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DNA Damage-induced Expression of p53 Suppresses Mitotic

Checkpoint Kinase hMps'1

THE LACK OF THIS SUPPRESSION IN p53MYT CELLS CONTRIBUTES TO APOPTOSIS™®
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DNA damage induced by the topoisomerase I inhibitor irinotecan
(CPT-11) triggers in p53™ "colorectal carcinoma cells a long term cell
cycle arrestand in p53™V" cells a transient arrest followed by apoptosis
(Magrini, R., Bhonde, M. R, Hanski, M. L., Notter, M., Scheriibl, H.,
Boland, C. R., Zeitz, M., and Hanski, C. (2002) Int. J. Cancer 101,23-31;
Bhonde, M. R., Hanski, M. L., Notter, M., Gillissen, B. F., Daniel, P. T.,
Zeitz, M., and Hanski, C. (2006) Oncogene 25, 165—175). The mecha-
nism of the p53-independent apoptosis still remains largely unclear.
Here we used five p53% " and five p53™"" established colon carcinoma
cell lines to identify gene expression alterations associated with apo-
ptosis in p53MYT cells after treatment with SN-38, the irinotecan
metabolite. After treatment, 16 mitosis-related genes were found to be
expressed at least 2-fold stronger in the apoptosis-executing p53™V"
cells than in the cell cycle-arrested p53™" cells by oligonucleotide
microarray analysis. One of the genes whose strong post-treatment
expression was associated with apoptosis was the mitotic checkpoint
kinase hMps1 (human ortholog of the yeast monopolar spindle 1
kinase). hMps1 mRNA and protein expression were suppressed by the
treatment-induced and by the exogenous adenovirus-coded p53 pro-
tein. The direct suppression of hMps1 on RNA level or inhibition of its
activity by a dominant-negative hMps1 partly suppressed apoptosis.
Together, these data indicate that the high expression of mitotic genes
in p53MYT cells after SN-38 treatment contributes to DNA damage-
induced apoptosis, whereas their suppression in p53™ " cells acts as a
safeguard mechanism preventing mitosis initiation and the subse-
quent apoptosis. hMps1 kinase is one of the mitotic checkpoint pro-
teins whose expression after DNA damage in p53 MY cells activates
the checkpoint and contributes to apoptosis.

The function of p53 protein as a guardian of the genome is to prevent
the organism from propagation of potentially harmful DNA lesions.
The p53%T ? cells react to a mutagenic offense by a cell cycle arrest,
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allowing for the proper repair of the damaged DNA, or in the case of
overwhelming damage by apoptosis triggered by the p53-mediated acti-
vation of proapoptotic genes such as BAX, PUMA, and NOXA (3).

The majority of colorectal carcinomas have a mutated p53 gene that
in most of the cases is associated with a loss of tumor suppressor func-
tion. These cells are unable to execute a proper cell cycle arrest after
DNA damage and are also frequently resistant to apoptosis, which
results in propagation of genetic lesions and cell survival.

We showed previously that despite this general concept, colon carci-
noma cells may respond differently to the chemotherapeutic irinotecan
(CPT-11); the p53%7" cells execute a long term cell cycle arrest after
irinotecan treatment, whereas the p53-deficient cells perform a tran-
sient cell cycle arrest followed by apoptosis (1).

Because of the frequent p53 mutations in colon carcinoma cells,
the p53-independent apoptosis is of particular interest. The p53™MYT
cells usually do not maintain the G,/M arrest after DNA damage, but
initiate a premature mitosis that leads to mitotic catastrophe,
accompanied by the emergence of aberrant mitoses and distinct
nuclear forms of micronucleation and apoptotic nuclear condensa-
tion (4—6).

Mitotic catastrophe can be also induced in p53%'" cells by DNA damage
and is concomitant with elimination of genes responsible for triggering of
G,/M arrest, like Chkl or ATR (7, 8), or those responsible for its mainte-
nance, like p21%¥4F/<P1 (9) or 14-3-3¢ (10), or by a direct interference
with mitosis regulation through depletion of genes like survivin (11),
MAD2 (12), polo-like kinase-1 (13), or polo-like kinase-2 (14).

The details of the relationship between mitotic catastrophe and apo-
ptosis pathways are not elucidated. In some systems, DNA damage-
induced mitotic catastrophe and apoptosis can be uncoupled; apoptosis
could be inhibited at the Bcl-2 level (15) or at the caspase 9 level (16)
without inhibition of mitotic cell death. Thus, the mitotic catastrophe
may trigger a cell death signaling pathway not identical with that of the
classical apoptosis. On the other hand, the similarity of nuclear mor-
phologies and common biochemical markers of the consecutive steps of
classical apoptosis and of mitotic catastrophe-associated cell death indi-
cate that they share common signaling steps (6).

In order to identify genes associated with DNA damage-induced apo-
ptosis of p53™YT cells, we compared the transcriptional response pro-
files of five pBBWT colorectal carcinoma cell lines, which after damage

interfering RNA; RT, reverse transcriptase; m.o.i, multiplicity of infection; GFP, green
fluorescent protein; DAPI, 4,6-diamidino-2-phenylindole; PARP, poly(ADP-ribose)
polymerase; PBS, phosphate-buffered saline; DMEM, Dulbecco’s modified Eagle’s
medium; FCS, fetal calf serum.
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underwent long term arrest, and five p53-defective cell lines, which
responded to treatment with apoptosis.

The regulation and the role of the mitotic checkpoint kinase hMps1
in DNA damage-induced mitotic catastrophe/apoptosis were addressed
in detail. hMps1 kinase, also called PYT or TTK, is one of the molecules
controlling the mitotic checkpoint. Upon its activation, hMpsl is
recruited from the cytosol to the kinetochores (17) and in the metaphase
also to centrosomes (18). It interacts there with other kinetochore pro-
teins CENP-E, BubR1, Bublp, and Bub3p (19) and additionally recruits
Mad1 and Mad?2 to kinetochores (17). The suppression of hMps1 in the
presence of the mitotic checkpoint activator nocodazole leads to a pre-
mature mitotic exit followed by micronucleation (20).

Here, for the first time, we have identified hMps]1 as one of the genes
negatively regulated by the p53 protein after DNA damage by SN-38.
Moreover, we show that the lack of suppression of hMps1 in p53-defi-
cient cells contributes to damage-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Lines, p53 Status, and Culture Conditions—The following p53%'™
cell lines and growth conditions were used: HCT116 (DMEM + 10% FCS),
LS174T (DMEM + 10% FCS), SW48 (Leibovitz L15 + 10% FCS), Col15
(DMEM + 10% ECS), HCT8 (RPMI + 10% FCS), and HCT116p21 '~
(McCoy 5A + 10% FCS + 400 ug/ml G418 + 100 ug/ml hygromycin B).
The p53-deficient cell lines were HCT116p53~/~ (DMEM + 10% FCS +
400 pg/ml G418 + 100 pg/ml hygromycin B), HT-29 (RPMI + 10% FCS),
WiDr (minimum Eagle’s medium + 10% FCS + nonessential amino acids),
SW480 (DMEM + 10% FCS), HCT15 (RPMI + 20% ECS), and HeLa
(DMEM + 10% ECS). All cell lines were cultivated in 5% CO,, except the
SW48 cell line, which was kept in the normal atmosphere.

Chemicals and Treatment of Cultured Cells—One day after seeding,
the cells were treated for 2 days with 10 nm SN-38, washed with PBS, and
then incubated in drug-free media for the indicated time points. For
certain experiments, cells were continuously treated with 10 nm SN-38
for the required time period.

