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The human p53 gene is a tumor suppressor mutated in
half of colon cancers. Although p53 function appears
important for proliferation arrest and apoptosis in-
duced by cancer therapeutics, the prognostic signifi-
cance of p53 mutations remains elusive. This suggests
that p53 function is modulated at a posttranslational
level and that dysfunctions affecting its modulators can
have a prognostic impact. Among p53 modulators, ho-
meodomain interacting protein kinase (HIPK) 2
emerges as a candidate “switch” governing p53 transi-
tion from a cytostatic to a proapoptotic function. Thus,
we investigated the possible prognostic role of HIPK2
on a retrospective series of 80 colon cancer cases by
setting up a multiplexed cytometric approach capable
of exploring correlative protein expression at the single
tumor cell level on TMA. Crossing the data with quanti-
tative PCR and p53 gene sequencing and p53 functional
assays, we observed the following: despite a strong
impact on p21 transcription, the presence of dis-
abling p53 mutations has no prognostic value, and
the increased expression of the HIPK2 protein in tumor
cells compared with paired normal tissue cells has a
strong impact on survival. Unexpectedly, HIPK2 effect
does not appear to be mediated by p53 function because it
is also observed in p53-disabling mutated backgrounds.
Thus, our results point to a prominent and p53-indepen-
dent role of HIPK2 in colon cancer survival. (4mJ Pathol
2011, 178:1986-1998; DOI: 10.1016/j.ajpath.2011.01.021)
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The human p53 gene acts as a tumor suppressor that
plays a central role in protecting the genome against
genotoxic stresses, such as oxidative stress, UV light,
and ionizing radiation. In such conditions, p53 “senses”
the DNA lesions and is activated, leading to the transac-
tivation of target genes involved in cell cycle arrest and
apoptosis. This either allows for DNA repair or, alterna-
tively, when the damage is extensive, provokes cell self-
elimination by apoptosis.’ Although tumor protein 53
(TP53) is mutated in approximately 50% of colon cancer
cases,? the prognostic significance of these mutations
remains controversial. In a large cohort of colorectal car-
cinomas published by the TP53-CRC Collaborative Study
Group, this prognostic impact seems intricate and de-
pends on tumor site, type of mutation, adjuvant therapy,
and stage of the disease.®*

Posttranslational modifications of the p53 protein, such
as ubiquitination, phosphorylation, and acetylation, contrib-
ute to p53 activity regulation, leading to protein stabilization,
conformational changes, and modifications of its affinity for
DNA and its interaction with transcriptional coactivator com-
plexes.® As a result, the molecular modulators of p53 could
play a significant role by influencing the p53-dependent
responses in tumor cells and altering the prognostic signif-
icance of the p53 genetic status of the tumor.

Among such modulators, homeodomain interacting
protein kinase 2 (HIPK2)® seems to be an important reg-
ulator of p53 functions acting through direct phosphory-
lation of p53 at Ser46 in response to severe DNA dam-
age.”® The phosphorylation of p53 Ser46 may represent
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a sensor of DNA damage intensity that promotes a shift in
p53 affinity from cell cycle arrest-related promoter genes
to apoptosis genes.'°~'2 HIPK2 also forms a heterocom-
plex with p53, acetyltransferase Creb-binding protein,
and promyelocytic leukemia protein in promyelocytic leu-
kemia protein—nuclear bodies; and the phosphorylation
of p53 at Ser46 by HIPK2 promotes the acetylation of
p53 by acetyltransferase Creb-binding protein at
lysines 373/382, playing a critical role in the induction
of apoptosis.® %14

Moreover, the main mechanism of p53 expression-
level regulation that is mediated by the ubiquitin ligase
MDM2 is controlled by HIPK2. Indeed, HIPK2 inhibits the
nuclear export and ubiquitination of p53 mediated by
MDM2, thus neutralizing p53 degradation and promoting
p53-dependent apoptosis.’® In addition, the phosphory-
lation of p53 at Ser46 by HIPK2 inhibits the MDM2 neg-
ative feedback loop by inhibiting p53-mediated MDM2
gene transcription. In addition, HIPK2 further inhibits
MDM2 in a p53-independent and transcription-indepen-
dent way: MDM2 can be phosphorylated by HIPK2, caus-
ing its cytoplasmic shuttling and provoking its protea-
somal degradation.'®

From a functional point of view, the knockdown of
HIPK2 abolished repair after DNA damage in vitro."”
Moreover, in a recent study,'® a significant correlation
between poor survival rates and low mRNA HIPK2 ex-
pression was reported in wild-type (WT) p53 colonic
tumors.

HIPK2 can also modulate the apoptotic response in the
absence of p53. Indeed, HIPK2 facilitates the phosphor-
ylation of the antiapoptotic corepressor C-terminal bind-
ing protein at Ser422, directly and indirectly, through the
c-Jun N-terminal kinase signaling pathway, resulting in
C-terminal binding protein proteasomal degradation and
the promotion of apoptosis.’®~2"

Furthermore, HIPK2 appears to be highly regulated at
both the activity and expression levels.?? For instance, in
response to severe DNA damage, caspase-6, a p53 tar-
get gene, removes an inhibitory C-terminal domain from
HIPK2, resulting in a hyperactive kinase that potentiates
p53 Ser46 phosphorylation.22#

Regarding expression, MDM2 was reported to act as a
negative regulator of HIPK2, mediating its ubiquitination
and degradation on mild DNA damage.'® Recently,
HIPK2 has undergone a rapid protein turnover in resting
conditions orchestrated by the E3 ubiquitin ligase Siah-1,
which, like MDM2, is another p53 target gene. In resting
conditions, Siah-1 colocalizes and forms a complex with
HIPK2 in nuclear bodies, whereas DNA damage triggers
disruption of the complex, via the ATM/ATR pathway,
resulting in HIPK2 stabilization and activation.?®

Therefore, there is some evidence that HIPK2 is an
important actor in DNA damage response, along with
p53, which acts as a tumor suppressor gene.

