regulator of senescence in melanocytic cells.
Further studies are needed to elucidate the molecular
mechanisms through which PIR participates in the control
of cellular senescence.
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