Flow Cytometry—For cell cycle analysis, adherent cells were trypsinized
and pooled with the floating cells. Cell suspension of 1 X 10° cells was
washed with PBS, fixed in ice-cold 70% ethanol at —20 °C, and stained with
a 20 ug/ml propidium iodide, 0.1% Triton X-100, 200 ug/ml RNase A
solution. Stained cells were analyzed using a FACScan (BD Biosciences)
and the ModFit LT2 software (Verity Software House, Topsham, ME) as
described recently (2). For staining of phosphorylated histone H3, only
adherent cells were trypsinized and fixed in 70% ethanol, washed in PBS,
and treated for 10 min with 0.25% Triton X-100. After washing with 1%
bovine serum albumin in PBS, the cells were incubated for 1 h with antibody
against phosphorylated histone H3 (Ser-10) (Santa Cruz Biotechnology,
Heidelberg, Germany), followed by a 30-min incubation with fluorescein
isothiocyanate-conjugated anti-rabbit IgG (Dianova, Hamburg, Germany).
The cells were then stained with propidium iodide for 30 min as mentioned
above and analyzed.

Western Blotting—For analysis of total lysates, adherent cells were
scraped off and pooled with the floating cells and lysed in lysis buffer
described previously (21) for 15 min on ice. Lysates were precleared by
centrifugation at 13,000 X g for 30 min at 4 °C. Proteins were separated
on SDS-polyacrylamide gels and electroblotted onto Immobilon-P
membrane (Millipore, Eschborn, Germany), which was blocked with 5%
nonfat dry milk in 0.1% Tween 20 in TBS for 1 h, followed by overnight
incubation at 4 °C with the corresponding first antibody. The antibodies
used were as follows: mouse monoclonal anti-PARP (BD Biosciences),
mouse monoclonal anti-hMpsl1 antibody (NT, clone 3-472-1; Upstate
Cell Signaling Solutions, Waltham, MA), and anti-p16 antibody and
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anti-BubR1-antibody (BD Biosciences). Other antibodies used here, the
signal detection, densitometric analysis, and the evaluation of PARP
fragmentation were described recently (2, 22).

Oligonucleotide Microarrays Target Preparation—Total RNA was
isolated from nontreated and SN-38-treated cells by using RNA Clean
LS reagent (Hybaid, Heidelberg, Germany). The floating, already apo-
ptotic cells were discarded because they contained degraded RNA (data
not shown). Double-stranded cDNA was synthesized from 10 ug of
total RNA (Superscript Choice System, Invitrogen), followed by the
synthesis of biotin-labeled cRNA in an in vitro transcription reaction
(ENZO BioArray HighYield RNA transcript labeling kit, Affymetrix,
Santa Clara, CA). The cRNA targets were purified using RNeasy col-
umns (Qiagen, Hilden, Germany) and fragmented by heating at 94 °C
for 35 min. The targets were hybridized to GeneChip HU95Av2 oligo-
nucleotide microarrays in the Gene Fluidics Station 400 (GeneChip
Instrument System, Affymetrix, Santa Clara).

Analysis of the GeneChip Data—Image intensities of the hybridiza-
tion patterns obtained by laser scanning (HP GeneArray scanner,
Affymetrix) were stored in raw data files.

Preprocessing and analysis of the expression data were performed using
the statistical language R (www.R-project.org (23)). The signals were sub-
stituted by a single expression value termed robust multiarray average (24,
25). The robust multiarray average values, which were background-ad-
justed, normalized, and log-transformed summary measures for the perfect
match hybridization, were used as input for further processing and analysis.
Hybridization values of all cell lines were normalized to the values of
HCT116 p53~'~ cells before treatment as described (26).

To detect significant differences in gene expression after treatment
between the two groups, a combined ratio of expression and p value thresh-
old was used. The ratio of expression was defined as mean of the robust
3MUT ca]] lines, exponenti-
ated back to the linear scale and divided by the mean of the corresponding
values in five p53%'™ cell lines. The p values were obtained by the Welch’s
two-sample ¢ test. Expression ratios and p values were calculated separately
for both the SN-38-treated and nontreated cell lines.

The results of the selection procedures were first validated by a permu-
tation analysis. The number of selected genes in each of 126 informative

multiarray average expression values in five p5

permutations of cell lines was calculated. Then, the observed number ()
of genes expressed differentially between p53™ T and p53™"T
compared with the mean number expected (1

cell lines was
exp) from the permutation at
null distribution. A p value was calculated to assess the significance of find-
ing n,,, or more differentially expressed genes. The false discovery rate of

the selection procedure was estimated by the quotient 7

obs

obs/ nexp‘

An agglomerative hierarchical clustering of probe sets and cell lines
was performed by the algorithm hclust implemented in R (27). The
clustered gene profiles were visualized in a red-green plot, with the
mean value of each gene expression in all cell lines encoded in black,
expression above in red, and expression below in green.

Validation of Microarray Data by RT-PCR—The correctness of gene
expression data obtained was tested by semi-quantitative RT-PCR from
the same RNA that was used for cRNA target preparation. The list of
validated genes is shown in supplemental Table S1.

Real Time PCR—Analysis of gene expression on mRNA levels was
done by performing real time one-step RT-PCR (QuantiTect SYBR
Green RT-PCR kit, Qiagen, Hilden, Germany). Briefly, 50 ng of total
RNA was reverse-transcribed using gene-specific primers, followed by
amplification for 40 cycles in a real time cycler (Mastercycler ep real-
plex, Eppendorf, Germany). The amounts of mRNA after treatment
relative to those prior to treatment were calculated as R = 274 (i.e,

~(ACtafter —ACtprior).
) for each sample.
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Overexpression of p53 and p21VAF/<P! Proteins Using Aden-

ovirus Expression System—HCT116, HCT116p53~’~, and HCT-
116 p21WAFVCPI=/= cells were infected with Ad-p53%T or
Ad-p21WAFVCIPIWT 45 described (28). Cells were seeded, and after 24 h
they were incubated with the adenovirus (AdCMVleWAF” Cipl
AdCMVp53, or AdLacZ as a control) at the desired multiplicity of infec-
tion (m.o.i.) for 90 min at 37 °C in medium without serum. The cells
were harvested for preparation of lysates or for isolation of total RNA 2
days after infection.

Nuclear Staining—Cytospins prepared on glass slides or cells grown
in dishes were fixed in ice-cold methanol for 20 min, washed three times
in PBS, stained with 0.5 ug/ml DAPI in PBS for 15 min, washed again,
and mounted. At least 200 nuclei were microscopically evaluated by at
least two observers (Olympus BX60F5; Optical Co. GmbH, Hamburg,
Germany). Photographs were taken by using analySIS® image process-
ing software (Soft Imaging Systems, Miinster, Germany).

Immunofluorescence Staining—Adherent cells were fixed with 4%
formaldehyde, 1 mm MgCl,, and 0.5% Triton X-100 in PBS for 10 min.
Cytospins were fixed in ice-cold methanol for 6 min (for anti-PARP
fragment p89 staining) or in 4% formaldehyde, 1 mm MgCl,, and 0.5%
Triton X-100 solution (for anti-centromere and anti-BubR1 staining)
followed by permeabilization in 0.5% Triton X-100 for 10 min. Cells
were washed with PBS and incubated in blocking solution (5% donkey
serum + 0.1% Triton X-100 in TBS) or 5% donkey serum in TBS, 0.1%
Tween 20) for 20 min. Antibodies used for immunofluorescence were
rabbit anti-PARP-p89 fragment (Promega, Mannheim, Germany),
mouse monoclonal anti-BubR1 (BD Biosciences), and human anti-cen-
tromere antiserum (Antibodies Inc., Seattle). The cells were incubated
with the first antibody in blocking solution for 1 h, followed by the
second antibody (donkey anti-mouse-Cy3 or a biotin-conjugated anti-
body) for 45 min. The cells were then incubated with streptavidin-Cy3
or streptavidin-Alexa-488 for 20 min and then with DAPI (0.5 ug/ml)
for 15 min, mounted, and photographed under the microscope. All
secondary antibodies and conjugates were purchased from Dianova,
Hamburg, Germany.