Because DNA damage signaling is involved in both
colon cancer progression and drug sensitivity, it is tempt-
ing to speculate the following: changes in HIPK2 expres-
sion could occur during cancer natural history, and
HIPK2 expression could affect the drug sensitivity of tu-
mor cells, modulating pharmacologically induced p53
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signaling. Thus, it could potentially represent a prognos-
tic marker.

To explore HIPK2 expression in colon carcinoma, we
selected a collection of 80 pairs of carcinoma and the
respective healthy mucosa.

By using immunofluorescence and TMA imaging, we
developed and validated a novel semiautomatic method
(which we coined “TMA cytometry”) for quantifying and
analyzing multiple protein expression on archival paraf-
fin-embedded tissue. By applying this technique to our
series of colon carcinomas, we simultaneously studied
HIPK2 and p53 expression at the cellular level, crossing
these data with the mutational status of p53. Moreover,
we compared the expression level between the tumor
sample and the normal tissue of each patient to explore
the possible variations of the protein level occurring dur-
ing carcinogenesis.

Herein, we show that high HIPK2 overexpression is
highly and positively correlated with prognosis, irrespec-
tive of the p53 mutational status and stage of the disease.

Materials and Methods

Clinical Data

Eighty patients with primary colorectal carcinoma, oper-
ated on and treated at the Institut Bergonié, Bordeaux,
France, between January 1, 1999, and December 31,
2004, were included in the study. At surgery, fragments
of tumor and normal mucosa (taken at a distance from the
tumor) were frozen quickly in liquid nitrogen and stored at
-140°C until extraction. The remaining material was fixed
in Holland Bouin’s solution and paraffin embedded for
pathological evaluation. These frozen and fixed samples
were used as paired specimens in the quantification of
gene expression by real-time PCR and immunofluores-
cence analysis, respectively. The clinical characteristics
of the series are described in Table 1. At analysis, 39
patients were considered alive without cancer, 8 were
alive with cancer, and 4 were alive with another cancer.

Table 1. Patient Characteristics

Characteristics Value
No. of patients 80
Age, median (range) (years) 66 (31-88)
Male/female ratio 1:10

Primary tumor site

Descending colon and sigma-rectum 55 (68.8)
junction

Ascending and transverse colon 22 (27.5)

Rectum 3(3.8)
Tumor stage

I'and Il 29

il 20

v 29

Unknown 2
Adjuvant therapy

None 40

Chemotherapy 40

Data are given as number (percentage) of patients unless otherwise
indicated.
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Twenty-nine patients were dead from cancer (n = 19),
complications (n = 3), another cancer (n = 4), or other
causes (n = 3).° The 5-year overall survival (OS) was
63%, with a median follow—up of 54.6 months. A clear
prognostic value of the stage was observed in this series
(see Supplemental Figure S1 at http://ajp.amjpathol.org).

TMA Construction

Tissue cores with a diameter of 0.6 mm were removed
from fixed paraffin—-embedded tissue blocks and arrayed
on a recipient paraffin block using a tissue arrayer
(Beecher Instruments Tissue Arrayer, Sun Prairie, WI).
Each tumor sample was punched in triplicate, along with
a core of nontumoral mucosal tissue punched far away
from the tumor. Sections of the array were cut at 5 um
and placed on glass slides.

An independent TMA incorporating a series of 30 colo-
rectal cancers with matched normal tissue for eight
cases, together with patient survival data, was purchased
from US Biomax (CO951, Rockville, MD).

Immunohistochemistry

IHC with p53 antibody (mouse monoclonal antibody
DO-7 Ab, 1:100; Dako, Trappes, France) was performed
on a 5-um fixed paraffin—-embedded TMA section
mounted on a charged slide. The tissue section was
deparaffinized in toluene. After heat-induced proteolytic
epitope retrieval in citrate buffer (pH 6.0) using a micro-
wave oven, the primary antibody was incubated for 1
hour at room temperature. Positive reactions were visu-
alized using the avidin—biotin method. Staining was eval-
uated by visual examination using a semiquantitative ap-
proach, assessing the staining intensity with a four—point
scale (from zero to three); the percentage of stained cells
ranged from 0% to 100%.

Immunofluorescence

Double immunofluorescence with p53 (same antibody
and conditions as IHC) and HIPK2 (rabbit polyclonal
anti-HIPK2 28507 Ab, 1:300; Abcam, Cambridge, UK)
was performed on a 5-um fixed paraffin—~embedded
TMA section mounted on a charged slide. The tissue
section was deparaffinized in toluene. After heat-induced
proteolytic epitope retrieval in citrate buffer (pH 6.0) us-
ing a microwave oven, primary antibodies were incu-
bated for 1 hour at room temperature. Secondary anti-
bodies [ie, goat anti-rabbit (Alexa Fluor 594 and 532) and
goat anti-mouse (Alexa Fluor 488); all from Molecular
Probes, Eugene, OR] were diluted in antibody diluent
(REAL,; Dako) and incubated for 1 hour at room temper-
ature in the dark. The section was washed with PBS three
times and incubated with DAPI (1 ug/mL) for 15 minutes
in the dark. After dehydration, the section was mounted
with Fluoromount-G and stored at 4°C in the dark until
analysis.

Immunofiuorescence Image Acquisition and
Quantification

Immunofluorescence signals were collected for each ar-
ray core with a confocal microscope (LSM 510 META,;
Zeiss, Gottingen, Germany) using a X20 objective lens.
Images were quantified with the multiwavelength cell
scoring application of Metamorph (Molecular Devices,
Sunnyvale, CA). A second acquisition and analysis of
both TMAs was performed with an automated laser scan-
ning cytometer (iCys; Compucyte, Boston, MA) using
phantom segmentation.