Gene Suppression Using pSUPER Plasmid—Cells were transfected
with 20 ug of pSUPER-hMpsl by electroporation. For electropora-
tion, the cells were resuspended in serum-free RPMI at a density of
3 X 10° cells/ml. Electroporation was carried out in a GenePulser I
module (Bio-Rad) in the presence of the appropriate plasmid with
1.2 X 10° cells at 290 V and 1050 microfarad capacitance. Then the
cells were transferred to 35-mm dishes containing appropriate pre-
warmed complete medium and incubated at 37 °C, 5% CO,, for 24 h.
Cells were washed and cultured in medium containing SN-38 and
were harvested 2 and 3 days after treatment. Electroporation yields a
transfection efficiency with pSUPER plasmids of 70% (data not
shown). To control the off-target effects of transfection, cells were
transfected under identical conditions with pSUPER-EGFP plasmid
or pSUPER-hMLH1 plasmid and pSUPER-mCMYV56 plasmid.

Caspase Activity Assay—The extent of apoptosis was determined by
assaying caspase 3 and caspase 7 activities using FLICA apoptosis detec-
tion kit (Immunochemistry Technologies, Bloomington, MN), based on
staining of cells with a substrate for detection of caspase 3 and 7 as
recommended, and the green fluorescence was measured in a FACScan.

Recovery of Mitotic Cells—Following treatment with nocodazole (333
nM; 16 h) or SN-38 (10 nm; 48 h), the cell culture flasks were mechani-
cally agitated for 15 min. The cells released into the culture medium
were recovered and lysed. Cytospins of an aliquot of the mitotic cells
stained with DAPI showed that 60—80% of the cells were in mitosis
(data not shown).
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Inhibition of Endogenous hMpsl Activity by Overexpression of
hMpsI-KD—24 h after seeding, HCT116p53 '~ cells were transfected
either with pcDNA-GFP (a kind gift from Dr. Marian Martinez-Balbas,
Institute of Molecular Biology, Barcelona, Spain) or with pcDNA-hMps1
(Myc-tagged WT hMps1) or pcDNA-hMps1-KD (Myc-tagged dominant-
negative kinase-dead mutant of the hMps1 protein; both were a kind gift
from Dr. E. Nigg, Max Planck Institute for Biochemistry, Martinsried, Ger-
many) by electroporation as mentioned above. 24 h after transfection, the
cells were treated with 10 nm SN-38 for 2 and 3 days. Cytospins were made
and stained with anti-Myc antibody (Invitrogen) to detect the hMps1-KD-
transfected cells. Nuclei were stained with DAPL The nuclear morpholo-
gies of the GFP-transfected cells and the hMps1-KD-transfected cells were
compared by microscopy as mentioned above. To offset variable transfec-
tion efficiency, only the transfected cells were investigated after staining
with the anti-Myc antibody, which detected only exogenously expressed
proteins (hMpsl or hMps1-KD).

RESULTS

Cellular Reaction of Colon Carcinoma Cell Lines to Treatment with
SN-38 Is Affected by the p53 Function—Previous data obtained with two
p53%7 cell lines (HCT116 and LS174T) and two p53-deficient cell lines
(HCT116p53~'~ and HT-29) showed that DNA damage induced by
topoisomerase [ inhibitor irinotecan (CPT-11) or its active metabolite
SN-38 leads to a long term cell cycle arrest in the p53™ " cells or short
term arrest followed by apoptosis in the p53™MYT cells (1, 2).

To analyze how general this observation is, three additional p53™ "
and three pSBMUT colon carcinoma cell lines were selected, and their
response was analyzed after treatment with SN-38. As described previ-
ously for the four cell lines (2), in the additional six cell lines, SN-38 also
induced a p53-independent G,/M arrest within 2 days (see Ref. 2 and
data not shown) after start of treatment (Fig. 1, A and B, and supple-

3YT cell lines the mark-

mental Fig. S1). After 4 days, however, in the p5
ers of G,/M arrest (CDK1 and cyclin B1) were suppressed, whereas the
markers of G, arrest (cyclin D1 and p27) were overexpressed (Fig. 2), i.e.
a transient G,/M arrest was followed by arrest in a tetraploid G, phase.
This arrest lasted for several days (data not shown). Interestingly, the
pl6 protein was absent in these cell lines, except at very low level in
LS174T, indicating that the long term arrest was p16-independent.

By contrast, in all p53™YT cell lines a consistent up-regulation of the
cyclin B1, CDK1, and histone H3 phosphorylation and down-regulation of
p27 protein and cyclin D1 were evident 4 days after start of treatment (Fig.
2 and supplemental Fig. S2), indicating that the surviving cells were in the
G,/M phase of the cell cycle. Concomitantly, extensive PARP cleavage,
which is a hallmark of apoptosis, was detectable (Fig. 1F), i.e. the G,/M-
arrested cells proceeded to mitosis and to apoptosis (see below).

These two groups of cell lines with a defined p53 status and the
characteristic behavior after SN-38 treatment were used as a model
system. We used it to define a common transcriptional profile of each
cell group after treatment.

Apoptosis in p53-deficient Cells Is Accompanied by the Appearance
of Distinct Nuclear Morphologies—W e characterized the change of nuclear
morphology of the p53-defective cells after SN-38 treatment. Four types of
nuclear forms could be clearly discerned as follows: tetraploid interphase
nuclei (Fig. 3, B versus A), aberrant mitoses (Fig. 3C), micronucleated cells,
and nuclei with condensed chromatin (Fig. 3D). Of these morphological
forms, only cells with condensed nuclei showed evidence for apoptosis,
demonstrated through in situ detection of the cleaved 89-kDa PARP frag-
ment (Fig. 3, D and E). The time course of the emergence of the nuclear
forms after treatment showed that the percentage of micronucleated cells
and condensed nuclei continuously increased at the expense of other forms
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cell lines with intact p53 (A) but not in cells with
defective orabsent p53 (B). Only the p53-defective
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of PARP cleavage (E and F). Results of three exper-
iments = S.D. Western blots are representative of
2-3 experiments.
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FIGURE 2. Expression of the cell cycle markers in the lysates of the viable, adherent cells indicates a tetraploid G, arrest in the p53"V" (left panel) and a G,/M arrest in the

p53MYT cell group (right panel) 4 days after start of treatment.

(Fig. 3F). The percentage of condensed nuclei was used in further experi-
ments as an additional measure of the extent of apoptosis. These data indi-
cated that in the investigated p53-deficient cell lines apoptosis is the end
point of SN-38-induced DNA damage response.

Mitotic Checkpoint Is Activated after SN-38 Treatment—Aberrant
mitoses preceded the condensed, apoptotic nuclei. We examined
whether they emerged as a result of the activation of the mitotic check-
point. All the investigated p53-deficient cell lines had a functional
mitotic checkpoint; nocodazole, a known mitotic checkpoint activator
induced mitotic arrest in all cell lines (supplemental Table S2). SN-38
treatment led to mitotic arrest in 5% of HCT116p53 '~ cells (Fig. 3F)
and in 20% of HT-29 cells (not shown) or HeLa cells (see below). To test
the function of the mitotic checkpoint, these mitoses were shaken off,
and the cell population containing 60—80% mitoses was analyzed by
Western blot and immunocytochemistry. Both the phosphorylation of
BubR1 protein and its localization to the kinetochores indicated that in
the cells released from the arrest into mitosis the mitotic checkpoint was
activated (Fig. 4). Similar results were obtained with all other cell lines of
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the p53-deficient group, except HCT-15 cells, in which the shake-offled
to a high contamination of the mitotic population with the nonmitotic
adherent cells (data not shown).

Different Gene Expression Profiles in p53-intact and p53-defective Cell
Lines after SN-38 Treatment—\We hypothesized that the dramatically dif-
ferent behavior of both cell groups is reflected by different gene expression
after treatment. To analyze the treatment-related transcriptional response
profiles, RNA was isolated prior to or 4 days after the start of treatment and
processed for hybridization to oligonucleotide microarrays. At day 4,
p53%T cells are arrested in the tetraploid G, phase, whereas the p53MY"
cells undergo apoptosis (Figs. 1 and 2 and supplemental Figs. S1 and S2).
The target cRNAs were probed with the HU95Av2 chip, scanned, and
statistically evaluated. We searched for genes with a ratio of expression in
p53MYT/p53%T =2 or 0.5 and a significant difference in expression (p <
0.01) between the two groups of treated cells. Seventy probe sets, corre-
sponding to 64 genes, were identified (Table 1).

Statistical significance of the result was inferred from the permutation
analysis (see “Experimental Procedures”). The number of selected genes

o
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FIGURE 3. The treatment of HCT116p53 '~ cells with SN-38 leads to the emergence
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treatment, note the large size of the nuclei; C, aberrant mitoses, 2 days after start of
treatment; D, micronucleated cells (arrow) and nuclei with condensed chromatin (red,
stained for PARP fragment p89) 4 days after start of treatment; E, in nearly 100% of the
nuclei with condensed chromatin the 89-kDa fragment of PARP was detectable; F, the
time course indicates that the percentage of micronucleated cells and cells with con-
densed chromatin increases with time at the expense of other forms. Bar, 50 um (A and
B) and 20 um (Cand D).

turned out to be significantly higher than expected from the null distribu-
tion (p = 0.008), and the false discovery rate was estimated as 9%.

Interestingly, if the combined thresholds (ratio of expression =2, p <
0.01) were applied to the expression data before treatment, only five
potentially differentially expressed genes were identified, which does
not significantly exceed the number of genes identified in generically
permutated data (p = 0.373) (data not shown). Thus, the specificity of
the used algorithm was entirely due to the reaction of the cells to treat-
ment and not to the basal differences in expression.

When the information on the ratio of gene expression before treatment
was included as a second dimension, the scatter plot separated the selected
genes into two groups: those in which the ratio of expression in p53™Y"/
p53%T was smaller (supplemental Fig. S3A, squares) and those in which it
was greater (triangles) after treatment than prior to treatment.
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FIGURE 4. Cells slipping from the SN-38-induced G, arrest into mitosis have an acti-
vated mitotic checkpoint. A, BubR1 is phosphorylated in HCT116p53 /" cells and
HT-29 cells after 16 h of treatment with 333 nv nocodazole as well as after 48 h of SN-38
treatment. In both cases cell populations containing about 60-80% mitoses were ana-
lyzed after the shake off of the mitoses. Data are representative of two experiments. B,
DAPI staining of the SN-38 treated cells; C, BubR1 staining; D, kinetochore staining. E, C
and D are merged to show the BUBR1 localization on kinetochores. Bar, 20 um.

Of the 64 genes in Table 1, 16 up-regulated genes were known to be
directly or indirectly involved in different steps of mitosis (boldface
type). This suggested that these mitosis-controlling genes are negatively
regulated by p53 in response to DNA damage. Most of the genes from
Table 1, which were more strongly expressed in the basal, nontreated
state in p53™YT than in p53%7 cells (i.e. which were possibly suppressed
by the basal level of p53), were even more strongly overexpressed after
treatment and showed a strong suppression in the p53%" cells (supple-
mental Fig. S3A, red triangles). These are candidates for target genes
negatively regulated by p53 after SN-38 treatment. This interpretation
of the scatter plot was supported by a hierarchical clustering of the
probes listed in Table 1 and the 10 cell lines (supplemental Fig. S3B). It
shows that most of the genes up-regulated after treatment in one group
of cell lines were down-regulated in the other group and vice versa.

Validation of the Selected Alterations on RNA and Protein Level—
The validation of the array results was carried out in a semiquantitative
RT-PCR on 34 genes, whose change of expression varied between 1.2- and
11.7-fold. (List of genes tested, the primers, and PCR conditions used are
given in the supplemental Table S1.) Of the 122 tests performed, 111 con-
firmed the changes observed in the arrays, thus indicating that the correct-
ness of the array results was 90% (data no shown). The expression of the
mitotic checkpoint kinase hMps1, which was consistently suppressed in
p53%T and overexpressed in p53™YT cells, was investigated in detail.

hMps1 mRNA and protein was up-regulated at 4 days after the start
of treatment in all p53M"T cell lines and down-regulated in all p53™"
cell lines (Fig. 5). This dichotomous behavior suggested that these alter-
ations may be dependent on the p53 mutation status. Additionally, we
hypothesized that it may be causally related to the different biological
behavior of the two groups of cell lines.
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TABLE 1

Genes whose ratio of expression in p53MUT/p53T after treatment is =2 or <0.5 and whose expression differs significantly between the two
groups (p < 0.01)

Genes involved in G,/M arrest or in different steps of mitosis are printed in boldface.