Quantification by Real-Time Quantitative
RT-PCR Analysis

RNA samples were extracted from fresh—frozen fractions
of tumor tissue and normal nontumoral mucosa using a kit
(RNeasy Lipid Tissue Qiagen kit, 74804; Qiagen, Valen-
cia, CA), following the manufacturer’s instructions. Imme-
diately after elution, RNA samples were cleaned with a
DNase inactivation reagent kit (DNase Turbo DNA free;
AMBION, Austin, TX), thus avoiding subsequent degra-
dation (data not shown). The RNA samples were treated
with DNase (DNase Turbo DNA free), and RNA quality
was assessed on a bioanalyzer (Bioanalyseur 2100; Agi-
lent, Santa Clara, CA). Only RNA of high quality [RNA
integrity number (RIN) > 7] qualified for the study. First—
strand cDNA was synthesized according to the manufac-
turer’'s instructions (Reverse Transcriptase Powerscript
Clontech, Mountain View, CA). Forty—seven paired sam-
ples were available for further analysis.

Quantitative analysis was performed on DNA ENGINE
OPTICON 2. For standardization, commercial kits for
HIPK2 and the housekeeping gene have been used (Ap-
plied Biosystems, Carlsbad, CA). Among 10 housekeep-
ing genes tested [ie, GAPDH (glyceraldehyde-3—-phos-
phate dehydrogenase), B2M (B2 microglobulin), PGK1
(phosphorylated glycerate kinase 1), ACTB (actin B), TBP
(TATA box binding protein), 78S (18S ribosomal RNA),
GUSB (glycuronidase B), HPRT1 (hypoxanthine phos-
phoribosyl transferase), RPLPO (ribosomal protein large
PO), and PPIA (cyclophilin A)], GUSB was the gene that
showed less variability in our PCR conditions and was
chosen as the housekeeping gene for subsequent quan-
titative analysis. Each sample was analyzed in triplicate.
Paired samples (tumor and normal tissue) were plotted
on the same plate. For each sample, fold change (FC)
was calculated according to the 2724C method.

p53 Mutational Analyses
Sequencing

After evaluation of tumoral cellularity on a frozen H&E-
stained section, DNA was extracted from fresh—frozen
fractions of tumor tissues using the phenol chloroform
method. Of 80 cases, 72 (cellularity >10%) were ana-
lyzed. Mutational analysis explored exons 2 to 11 of the
p53 gene. Primer sequences (Table 2) were designed
with software (Primer 3). PCR was performed in a ther-
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Table 2. Probe Sequences
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Primer ) )

Amplicon Annealing

Exon 1 2 size (bp) temp (°C)
2 and 3 5'-TCTCAGACACTGGCATGGTG-3' 5'-GGGGACAGCATCAAATCATC-3' 500 61
4 5'-CGTTCTGGTAAGGACAAGGG-3' 5'-GGAATCCCAAAGTTCCAAAC-3' 484 59
5and 6 5'-GTTTGTTTCTTTGCTGCCG-3' 5'-TCATGGGGTTATAGGGAGGTC-3’ 585 59
7 5'-CCTCCCCTGCTTGCCAC-3’ 5'-GAGGTGGATGGGTAGTAGTATGG-3’ 293 59
8 and 9 5'-TTGGGAGTAGATGGAGCCTG-3' 5'-AAACAGTCAAGAAGAAAACGGC-3’ 473 59
10 5'-TCAAACAATTGTAACTTGAACCATC-3' 5'-GGCAGGATGAGAATGGAATC-3' 269 59
11 5'-GGGAAAAGGGGCACAGAC-3' 5'-GCAAGCAAGGGTTCAAAGAC-3' 244 59

mocycler (GeneAmp PCR System 9700; Applied Biosys-
tems). For exons 4 to 11, the PCR mix was composed of
1.5 mmol/L MgCl,, 3.5 uL 10X PCR Gold buffer (Applied
Biosystems), dNTP (100 wmol/L each), primer (17.5 pmol
each), 1.4 U of AmpliTag Gold (Applied Biosystems), and
40 ng of DNA (QS, 35 plL). The PCR comprised 5 minutes
at 94°C; 45 cycles of 30 seconds at 94°C, 45 seconds at
59°C, and 45 seconds at 72°C; and an elongation phase
of 5 minutes at 72°C. For exons 2 to 3, MgCl, was re-
placed by 1.5 mmol/L MgSO,, and AmpliTag Gold was
replaced by 1.4 U of Platinium TagDNA polymerase (In-
vitrogen) in the PCR mix. The PCR comprised 2 minutes
at 94°C; 35 cycles of 30 seconds at 94°C, 45 seconds at
61°C, and 45 seconds at 72°C; and an elongation phase
of 5 minutes at 72°C. PCR product sizes were controlled
by migration on 2% agarose electrophoresis gel and
were purified with columns (GFX PCR DNA kit; Amer-
sham Biosciences, Piscataway, NJ). Bidirectional direct
sequencing was performed on the thermocycler (Gene-
Amp PCR System 9700; Applied Biosystems). Sequenc-
ing primers are the same as those of the PCR. Sequenc-
ing reaction mix comprises 3.5 uL of 5X sequencing
buffer, 0.5 uL of Big Dye Terminator, 12.5 pmol of primer,
and 4 ulL of PCR products purified and diluted at 1:10
(@S, 20 pL). The sequencing cycle comprised 10 sec-
onds at 94°C and 25 cycles of 5 seconds at 50°C and 4
minutes at 60°C. Purification of sequencing products was
performed on a column (DyeEx; Qiagen). Sequence anal-
yses were read on software (SeqgScape).

A B

Functional Analysis of Separated Alleles in
Yeast Test

To detect inactivating mutations in the TP53 gene, a
functional analysis of separated alleles in yeast (FASAY)
assay was performed on tumoral RNA extracted for the
quantitative RT-PCR analysis, as described by Flaman
et al.?® The transcriptional activity of human p53 in tumor
cells is assessed in Saccharomyces cerevisiae, where it
activates a p53 target gene (Ade2). This reporter gene is
under the control of a promoter that contains the p53
binding site. The mMRNA specimens were reverse tran-
scribed with random primers, and part of the TP53 open
reading frame comprising exons 4 to 11 was amplified by
PCR, leading to a PCR product of 1 kb. The reporter
strains were grown and cotransformed with PCR ampli-
cons and a linearized yeast expression vector carrying
the 5’ and 3’ ends of the TP53 open reading frame.
Activation of the reporter by WT p53 results in white
colonies, whereas the mutant p53 produces smaller red
colonies. The activity of the p53 mutant was determined by
the color of at least 100 colonies per strain. Because of
PCR-induced errors or alternatively spliced TP53 mRNA,
the FASAY test result was considered negative (functional
or WT p53) when <10% of red colonies were detected. The
test result was considered doubtful when between 10% and
20% of red colonies were detected. The FASAY test result
was considered positive (nonfunctional or mutated p53) for
values higher than this cutoff. Positive and negative controls
were included in each assay.

C D

Figure 1. Acquisition and treatment of the TMA double labeled by immunofluorescence for p53 and
HIPK2. A: Low-resolution acquisition of the overall TMA. B: Confocal microscopy acquisition of three
fluorescent signals: DAPI (nuclear staining), p53 (green Alexa 488), and HIPK2 (red Alexa 594) of a single
core. C: Operator-guided microdissection of images to eliminate stromal component. D: Segmentation
and threshold-based cell scoring.
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Survival curves were calculated according to the Kaplan-
Meier method; survival analysis was performed using the
log-rank test. OS was calculated from the date of diag-
nosis until death or last follow-up. The Cox proportional
hazards model was used for multivariate analysis, and
calculation of the hazard ratios and confidence intervals
was performed with the ascending step-by-step maxi-
mum likelihood method, including only variables signifi-
cant at P < 0.05 in the univariate analysis.

Results
TMA Cytometry

To evaluate the expression of HIPK2 and p53 at the
protein level in our tissue collection, we constructed a
TMA containing one spot of healthy mucosa and three
spots of tumors for each patient.

Double immunofluorescence with p53 and HIPK2 an-
tibodies was performed on a 5-um fixed paraffin-embed-
ded TMA section mounted on a charged slide. The entire
TMA section was analyzed by acquisition of p53, HIPK2,
and DAPI signals by confocal microscopy (Figure 1, A
and B). Each acquired image corresponding to tumoral
or normal mucosa tissue core was reviewed for overall

for each tumor was chosen for subsequent quantification.
Patients were excluded if all three cores were missing or
not representative (eg, if they contained only stroma). A
manual “virtual microdissection” of the images was per-
formed by excluding the stromal component with a mask
to keep only epithelial elements (Figure 1C). Based on
DAPI labeling, we submitted each core to a segmentation
process that determines the nuclear regions. Each seg-
mented nucleus was quantified for p53 and HIPK2 ex-
pression, measuring the mean fluorescence intensity in
each channel. Although the analysis routine allows us to
automatically score the nuclei as positive or negative
using a threshold-based procedure (Figure 1D), we pre-
ferred to analyze the distribution of fluorescence intensi-
ties of the overall cell populations of spots to avoid gen-
erating artifacts linked to the choice of an arbitrary
threshold. The fluorescence intensity of each fluoro-
chrome-labeled antibody was measured in individual nu-
clei, generating a data set for each sample. A mean of
767 cells was quantified in tumor samples (range, 231 to
1324 cells), and a mean of 309 cells was quantified in
normal mucosa samples (range, 30 to 682 cells). The
TMA from US Biomax contained 30 colorectal cancers
(two cores per case), eight of which had matched normal
tissue. It was acquired and analyzed with the same pro-
cedure as the home-constructed TMA.



P53 Analysis
p53 Expression

First, we determined the distribution profiles of p53 nu-
clear intensities in normal mucosa samples (Figure 2A) and
tumoral tissues (Figure 2B). The profiles of normal tissues
are highly similar and display a homogeneous gaussian
distribution. Tumor samples were more heterogeneous, with
a wide range of fluorescence from low to high intensity.
Some tumor profiles show the presence of two cell popula-
tions, one of them characterized by a high p53 expression
level. Automated segmentation-based quantification of im-
munofluorescence provides a continuous range of values
that reflects the real distribution of expression levels in the
cell population of different tumors in contrast to the classic
evaluation of intensity by discrete scoring given by pathol-
ogists. Thus, we compared our data with the pathologist
scoring system performed on the IHC anti-p53 with the
same antibody (Figure 2, C-E). This scoring is based on the
determination of two parameters: the IHC intensity and the
perceived percentage of positive cells.

To compare the intensity values of immunofluores-
cence with the IHC pathologist scoring of intensity, we
show the repartition of the maximal mean fluorescence
intensity of cells in the tumors among the four IHC inten-
sity groups defined by pathologist analysis (Figure 2D).
We found a good correlation between the ranges of in-
tensity in classes 2 and 3 of IHC; with this analysis, we did
not detect a significant difference between group 0 and
1. This result could reflect immunofluorescence’s lesser
sensitivity in the low intensities or a certain level of arbi-
trariness of the classic procedure because of the forced
classification in discrete groups.

When we considered the percentage of positive cells,
15 tumors were scored as p53 negative and 63 tumors
were scored as p53 positive by IHC, with a range of
tumor positivity from 1% to 100% of cells (two cases not
available).

To determine p53 positivity for cells using immunoflu-
orescence, we postulated that the normal protein p53 is
present at low levels in normal tissues and calculated the
90" percentile of cell fluorescence for each normal tis-
sue. Looking at the distribution of these values, we re-
tained as the fluorescence threshold the 90™ percentile
of all these values (680 gray levels: minimum, 411; max-
imum, 923). At the end, 41 tumors presented a percent-
age of p53-positive cells ranging from 0.1% to 99.8%,
whereas 37 tumors were completely negative (two cases
not available). As seen in Figure 2C, the immunofluores-
cence quantification shows, as expected, a more gradual
positivity for percentage of positive cells.