. Ratio of
Affymetrix , 5 ;
No. Gene symbol Gene name p value | expression after
Probe ID
treatment
1{39230 at APOBEC3B apolipoprotein B mRNA editing enzyime, catalytic polypeptide-like 3B (L.00509 5.5
2({32263_at Cyclin B2 cyclin B2 0.00057 5.48
3|34736_at Cyclin B1 cyclin Bl 0.00711 4.72
4|34852 o at AURORA serine/threonine Kinase 6 0.00007 4.59
5|33845 at HNRPHI heterogeneous nuclear ribonucleoprotein H1 (H) 0.00652 4.41
6/40041 at Hecl Kinetochore associated 2 (Hecl) 0.00026 4.31
71675 at IFITMI interferon induced transmembrane protein 1 (9-27) 0.00255 4.2
835699 at BUBIB BUB1 budding uninhibited by benzimidazoles 1 h log beta (veast) 0.00083 4.11
9140412 at PTTG1 pituitary tumor-transforming 1 (securin) 0.00205 3.81
10]1854 at MYBL2 v-myb myeloblastosis viral oncogene homolog (avian)-like 2 0.00044 3.73
11{893 at UBE2S ubiquitin-conjugating enzyme E2S 0.00536 3.68
1211651 at UBE2C ubiquitin-conjugating enzyme E2C 0.00499 3.66
13{36837 at KIF2C kinesin family member 2C 0.00074 3.55
14{39109 at TPX2 TPX2, microtubule-associated protein homolog (Xenopus laevis) 0.00472 3.24
15140690 at CKS2 CDC28 protein kinase regulatory subunit 2 0.0017 3.23
16[{35995 at ZWINT ZW10 interactor 0.00304 3.16
17|41583 at FENI flap structure-specific endonuclease 1 0.00278 3.02
1835907 at Cyclin F cyclin F 0.002 3.01
19134814 at UBA2 SUMO-1 activating enzyme subunit 2 0.0021 2.96
20134314 at RRMI ribonucleotide reductase M1 polypeptide 0.00246 2.94
21{32662 at MDC1 mediator of DNA damage checkpoint | 0.00042 2.89
2211055 g at RFC4 replication factor C (activator 1) 4, 37kDa 0.00082 2.88
23|1599 at CDKN3 cyclin-dependent kinase inhibitor 3 (CDK2-associated dual specificity phosphatase) 0.00234 2.77
24]1516_g at — 0.00031 2.75
25(32120 at SPAGS sperm associated antigen 5 0.00745 275
261947 at MCM7 MCM7 minichromosome maintenance deficient 7 (S. cerevisiae) 0.00535 2,72
27|36863 at HMMR hyaluronan-mediated motility receptor (RHAMM) 0.00026 2.71
28|35844 at SDC4 syndecan 4 (amphiglycan, ryudocan) 0.00212 2.66
29139677 at KIAAOD186 KIAADI86 gene product 0.00895 2.65
30|38414 at CDC20 CDC20 cell division cycle 20 homolog (S. cerevisiae) 0.00305 2.64
3138804 at CSEIL CSE| chromosome segregation 1-like (veast) 0.00176 2.55
32|527 at CENPA centromere protein A, 17kDa 0.00175 2.52
3339092 at H2ZAFV H2A histone family, member V 0.00117 2.52
34[34715 at FOXMI forkhead box M1 0.00938 2.51
35136813 at TRIP13 thyroid hormone receptor interactor 13 0.00045 2.48
3636591 at TUBAI tubulin, alpha 1 (testis specific) 0.00661 2.45
37]36572 r at ARL6IP ADP-ribosylation factor-like 6 interacting protein 0.00401 2.4
38140145 at TOP2A topoisomerase (DNA) 11 alpha 170kDa 0.00587 2.38
39141081 _at BUB1 BUB1 budding uninhibited by benzimidazoles 1 h log (veast) 0.00704 2.34
40[{40697 at Cyclin A2 cyclin A2 0.00037 2.32
41131600 s at PMS2L5 postmeiotic segregation increased 2-like 5 0.00436 2.31
42136833 at GLA galactosidase, alpha 0.00109 2.29
43137302 _at CENPF centromere protein F, 350/400ka (mitosin) 0.00498 2.29
44]1721 g at MAD2L1 MAD2 mitotic arrest deficient-like 1 (veast) 0.00365 2.24
45136457 at GMPS o monphosphate synthetase 0.00955 2.23
46|572 at TTK protein kinase hMps1 0.00243 2.21
47]330 s _at — 0.00504 2.21
48|37585 at SNRPAI small nuclear ribonucleoprotein polypeptide A’ 0.00012 2.19
49136968 s at EXOSCSE exosome component 8 0.00805 2,12
5011515 at - 0.00692 2.1
51{40717 at Cathepsin L2 cathepsin L2 0.00017 2.06
52137293 at ch-TOG KIAAD097 gene product 0.00263 2.05
5337228 at PLK1 polo-like kinase 1 (Drosophila) 0.00314 2.03
54134880 _at MGC10433 hypothetical protein MGC10433 0.00866 2.03
55136489 at PRPS1 phosphoribosyl pyrophosphate synthetase 1 (L.O08S55 2.02
56|32584 at PSMDS proteasome (prosome, macropain) 268 subunit, non-ATPase, 8 0.00807 2
5739077 at DRAP1 DR 1-associated protein 1 (negative cofactor 2 alpha) 0.00288 0.43
58|37579 at CYFIP2 cytoplasmic FMR1 interacting protein 2 0.00342 0.41
59136634 at BTG2 BTG family, member 2 0.0029 0.38
6012020 at Cyelin D1 cyelin D1 (PRADI: parathyroid adenomatosis 1) 0.00713 0.36
6111890 at GDF135 growth differentiation factor 15 0.00621 0.30
62{40336 at FDXR ferredoxin reductase 0.00288 0.28
63862 at SERPINBS serine (or cysteine) proteinase inhibitor, clade B {ovalbumin), member 5 0.00489 0.14
6412031 s at p2l cyelin-dependent kinase inhibitor 1A (p21, Cipl) (L.00008 0.13
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FIGURE 5. Four days after start of SN-38 treat-
ment, p53 protein expression is increased in all

[ | [ | [ | | e = | [ | [actin protein

p53"T cell lines, hMps1 is suppressed in p53"7T 10 10
but not in p53-deficient cells as shown by real
time RT-PCR and by Western blotting. Expres-
sion after treatment relative to expression prior to hMpsl
treatment, determined in real time quantitative mRNA
PCR, is given as means = S.D. expression .
! relative to | —i
! !_ non
treated
controls
0.1 0.1
Overexpression of pS3 Leads to Suppression of hMpsl mRNA and CATiE A O
Protein—To investigate the regulation of hMpsl by p53, we transduced 3 i
HCT116p53~"~ or HCT116p21WAFY<PL=/~ cells with adenoviral vectors Adps3 Adp21 SN38 AdenS3e
. . . i . - -paa™ 3 -3 Ad-p53™
expressing wild-type p53 protein or p21%AF<P! protein. Additionally, the R A -+ <
expression of hMps1 was analyzed in HCT116p21WAFYPL1=/~ cells after [ e | [—=] E ps3

SN-38 treatment.
The reintroduction of p53 protein into p53~/~ cells up-regulated the

1 WAF1/Cipl

p2 protein expression as expected (Fig. 6A4). Additionally, it

also down-regulated hMps1 on both mRNA and protein level. Interest-
ingly, the enforced expression of p21%*F/“P! protein in the absence of
p53 had the same effect on expression of hMpsl, indicating that high
levels of p21AF<P! protein by itself are sufficient to suppress hMps1
mRNA and protein expression (Fig. 6B).

Treatment of HCT116p21YAFY/IPL=/~ cells with SN-38 triggered a
moderate up-regulation of p53 protein, but the suppression on mRNA
and protein level was negligible (Fig. 6C). These data indicated that the
relatively moderate up-regulation of p53 through treatment is not suf-
ficient to suppress hMpsl expression in the absence of p21WAFY/<ipl,
Only amounts larger than the physiological amounts of p53 could sup-
press hMpsl in the absence of p21YAF“"! (Fig. 6D and Fig. 7B).

These data suggested that the p53 protein regulates hMpsl mRNA and
protein levels and that this effect is modulated by p21VAF/<"!, Large
amounts of either protein alone can suppress the expression of hMpsl.
Under conditions of SN-38 treatment, the effect of p53 appeared to be
enhanced by the overexpression of p21™A"/“P! protein,

The p53-mediated Suppression of hMps1 Is Enhanced by p21" 4"/ _
Several authors indicated recently that p21%*F/“P! protein may play a
regulatory role in gene transcription (29, 30). To investigate the role of
p21WAFYSPL protein in the p53-mediated suppression of hMps1 in more
detail, HCT116 (p21 W AFYSP1*/4) cells and HCT116p21 WAFY <P/~ cellg
were transduced with variable amounts of adenoviral vector expressing
p53%T protein or p21%AFVCP! protein. Dose-response experiments
showed that the level of p53 protein achieved at a multiplicity of infection
(m.o.i.) of 20 yields a p21WAF/<P1 expression comparable with that
obtained after SN-38 treatment (supplemental Fig. S4A).

The transduction with p53-expressing adenoviral vector decreased the
expression of hMpsl in the HCT116 cell line in a concentration-dependent
manner (Fig. 7, A and D), but there was a very weak suppres-
sion of hMps1 in the p21¥AFYSPL=/~ cell line (Fig. 7, B and E), indicating
that p21 ¥ AF/SIP! presence is necessary for the suppressive activity of
p53. This was evident on mRNA and protein level. In the presence of

p21WAFI/CiPL 5 concentration-dependent suppression of hMpsl
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FIGURE 6. hMps1 is suppressed on the mRNA and protein level after overexpression
of p53 and p21WAF1/CiP1 proteins. A, transduction of p53 '~ cells with adenoviral vec-
tor coding for p53 protein leads to up-regulation of p21"WAF1/CP! and suppression of
hMps1 on the transcriptional and protein level. B, transduction with p21WAF/CiP1_ex-
pressing virus in the absence of p53 protein suppresses hMps1. C, treatment of
HCT116p21 7~ cells with SN-38 enhances expression of p53 protein, which in the
absence of p21WAF/CiPT s not sufficient to suppress hMps1. D, transduction of
HCT116p21 /" cells with adenoviral vector (m.o.i. = 25) expressing p53 suppresses
hMps1. Cells transduced with AdLacZ (lanes denoted —) were used as controls. Expres-
sion after treatment relative to expression prior to treatment, determined in real time
quantitative PCR, is given as means =+ S.D. (which were negligible).

protein was visible starting at an m.o.i. of 2.5. By contrast, in the
absence of p21WAFI/Cipl
high levels of p53 protein (20 m.o.i.) (Fig. 7B). The expression of
exogenous p21 protein alone in HCT116p21WAF/CipL—/~

sufficient to suppress the ZMpsl-mRNA and -protein expression

, the suppression of hMps1 was seen only at
cells was

(Fig. 7, Cand F). Furthermore, the time course of hMps1 suppression
in the p53%T cells after SN-38 treatment showed that the suppres-
sion was strongest about 48 h after start of treatment, and only after
p21 protein was strongly overexpressed (supplemental Fig. S4B).
This further confirms the importance of p21 in the down-regulation
of hMpsl.