To quantify the real intensity of the positive cells, we
measured the mean intensity of the nuclei considered
positive on the basis of the chosen threshold. To obtain
an integrated evaluation of the percentage of positivity
and the intensity of expression, we considered the anato-
mopathologist score that combines the percentage of
positive cells and the intensity score and compared it
with the same index obtained for immunofluorescence by
multiplying the percentage of positive cells (cells over the
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threshold) by their mean intensity. This representation
shows a zone of good correlation between the two ap-
proaches for the intermediary cases; for the strong positive
cases, the immunofluorescence quantification clearly
shows a better resolution because all strong intensities
are capped at intensity 3 using IHC.

Concerning the low-expressing tumors, the threshold-
based analysis of immunofluorescence classifies this
group of tumors as totally negative because the fluores-
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Figure 3. Effect of p53 mutations on p53 expression, survival, and expres-
sion of p53 targets. A: Repartition of the TP53 mutations among mutated
cases. Fifty-four mutations were observed among 51 mutated cases (69%).
Three cases showed two mutations: a missense mutation along with another
missense mutation, a nonsense mutation, or a silent mutation. B: Percentage
of p53-positive cells in the WT, mutated, and missense p53 tumor groups. C
and D: Survival analysis according to p53 mutational status: survival of the
WT p53 tumors versus the p53 mutated group (C) or the tumor group bearing
a missense p53 mutation (D). E and F: Variation of the expression of Bax and
p21 in the WT and mutated (mut) p53 groups of tumors, evaluated by
quantitative RT-PCR: Bax FC and percentage of tumors that respectively have
a decreased, invariant (inv), or increased expression of Bax (E) or p21 FC and
percentage of tumors that respectively have a decreased, inv, or increased
expression of p21 (F).
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Table 3. P53 Mutational Analysis (77 Samples)

Tumor no. AA or sequence change Effect FASAY test result Final mutational status
29 p.C141T Missense ND M
50 p.P151R Missense ND M
18 p.Y163C Missense Nonfunctional M
47 p.Y163S Missense Nonfunctional M
35 p.V173L Missense Nonfunctional M
36 p.V173L Missense ND M
16 p.R175H Missense ND M
27 p.R175H Missense Nonfunctional M
33 p.R175H Missense ND M
70 p.R175H Missense NC M
78 p.R175H Missense Nonfunctional M
40 p.C176F Missense Nonfunctional M
24 p.P190L Missense Functional M
21 p.H193Y Missense Nonfunctional M
63 p.L194R Missense Nonfunctional M
44 p.1195T Missense Nonfunctional M

5 p.R213L Missense Nonfunctional M
6 p.R213Q Missense NI M
37 p.S215R Missense ND M
53 p.Y236C Missense NC M
79 p.G245D Missense ND M
39 p.G245S/p.P36P Missense/silent Nonfunctional M
28 p.R248Q Missense ND M
12 p.R248W Missense ND M
14 p.R273C Missense ND M
80 p.R273C Missense Nonfunctional M
26 p.R273H Missense NC M
51 p.R273H Missense Nonfunctional M
75 p.R273H Missense NC M
67 p.C275Y Missense Functional M
43 p.R282W Missense Nonfunctional M
55 p.R282W Missense ND M
56 p.R290P Missense NI M
72 p.P152L/p.1255F Missense/missense  Nonfunctional M
57 p.C176F/p.R306X Missense/nonsense  Nonfunctional M
11 p.R196X Nonsense Nonfunctional M
13 p.R306X Nonsense Nonfunctional M
23 p.R342X Nonsense Functional M
31 p.T146X Nonsense Functional M
58 p.R213X Nonsense ND M
9 c.375 +2T>C Splice ND M
52 c.375 + 1G>T Splice Nonfunctional M
77 c.672 +1G>A Splice NC M
71 c.673-1G>C Splice Functional M
66 c.782 +1G>T Splice Functional M
46 c.919 + 1 G>A Splice ND M
34 p.T125T Splice NC M
2 €.743-750delGGAGGCC Del ND M
17 €.764-766delTCA Del ND M
49 c.1024delC Del ND M
25 c.1146delA Del NC M
54 NC Nonfunctional M
65 NC Nonfunctional M
61 WT Nonfunctional M
3 WT ND WT
8 WT Doubtful WT
42 WT Functional WT
60 WT NI WT
62 WT Functional WT
59 WT ND WT
15 WT ND WT
73 WT Functional WT
10 WT Functional WT
64 WT NI WT
22 WT ND WT
48 WT NI WT
74 WT NI WT

(table continues)
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Tumor no. AA or sequence change Effect FASAY test result Final mutational status
32 WT Functional WT
45 WT Functional WT
20 WT ND WT
4 WT Functional WT
19 WT Functional WT
41 WT Functional WT
68 WT ND WT
69 ND Functional WT
76 NC ND Unknown

ND, not done; M, mutated; NC, non-contributive data; NI, non-interpretable data; Del, deletion; WT, wild type.

cence intensities of nuclei are entirely lower than the
threshold value. Among these cases, 30 are in good
correlation with IHC analysis results, whereas five are
more discordant (IHC score, 140 to 180).

We then analyzed the OS of the patients correspond-
ing to the tumor series on the basis of p53 expression. We
classified as p53 positive all of the tumors that presented
more than 5% of cells over the threshold (gray zone in
Figure 2E). The survival curves show that, in our group of
patients, there was no difference in OS according to p53
expression measured by TMA cytometry (Figure 2F). We
obtained the same results by grouping our samples on
the basis of the immunofluorescence score, which bet-
ter resolves the low- and high-expressing tumors (Fig-
ure 2G). The absence of prognostic value of p53 ex-
pression was also observed in the TMA from US
Biomax (see Supplemental Figure S2 at http://ajp.
amjpathol.org).

p53 Mutational Analysis

The increased expression of p53 in tumors is consid-
ered the signature of the presence of a p53 missense
mutation. Thus, we explored the mutational status of tu-
mors by direct sequencing and functional assay testing
of the transcriptional activity of each tumor TP53 gene
product in yeast; 21 (29%) of 72 cases analyzed by direct
sequencing were WT. Figure 3A shows the distribution of
the type of p53 mutations among the 51 mutated cases
(71%). A total of 54 mutations were observed, with three
cases showing two concomitant mutations. As expected,
most mutations were hot-spot missense mutations (n =
36), followed by splice mutations (n = 7), nonsense mu-
tations (n = 6), deletions (n = 4), and a silent mutation
(n = 1). Details of sequencing results and correlation with
FASAY testing are reported in Table 3. The FASAY test
was performed in 46 cases. In six cases, the test result
was considered noninterpretable because of insufficient
number of colonies. One WT case was considered doubt-
ful (12.4% of red colonies). In 28 cases, there was a
perfect concordance between sequencing analysis and
the FASAY test result (74%). On the other hand, we ob-
served six cases classified as “mutated” by sequencing
but FASAY test result negative and one case classified as
WT by sequencing but FASAY test result positive, which
could be because of sampling. In three cases, sequenc-
ing was considered nonrelevant (ie, no mutation detected

but tumoral cellularity of the sample <10%); and the
FASAY test result was negative in one case and positive
in two cases. Finally, one case was not sequenced but
was negative with the FASAY test. Combining sequenc-
ing and FASAY testing, 55 cases (69%) were considered
mutated, 21 (26%) were considered WT, and 4 (5%) were
considered undetermined. As expected, the mutated
group of tumors and, more specifically, the subgroup
presenting a missense mutation corresponded to the tu-
mors presenting an elevated percentage of p53-positive
cells (Figure 3B). Again, concerning survival, when we
compared the OS of the WT p53 group with that of the
mutated p53 group, we did not find any difference ac-
cording to the p53 mutational status of tumors (Figure 3,
C and D), confirming our previous result with p53 protein
expression. By using quantitative PCR on RNA from
fresh-frozen fractions of tissues included in the TMA, we
sought to determine whether the presence of a mutated
p53 had a measurable impact on the expression of two
main transcriptional targets of p53:. the proapoptotic
BCL-2-associated X protein (Bax) and p21, which is re-
sponsible for p53-dependent cell growth arrest. For Bax,
we found the same profile in the WT and mutated p53
group (ie, Bax expression appeared invariant or slightly
increased; Figure 3E). However, for p21, we observed a
decreased expression of p21 in the tumors with mutated
p53 compared with the WT p53 group, showing a loss of
transcriptional p53 function (Figure 3F).

HIPK2 Analysis
HIPK2 Expression

HIPK2 expression analysis was analyzed from the TMA
double labeled for p53 and HIPK2. After segmentation,
the distribution profiles of HIPK2 immunofluorescence
intensities in normal mucosa samples (Figure 4A) and
tumoral tissues (Figure 4B) were built. These profiles
show that both normal and tumoral tissues display a wide
range of fluorescence intensities; however, each individ-
ual sample presented a normal cellular signal intensity
distribution. In any case, we did not observe the appear-
ance of a subpopulation of high-expressing cells in the
tumors, as in the case of p53. Thus, it was not possible to
determine a threshold of positivity for cells and a percent-
age of positive cells for a given tumor, as previously
described for p53. Thus, to evaluate a possible impact of
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Figure 4. HIPK2 expression cytometry. A and B: Distribution profiles of nuclear HIPK2 fluorescence intensities among normal tissues (A) and tumors (B). Each
curve represents a sample. C: Median fluorescence intensity for each sample. The dotted line in B and C represents the mean value of medians that corresponds
to the threshold for HIPK2 high expression. D and E: Survival analysis according to HIPK2 expression (low and high, respectively) in the whole group (D) and
in the p53 mutated group (E). F: Ratio of HIPK2 expression between tumor and normal tissue for each patient. G and H: Survival analysis comparing the HIPK2
overexpressing (ratio, =1.2) with the invariant or underexpressing tumors in the whole group (G) or the p53 mutated group (H).

HIPK2 expression on survival, we considered two param-
eters: the absolute expression level of tumors and the
variation of expression occurring in the transformation
process.

We first analyzed the clinical data considering the ab-
solute expression level of HIPK2 in the tumor samples.
Each tumor sample was defined by its median of HIPK2
fluorescence intensity (Figure 4C). We compared the
group with HIPK2 high expression (median of cell inten-
sity expression is greater than all median fluorescence
intensities) with the group with low expression (median of
cell intensity expression is the median or less than all
median fluorescence intensities). For OS in the whole
group, the difference was not statistically different (Figure
4D); the same result was found in the p53 WT group (data
not shown). In the p53 mutated group, even if the differ-
ence did not reach statistical significance, HIPK2 high
expression seems to have a good prognostic impact
(Figure 4E).

Consequently, we looked at the variations of expres-
sion between the normal mucosa and tumor in paired
samples. To evaluate this parameter, we calculated the
ratio of the medians of fluorescence intensity between
tumor and normal tissue for each sample (Figure 4F).
Sixty-six paired samples were available. We observed a
ratio lower than 0.8 (underexpression) in 21 tumors, a
ratio between 0.8 and 1.2 (no expression change) in 26
tumors, and a ratio >1.2 (overexpression) in 18 tumors. In
all three groups, we observed WT p53 and mutated tu-
mors (data not shown). There was no apparent correla-
tion between these groups and the p53 mutational status
of the tumors (ie, HIPK2 expression seems to be regu-
lated independently of p53).