Suppression of hMpsl1 Inhibits SN-38-induced Apoptosis in pS.
Cells—To investigate how hMps] affects the cellular reaction to treat-
ment, HeLa cells were transfected either with pPSUPER-EGFP (control)
or with pSUPER-hMps1 and treated for 2 and 3 days with SN-38. HeLa

MUT
3L1
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FIGURE 7. p21WAF1/CiP1 js hecessary and sufficient for the down-regulation of hMps1. 4, variable amounts of AdeCMVp53 adenovirus, given as multiplicity of infection (MOI) were
used for transduction of HCT116 cells or of HCT116p21WAF/CIP1=/= cells (B). C, HCT116 p21WAF/CIP1-/- cells were tranduced with variable amounts of the AdeCMVp21 adenovirus. D,
E, and F, relative amounts of hMps1-mRNA, corresponding to the protein amounts shown in A, B, and C, were determined by real time quantitative PCR and are given as means =+ S.D.

cells, which are deficient in p53 function (31) and exhibit a very good
uptake of the pPSUPER-hMps1 plasmid (data not shown), were reported
previously to undergo a DNA damage-induced mitotic arrest followed
by apoptosis, which was dependent on a functional mitotic checkpoint
(32). After almost complete suppression of hMps1, the mitotic check-
point was abrogated, visible through suppression of phosphorylation of
BubR1 and of histone H3 (Fig. 84) and the decrease of the mitotic
fraction at day 2 and day 3 (Fig. 8C). Simultaneously, the percentage of
micronucleated cells increased (Fig. 8, B and C), whereas the PARP
fragmentation (Fig. 84) and nuclear condensation (Fig. 8, B and C)
decreased. The specificity of the effect of hAMPS1 inhibition in the assays
was confirmed by the lack of any impact of the transfection with pSU-
PER-EGFP or, as two other controls, with pPSUPER-hMLHI1 (siRNA
against a mismatch repair protein) or pSUPER-mCMV56 (siRNA
against immediate early protein of mouse cytomegalovirus) (data not
shown) on hMps]1 expression or extent of apoptosis.

The siRNA-mediated specific suppression of hMpsl1 in HT-29 cells
triggered a similar significant suppression of apoptosis, as measured by
PARP cleavage, nuclear condensation, and a decrease in caspase 3 +
caspase 7 activity (data not shown).

Inhibition of hMpsl Kinase Activity Suppresses SN-38-induced
Apoptosis—We further investigated, how the inhibition of the hMpsl
kinase activity affects DNA damage-induced apoptosis. hMpsl1 kinase

8682 JOURNAL OF BIOLOGICAL CHEMISTRY

activity was specifically suppressed in HCT116p53 '~ cells by transfec-
tion with a dominant-negative kinase-dead mutant of hMps1 (hMps1-
KD). Three days after treatment, hMps1-KD expressing cells showed a
significantly lower percentage of apoptotic condensed nuclei, concom-
itant with a higher percentage of micronucleations and interphases (Fig.
9C) than the cells transfected with pcDNA-GFP (Fig. 94) or with
pcDNA-hMpsl plasmid (Fig. 9B).

Collectively, the results presented in Figs. 8 and 9 indicate that the
unscheduled expression of hMps1 in the SN-38-treated p53™UT cells
contributes to their apoptosis. The suppression of hMps1 abrogates the
mitotic checkpoint and allows more mitoses to proceed to micronucle-
ation, thus decreasing apoptosis within the time of observation.

DISCUSSION

p53 Status Determines the Cellular Response to SN-38—We have
selected 10 human colon carcinoma cell lines with known p53 status
and that behave differently after treatment with SN-38. We show that in
response to SN-38-induced DNA damage, both groups of cell lines
undergo a transient G,/M cell cycle arrest from which the p53™7" cell
lines slip into a long term tetraploid G arrest, as described previously
(33). The long term arrest was associated with senescence (data not
shown) that was independent of p16 protein expression (Fig. 2). The
p53™MUT cell lines leave the G, phase arrest, enter aberrant mitoses (20 —
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FIGURE 8. Suppression of hMps1 protein abro- — '-. -+- BubR1

gates the mitotic checkpoint and inhibits
SN-38-induced apoptosis in HeLa cells. Cells
were transfected by electroporation either with pr— hospho-histone H3
PSUPER-EGFP or with pSUPER-hMps1 and seeded. - - Ty
The following day, cells were treated with 10 nm
SN-38 and harvested for morphological analysis -_— @ — —_—
and for Western blot at the indicated time points. - Gy —
A, Western blots show a strong suppression of
hMps1 and a concomitant decreases of phospho-
rylation of BubR1 and of histone H3 and a decrease T Tame TaEe T S | [-actin
in the extent of PARP fragmentation. B, pSUPER-
EGFP transfected cells show on days 2 and 3 a high
percentage of mitoses and condensed nuclei. C,
transfection with pSUPER-hMps1 leads to a
decrease in the percentage of mitoses and con-

PARP

densed nuclei and to an increase in the percent- B C
age of micronuclei at both time points. Means *
S.D. are of three independent experiments. Aster- pSUPER-EGFP (control) pSUPER-hMps1
isk denotes p < 0.001 as determined by paired t 80 ] 807
test. O Interphases
M Mitoses
E 60 B Micronuelei ) E 60
= B Condensed nuclei =
g 407 g 407
s s
= 20 = 20
0" - - 0+ v
2 3 2 3
Days of SN-38 treatment Days of SN-38 treatment
A B C
peDNA-GFP peDNA-hMpsi pcDNA-hMps1-KD
100+ 100 100 FIGURE 9. Inhibition of hMps1 kinase activity
O Interphases suppresses SN-38-induced apoptosis. HCT116
_ By [ Mitoses | BO |0k | p537/~ cells were transfected with pcDNA-GFP,
= B Micronuclei pcDNA-hMps1, or pcDNA-hMps1-KD, and 1 day later
< w0 M Condensed nuclei | gpl | &0 | they were treated with 10 nm SN-38. At the indicated
E time points of continuous treatment, the cells were
S B/ 40 40y ! harvested, and the morphologies were evaluated in
2 cytospins after DAPI staining. The transfected cells
= 201 {20 20t | were identified through GFP protein (control) or by
5 staining with anti-Myc antibody (to detect hMps1 or
0+ — | 0 o - v - - — hMps1-KD). A, pcDNA-GFP transfected HCT116
2 3 2 3 2 3 p537/~ cells show a high percentage of condensed
Days of SN-38 treatment Days of SN-38 treatment Days of SN-38 treatment nuclei (apoptosis) at 3 days of treatment. B, transfec-
tion with hMps1 plasmid has no effect on apoptosis.
G, pcDNA-hMps1-KD transfected cells show signifi-
D cantly less condensed nuclei and more micronucle-
e - ’ ations and interphases at the same time point. D,
Teanefoction GFP hMpsl hMpSL-KD Western blot showing the expression of endoge-
Days of SN-38 treatment 0 2 3 2 3 2 3 nous and exogenous hMps1 protein (wild-type and
kinase-dead) in each experiment. The shift of the
hMps] | s— — — o = == - upper band of the exogenous hMps1 was postu-
lated to be due to the autophosphorylation (20).
Bactin | S S - - - - -

30% as analyzed by phosphohistone H3 staining at 48 h; data not Apoptosis-associated Expression Profile of p53-defective Cell Lines
shown), and finally undergo apoptosis. Similar dependence of the type  Defined—There was a consistent association of the presence of a non-
of cellular response to DNA damage on the p53 status has been functional p53 protein with apoptosis, making it possible to detect gene
observed previously in single cell lines derived from colon carcinoma (1,  alterations preceding or involved in this process. We analyzed the ratio
34, 35), glioblastoma (36), and breast carcinoma (37). of gene expression in p53MYT to p53%T cell lines prior to and after
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treatment (supplemental Fig. 3A4). The change of this ratio clearly
showed that generally the p53-dependent basal differences (prior to
treatment) are strongly enhanced after treatment-induced overexpres-
sion of p53. The analysis prior to treatment did not identify significant
differences in gene expression between the two groups, ie. the basal
profiles were not suitable for prediction of the reaction to DNA damage.