The survival analysis shows that samples that present
an increased expression of HIPK2 in the tumor compared
with the respective normal tissue, with a ratio >1.2, have
a better outcome than tumors with a ratio of 1.2 or lower
(Figure 4, G and H), irrespective of the p53 mutational
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Figure 5. mRNA HIPK2 expression by quantitative RT-PCR. A: Distribution
of mean Ct for HIPK2 and GUSB in normal tissues and tumors. Each tumor
and normal tissue was studied in triplicate. The mean Ct represents the mean
of the three values. Each point represents a different sample. B: Survival
analysis according to HIPK2 mRNA expression (low and high that are less
and greater, respectively, than the median Ct). C: FC between the tumor and
normal sample. D: Survival analysis comparing the overexpressing with the
underexpressing group.

status. More important, the absolute expression level of
HIPK2 and its tumor/normal expression ratio did not corre-
late with stage, excluding a possible confounding effect of
the latter. Moreover, the positive impact of the HIPK2 ex-
pression ratio on survival was also observed in the TMA
from US Biomax (see Supplemental Figure S2 at http://ajp.
amjpathol.org). By using multivariate Cox analysis, the
independent prognostic value of the HIPK2 ratio in
predicting survival in our series is of borderline signif-
icance (P = 0.08; 95% confidence interval, 0.8 to 44.9);
stage IV is highly significant (P = 0.002; 95% confi-
dence interval, 2.07 to 25.4), and stage 3 is not signif-
icant (P = 0.8; 95% confidence interval, 0.26 to 5.3).

To obtain indications on the level of control of HIPK2
expression (transcriptional or posttranscriptional), we also
quantified HIPK2 mRNA level by quantitative RT-PCR.

Figure 5 shows the distribution of the mean Ct of HIPK2
and the housekeeping gene GUSB among normal muco-
sal tissues and tumoral tissues. The mean Ct value is
similar between normal mucosa and tumor for the house-
keeping gene and HIPK2, respectively. In the tumors, the
range of HIPK2 expression distribution is slightly larger
than in normal mucosa (Figure 5A).

Regarding mRNA variations among the tissue pairs of
each patient, FCs vary from -8.18 to 2.57. Ten samples
showed an FC lower than -2, with seven showing a slight
variation between -2 and -3. Only four samples showed
an FC >2 but <3, and 33 showed an FC between -2 and
2 (Figure 5C).

In 37 cases, we obtained both mRNA and protein
HIPK2 expression results and did not find a correlation:
among 11 cases with an IF ratio lower than 0.8, three had
an FC lower than -2 and seven showed no variation;
among five cases that have an IF ratio >1.2, only one
showed an FC >2 (others showed no change). Among
the 21 cases that have no IF ratio variation, five had an FC
lower than -2, two had an FC >2, and 14 showed no
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significant FC variation. These results favored the hypoth-
esis that the modification of HIPK2 protein levels between
normal mucosa and tumors did not reside on a change in
transcriptional control. This was confirmed by the survival
data, in which absolute mRNA amount and FC of Ct
between tumor and normal mucosa were not correlated
with the prognosis of the tumors (Figure 5, B and D).

Biparametric Cytometry

The availability of paired samples makes the analysis
of the evolution of these molecular markers in the trans-
formation process possible. Moreover, the double-immu-
nofluorescence technique associated with a quantitative
analysis approach with a cellular resolution allows us to
follow the simultaneous expression of the two proteins of
interest at the individual cell level. To analyze if there
exists a correlated variation of p53 and HIPK2 in tumor
cells, we generated biparametric scatterplots of HIPK2
and p53 cellular intensities for each single cell of the
tumors and of the corresponding paired normal samples
(examples are shown in Figure 6 and Supplemental Fig-
ure S2E at http://ajp.amjpathol.org).

Among WT p53 samples, most show a similar profile
between normal mucosa and tumor for p53 and HIPK2
expression. Some samples show a population of tumoral
cells with overexpression of HIPK2 and no change in p53
expression, whereas some show the opposite, a contin-
gent of tumor cells with underexpression of HIPK2 with
identical p53 expression. Among mutated p53 samples,
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Figure 6. Biparametric cytometry for p53 and HIPK2 expression. Examples
of biparametric scatterplots of paired samples showing p53 fluorescence (x
axis) and HIPK2 fluorescence (y axis) nuclear intensities in tumors (green)
and paired normal mucosa (red). A: Examples of tumors with increased
HIPK2 expression compared with normal mucosa. B: Tumors with unmod-
ified HIPK2 expression. C: Tumors with decreased HIPK2 expression. For A
through C, the first scatterplot represents a p53 WT tumor, whereas the two
others are p53 mutated.
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different expression profiles have been observed. In de-
letion, nonsense, and splice mutations and, surprisingly,
in some missense mutation samples, there is no evidence
of p53 protein accumulation, as in WT p53 samples;
HIPK2 could display either underexpression or overex-
pression compared with the corresponding normal mu-
cosa. As expected in the missense mutation group, nu-
merous samples exhibit p53 overexpression. Among
these cases, some samples show concomitant HIPK2
overexpression. In the latter case, the expression level of
p53 appears directly correlated with that of HIPK2 at the
unicellular level. However, it is possible to identify a
group of samples that shows a p53 accumulation asso-
ciated with a loss of HIPK2 expression. As previously
described herein, the group exhibiting HIPK2 overex-
pression compared with normal mucosa presents the
better outcome for OS. As a mirror image, the group
characterized by HIPK2 underexpression presents the
worst survival rates.

Discussion

In this study, we analyzed the impact of HIPK2 expres-
sion on the survival of a series of patients with colorectal
carcinoma and explored the possibility of a link with the
p53 status of the tumors. The goal of this study was to
analyze whether the functional role of HIPK2, which is
recognized as an important modulator of the p53 re-
sponse in in vitro cellular models, could be strong enough
to have an impact on prognosis for patients. Thus, we
constructed a TMA with 80 tumor-normal tissue pairs
from patients with colorectal carcinoma and analyzed
these samples by multiplexed tissue cytometry, simulta-
neously monitoring HIPK2 and p53 expression at the
single cell level. In addition, we explored the p53 muta-
tional status of each sample.