New Genes Regulated by p53 Identified—The hierarchical gene cluster-
ing showed directly the inverse relationship between the gene expression in
p53%T and p53™MYT cell lines after treatment (supplemental Fig. 3B). We
identified a number of genes involved in mitosis regulation that appear to be
transcriptionally suppressed by p53, eg TTK/hMpsl, KNTC2/Hecl,
BUBI, KIF2C, CDC20, CENPA, CENPF, and PLKI1. Most of them were not
known as p53 targets and extend the previously described family of p53-
suppressible genes regulating G,/M arrest and mitosis (38 —44). It appears
likely that the coordinate suppression of mitotic genes by p53 is an addi-
tional safeguard mechanism protecting cells from entering mitosis after
DNA damage. Indeed, we found that the suppression of p53 protein in
SN-38 treated HCT116 cells leads to an increase in hMps1 expression (sup-
plemental Fig. S5) and to a decrease of tetraploid arrest and an increase of
apoptosis (2). This indicates that p53 is a part of a regulatory link between
DNA damage and mitosis.

p21 Plays a Role in Transcriptional Regulation—Notably, we found
an enhancement of the transcriptional suppression of hMpsl by
p21 WAF1/Cipl

down-regulation of mitotic checkpoint genes by p21AFV/<PL (29, 30).
1 WAF1/Cip1

, thus extending previous reports on the transcriptional

The involvement of p2
arrest, because the induction of G, arrest by serum starvation did not
induce suppression (data not shown). Overexpression of p21¥AF!/<ip!
may lead to the inhibition of cyclin-dependent kinases, which stabilizes
the pRb-E2F complex and prevents E2F activity. Under such circum-
stances, E2F has been shown to play a role as a transcriptional repressor
(45). Indeed, E2F-binding sites have been found in the promoter of
hMpsl (46). Alternatively, both p53 and p21VAF¥<®! are capable of
binding to the CDE/CHR element in the promoter of cell cycle regula-
tory genes (41, 47). Whether these elements are present in the promoter
of hMps1 and other identified mitosis-regulating genes remains to be
determined; the present results are consistent with either model.

The Role of hMps1 in Apoptosis Induction—The lack of p53-mediated
transcriptional down-regulation after DNA damage in the p53-deficient
cell lines leads to an unscheduled gene expression; 16 mitosis-related

was not merely dependent on the G,

genes, including hMps1, are strongly expressed after damage.

The intact mitotic checkpoint has been shown recently to be neces-
sary for DNA damage-induced apoptosis; its abrogation by an inhibitor
(48) or by suppression of the proteins BubR1 or Mad2 (32) decreased the
frequency of mitotic cell death after DNA damage. Also during the
activation of the mitotic checkpoint by nocodazole, the ectopic overex-
pression of BubR1 increases the death of polyploid cells (49). Further-
more, cells in which mitotic checkpoint genes, e.g. BUBR1, MAD?2 (32),
or TTK/hMpsl1 (20), are suppressed after microtubular damage show a
nonapoptotic transformation of the nucleus. These data as well as the
present results indicate that the levels of the mitotic checkpoint proteins
control the course of transformation of aberrant mitoses into apoptotic,
condensed nuclei or nonapoptotic nuclear forms (Fig. 10).

A damage sensor function independent from the mitotic checkpoint
function has been proposed recently for hMps1 by Wei et al. (50). The
authors postulated a cross-talk between the mitotic checkpoint and the
DNA damage checkpoint through hMps1-mediated phosphorylation of
the Chk2 kinase. After SN-38 treatment, however, we found Chk2 phos-
phorylation in HCT116p53~'~ as well as in HCT116 cells (data not
shown), in which hMps1 is suppressed following DNA damage (Fig. 5),

8684 JOURNAL OF BIOLOGICAL CHEMISTRY

G2 arrrest
triggered but
not maintained

N

p53n| p53ml|r

P N

Mitosis Mitosis 4
genes

genes

b\

Aberrant A
mitosis hMps1 ‘

v

Micronuclei
(High)

Micronuclei
(Low)

v A J

Condensed
nuclei

Tetraploid
G1 arrest

FIGURE 10. SN-38 treatment of colon carcinoma cells induces an initial G,/M arrest
which is independent from the p53 status. The p53-mediated suppression of mitotic
genes, including hMpst1, in p53"7 cells is associated with the transition into a tetraploid
G, arrest. The lack of this suppression in p53MUT cells allows mitotic entry, which even-
tually leads to apoptotic nuclear condensation. Suppression/inhibition of the hMps1
kinase abrogates the mitotic checkpoint that leads to a higher number of micronucle-
ated cells. For clarity, some pathways of nuclear transformation (interphases into con-
densed nuclei or micronuclei) have been omitted.

indicating that at least in the present system Chk2 can be phosphoryl-
ated also in the absence of hMpsl.

In conclusion, the present data support the notion that mitotic check-
point proteins, here represented by hMps1, contribute to apoptosis of
p53™MUT cells after DNA damage. The exact signaling mechanism is not
known at present. Its pharmacological enhancement should potentiate
3MUT cells but not in p53%'*

apoptosis after chemotherapy in the p5 cells

and enable selective killing of tumor cells.
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Supplemental Data

Table S1. Genes whose expression was tested in semiquantitative RT-PCR, primers and

conditions used.

Gene symbol Description Primer sequence PCR conditions

Amphiregulin Amphiregulin ; $é;g;i%ﬁggé&ii@ 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
APRIL Acidic protein rich in leucines ; ﬁ?ggi?g;gigﬁg@%i 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
ASNS Asparagine synthetase ; ?g;gg%r_:fg g GG é_ﬁ;r:g g g 95°C 10min, 94°C 1min, 58°C 45sec, 72°C 45sec. 72°C 7min
BTG2 B-cell translocation gene 2 ; é?g_? (;3 CG Cc CC:(;: GC:CC (;\‘IT(:,A:‘I(‘:I'T 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
CSNK1G2 casein kinase | gamma 2 ; g;$g2$;¢(§82$ ;g;{?gg? 95°C 10min, 94°C 1min, 57°C 1min, 72°C 1min. 72°C 7min
Cyclin D1 Cyclin D1 ; ﬁgggggﬁgiéggég?ﬁg?:g 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
cyel Cysteine-fich protein 61 Lo LA e 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
FHL2 Four and a half LIM only protein 2 ; ig(é i-(l;('l% zi? $;$ gégigfggg 95°C 10min, 94°C 30sec, 58°C 30sec, 72°C 1min. 72°C 7min
GADD 34 ﬁ;ﬁ‘g;hea;? and DNA damege ; g?gggéﬁﬁﬁgﬁgﬁrﬁ(; 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
GADDI153 ﬁ;ﬂg:)heagﬁt and DNA damage ; égéig?éigggﬁgggiﬁf_g 95°C 10min, 94°C 1.5min, 66°C 1.5min, 72°C 1min. 72°C 7min
LGALS1 Lectin,  galactoside binding ; Z%Z%%?%%ﬁégig_’?g c(:;((:;:é;i‘-;c 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
Hecl HEC (Highly expressed in cancer) ; 12?1—5:;??25222:5&? 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
HHR23A :;'\"D‘Z”ah‘mk’g”e ofyeast : ???:g?;fggggg:ﬁgg 95°C 10min, 94°C min, 60°C Lmin, 72°C Lmin, 72°C 7min
Histone H1x Histone H1x ; ;((:BZI(SCC gﬁ%&ﬁz%féi?r 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
hMps1 hMps1 protein kinase ; _?gg_? g:xgﬁgﬁxfg g);_rg_? 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
IFITM1 :)r:‘;zen“in inducile transmermbrane ; g%%i%ﬁgggﬁfmT&ACM 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
Maspin Maspin (Serine protease inhibitor) ; giﬁ;ﬁzﬁgﬁg@iﬁﬁggggﬁ 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
MSHMT2 g‘;‘:ﬁhﬂ:ﬁ;‘r’;xfﬂm ene ; g&éﬁ\%ﬁiﬁéﬁéﬁéﬁéﬁgg 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
Mytl Protein kinase ; éigﬁgi;g%? ﬁrGG%AéiCGEi c 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
Optineurin Optineurin ; gég '(I?(/;\(?T/-'\I'/_\GG A(‘sGérCG((::’ZGA(g‘E'CTéG 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
p21 CDK inhibitor ; 2?;21??:?5? g‘l-'r(?(l:/_\‘:—GGTGC% 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
PHGDH Phosphoglycerate dehydrogenase ; ﬁg;%?é;i%‘_gglgz%% 95°C 10min, 94°C 1min, 58°C 45sec, 72°C 45sec. 72°C 7min
PLP2 Proteolipid protein 2 ; z@;ﬁgﬁiﬁiﬁg%%f? ATCC A 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
PYCRI Eym"”e‘s'carb(’xy'ate reductase = gigigiﬁ%ﬁéﬁ?ﬁggiéﬁg?c - 95°C 10min, 94°C 1min, 60°C 45sec, 72°C 45sec. 72°C 7min
RhoGDI Rho GDP dissociation inhibitor ; gi;?‘?éﬁ‘? (? (?‘?(‘ITC AC GACG'I%?I%C 95°C 10min, 94°C 1min, 62°C 1min, 72°C 1min. 72°C 7min
SLC7A5 Solute carrier family 7, member 5 ; Iggggﬁ?éﬁgiéﬁgéﬁgr 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
(2 microglobulin |32 microglobulin ; $é;§géii$%ﬁiigiﬁi A 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
STATL i;gtrr‘::];r:;;gf::x?: lac""ators ; gﬁé?;iliﬁligzng?% 95°C 10min, 94°C 1min, 52°C 1min, 72°C Lmin, 72°C 7min
Syndecan 4 Syndecan 4 : ?gﬁfri(ﬁégégﬁg;_?é;g 95°C 10min, 94°C 1min, 60°C 1min, 72°C 1min. 72°C 7min
TNFRSF6 ::(T;LSEC::;L:SC::gCtI?gra;Zlartsgeptor ; Ziiﬁﬁi%ﬁémi? 95°C 10min, 94°C 1min, 58°C 1min, 72°C 1min. 72°C 7min
TOB Transducer of ErbB-2 ; gégg,i?'igié;g;gﬁgéi%é;gc 95°C 10min, 94°C 1min, 62°C 1min, 72°C 1min. 72°C 7min
TRAILR2 :;g;ﬁﬁoxnfﬁéfzreceptor ; ﬁgggggfﬁgﬁg}iﬁ%ﬁgﬁ%ﬂm 95°C 10min, 94°C 45sec, 60°C 45sec, 72°C 1min. 72°C 7min
TRAPL ng’;:;‘?gsngp?g;;we ; Sg?ﬁé&gﬁi&iﬁéﬁéﬁi@ 95°C 10min, 94°C Lmin, 60°C 1min, 72°C 1min. 72°C 7min
TYRO3 Protein tyrosine kinase ; iﬁ$g§2$ggigg§:ggﬁé§iggg 95°C 10min, 94°C 1min, 58°C 1min, 72°C 1.5min. 72°C 7min




Table S2
Analysis of mitotic arrest in p53-deficient cells after treatment with 200 ng/ml (666 nM)
Nocodazole for 16 h

Cell line % mitoses after Nocodazole treatment
HCT116p53™ 85
HT-29 74
SW480 40
WiDr 73
HCT-15 77




Supplementary figure S1

SN-38 treatment induces long-term arrest or apoptosis in colon carcinoma cell lines.
Histograms of p53™* cell lines (left panel) and p5
after start of treatment. The tetraploid cell cycle arrest is maintained between 2 and 4 days
after start of treatment in cell lines with intact p53. Cells with a deficient or mutated p53 do
not maintain the tetraploid cell cycle arrest. Additionally, they also undergo apoptosis (subG1

peak). Results representative of three experiments.
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Supplementary figure S2

Analysis of histone H3 phosphorylation in non treated and SN-38 treated p53** and p53-
deficient cell lines. Only adherent cells were used for the analysis.

The p53™ cell lines (represented here by HCT116 and LS174T) show a lower percentage of
phospho-histone H3 as compared to the non treated cells indicating that they are not in the M-
phase of the cell cycle.

The p53-deficient cell lines (represented here by HCT116p53™ and HT-29) show a higher
percentage of phospho-histone H3 positive cells as compared to the non treated cells
indicating that the fraction of mitotic cells increases after treatment.

HCT11é L5174T




Supplementary figure S3A

The ratio of expression in p53™Yp53™ cell lines 4 days after SN-38 treatment, plotted as a

function of the ratio of expression in p53™Yp53"* cell lines before treatment.

The horizontal lines mark the threshold values of twofold change after treatment. The vertical
line separates the genes whose ratio of expression in p53™Yp53™ is <1 or >1 in the basal
state. The diagonal separates the genes whose ratio of expression in p53™Yp53"' before
treatment < or > than the ratio p53™"/p53"" after treatment. Red triangles and red squares
indicate the genes listed in the Table | with ratio of expression greater than 2 (triangles) or

smaller than 0.5 (squares).
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Supplementary figure S3B

Hierarchical clustering of treatment-induced alterations of genes listed in Table I.

Green coloring indicates expression values below the mean expression, red coloring indicates
expression values above the mean expression and black color indicates the mean expression
after treatment. Names of the 10 cell lines used are given below the diagram.
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Supplementary figure S4A
Comparison of p53 and p21 expression achieved after SN-38 treatment and after adenoviral

transduction.

HCT116 cells were treated with SN-38 for 2 days or were transduced with various MOI of
Adp53" and the expression of p53 and p21 were compared. The figure shows that an MOI of
20 is necessary to achieve a level of p21 comparable to that induced after SN-38 treatment.

HCT116

5 20 25  MOI Adp53™
+ - - - SN-38(10nM:48h)

REP— p53

S o e 2

Supplementary figure S4B
Time course of hMps1 suppression in p53** cell lines during SN-38 treatment (10 nM).

hMps1 suppression in HCT116 and LS174T cell lines begins at 48 h after treatment, only
after both p53 and p21 are highly upregulated.

HCT116 LS174T
0 4 16 24 48 72 0 4 16 24 48 72 hof SN-38 treatment
- - - - - --ie 0
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Supplementary figure S5

Suppression of p53 leads to upregulation of hMps1 in SN-38-treated HCT116 cells.

HCT116 cells were transfected with pPSUPER-EGFP or pSUPER-p53 and the expression of
hMpsl was analysed by Western blotting. The figure shows that SN-38 treatment leads to

downregulation of hMpsl (lanes 2 and 4) and that the suppression of p53 leads to the
reexpression of hMps1 (lanes 3 and 5).
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