Concerning p53 mutations, we found a higher level of
p53 mutations in our series compared with the large
series published by the TP53-CRC Collaborative Study
Group,* which could be because of a higher percentage
of stage Il and IV disease; the percentage of p53 muta-
tions tends to increase with stage. We did not find any
prognostic impact of the p53 mutations in our series. This
result is not surprising because, in most series, the prog-
nostic impact of p53 mutations, if any, is always restricted
to a subset of patients.>*27

Furthermore, the overexpression of p53, which could
be observed in the group of tumors bearing a p53 mis-
sense mutation, is not associated with a significantly dif-
ferent prognosis, confirming that p53 is not a good
marker for colorectal cancers. At the functional level, the
only effect that we could measure as a direct conse-
quence of the p53 mutations is the decrease of expres-
sion of p21 at the mMRNA level in many mutated tumors,
whereas the mRNA levels of the proapoptotic target Bax
seem to not be affected. This p21 mRNA decrease could
be compatible with a more actively proliferating status of
the tumors; however, even if this holds true, this does not
seem to have a strong clinical impact because the tumors
concerned do not appear to be more aggressive.

For HIPK2, we did not observe a significant difference
in the range of expression level in the tumors compared
with the normal mucosa, in a subgroup of tumors, or in a
subpopulation of cells in tumors.

However, the availability of the tumor-normal tissue
pairs in our TMA allowed us to monitor the appearance of
changes in the expression levels of HIPK2 between the
normal and tumor tissue of each patient. Thus, we ob-
served that an increase of HIPK2 protein level in the
tumor compared with the corresponding normal tissue
was associated with a better prognosis in univariate anal-
ysis. Interestingly, we did not find that the prognostic
significance of HIPK2 overexpression was dependent on
WT p53 status, as previously reported.’® Measuring
HIPK2 at the protein level, we found a good prognostic
impact of HIPK2 overexpression in tumors, irrespective of
the presence of p53 mutations. Functionally, a possible
explanation is that HIPK2 is able to modulate apoptosis in
a p53-independent manner (eg, via the c-Jun N-terminal
kinase pathway).'®2° Another hypothesis is that the in-
creased expression of HIPK2 is able to activate residual
p53 WT protein because of a WT residual allele or the p53
mutant protein conferring to these forms a transactivating
activity that allows apoptosis. In this study, we developed
and validated a method for quantifying and analyzing
multiple protein expression at the single cell level on
archival paraffin-embedded tissue using TMA technology
and double immunofluorescence. Our data confirm the
value of double-immunofluorescence labeling on histo-
logical material to evaluate, at the cellular level, the ex-
pression of several proteins implicated in the same path-
way.?® Standard IHC and quantification by visual analysis
provide semiquantitative values and a limited range, es-
pecially at a low or high expression level. By comparison,
immunofluorescence coupled to image segmentation—
based analysis allows the objective quantification of a
wide range of expression levels in many cells. Moreover,
the TMA approach, by the simultaneous analysis of hun-
dreds of archival tumor samples, is becoming increas-
ingly important for the validation of experimental data
issues from transcriptomic analysis or functional ap-
proaches. Although “dedicated” imaging platforms have
been developed to perform this kind of analysis at a high
throughput, we show herein that this approach can be
performed with any laser-scanning microscope associ-
ated with multipurpose segmentation-based image anal-
ysis software (ie, with common investigation tools avail-
able in most cell biology laboratories). More particularly,
in this study, we show the interest of comparing, through
quantitative analysis, the normal and tumor tissues in a
TMA, thus highlighting differences of expression that
would not be appreciated by standard IHC determined
by visual analysis of colorimetric stains. Moreover, we
compared our results with those obtained with a fully
automated platform (see Supplemental Figure S3 at
http.//ajp.amjpathol.org). Both TMAs were automatically
acquired and analyzed using a laser-scanning cytometer
(iCys; Compucyte). Pseudocellular segmentation of the car-
cinoma (or epithelial) component of the cores was achieved
by using random phantom segmentation. Automated exclu-
sion of the stroma from analysis was obtained by gating out
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the phantoms that did not exhibit the DAPI staining feature
combination (maximum pixel, integral, and mean intensity)
that was distinctive of the carcinoma cells.

By performing this cross-platform verification, we con-
firmed our observations and highlighted some technical
issues that could be critical for automated analysis.

We found similar and straightforward results with LSC
and LSM acquisition for p53 that undergoes large varia-
tions of intensities and that could easily be expressed as
a “cytometric percentage.”

HIPK2 analysis appeared more critical with the auto-
mated platform for several technical reasons: more im-
portant fluorescence background and less precise defi-
nition of the tumor epithelium using fixed parameters for
the whole core series. The combination of both issues
significantly affected the determination of the tumor/nor-
mal tissue expression ratio. Thus, even if we could find
the same type of expression profiles (see Supplemental
Figure S3, B and C, at http://ajp.amjpathol.org) and similar
results for the small TMA from US Biomax, the fully auto-
mated analysis of the 80 cases of “homemade” TMA was
less performant. We could conclude that, although the
use of an automated platform is fully suitable for markers
with a large range of signal variation, it should be used
with care for more exploratory analyses. In this case, the
operator-assisted LSM analysis, even with a low through-
put, should be preferred in the first instance. Even if
HIPK2 could not be considered a direct biomarker for colo-
rectal cancer because its impact on prognosis resides
more in the variations of expression than in the absolute
expression level, this analysis could be the starting point to
explore new molecular mechanisms that could determine
the evolution of the pathological characteristics and/or the
response to treatments for colon cancer.
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