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Pharmacological activation of wild-type p53 has been found to protect normal cells in culture from cytotoxicity and
nuclear aberrations caused by conventional cancer therapeutics. Hence, small-molecule p53 activators could have
clinical benefits as chemoprotectants for cancer patients bearing p53-mutant tumors. We have evaluated 16 p53-based
cyclotherapy regimes combining p53 activators tenovin-6, leptomycin B, nutlin-3 and low dose actinomycin D, with
clinically utilized chemotherapeutic agents (S- and M-phase poisons) vinblastine, vinorelbine, cytosine arabinoside and
gemcitabine. All the p53 activators induce reversible cell cycle arrest in primary human fibroblasts and protect them
from both S- and M-phase poisons. Furthermore, studies with p53-mutant cancer cell lines show that nutlin-3 and low-
dose actinomycin D do not affect the sensitivity of these cells to any of the chemotherapeutics tested. Thus, these two
small molecules could be suitable choices for cyclotherapy regimes involving S- or M-phase poisons. In contrast, pre-
incubation of p53-mutant cells with tenovin-6 or leptomycin B reduces the efficacy of vinca alkaloids, suggesting that
these p53 activators could be effective as chemoprotectants if combined with S- but not M-phase poisons. Discrepancies
were observed between the levels of protection detected immediately after treatment and following recovery in fresh
medium. This highlights the need to assess both short- and long-term effects when evaluating compounds as potential

chemoprotectants for cancer therapy.

Introduction

Chemotherapy approaches aim at developing treatments that
eradicate cancer cells efficiently and selectively. However, many
of the drugs currently used in the clinic cause DNA damage and
indiscriminately target rapidly dividing cells in S- or M phase,
thereby causing undesired mutagenic and cytotoxic events in
proliferative normal tissues. As a consequence, patients not only
suffer from immediate side effects such as nausea, hair loss, diar-
rthea and neutropenia, but are also subjected to an increased risk
of developing resistance to treatment and/or second tumors later
in life. Cyclotherapy strategies aim at improving the therapeu-
tic window of conventional chemotherapy by protecting healthy
tissues."” For instance, if transient cell cycle arrest in G, or G,
was induced in normal tissues only, their sensitivity to S- and
M-phase poisons would be decreased while leaving the tumor
vulnerable to the treatment.

Several small-molecule activators of the p53 tumor suppressor
have been shown to induce a mild cytostatic response in normal
cells in culture. It has therefore been proposed that such mol-
ecules could constitute ideal chemoprotectants for patients bear-
ing p53-mutant tumors. In this context, p53 status provides a

*Correspondence to: Sonia Lain; Email: sonia.lain@ki.se
Submitted: 03/30/12; Accepted: 04/03/12
http://dx.doi.org/10.4161/cc.20254

www.landesbioscience.com

Cell Cycle

way to distinguish between normal cells, retaining wild-type p53
and cancer cells, lacking functional p53. Pre-treatment with spe-
cific p53 activators would selectively stop proliferation in healthy
tissues, thereby shielding them from subsequent exposure to con-
ventional chemotherapeutics without compromising the antican-
cer efficacy of the treatment.

Since cyclotherapy was first introduced as a promising con-
cept in the year 2000, various publications have provided evi-
dence supporting its potential (Table 1). The first studies used
low doses (LD) of DNA damaging agents to induce p53-depen-
dent cell cycle arrest. In this line, it has been shown that pre-
incubation with LD doxorubicin (LDDOX) protects normal
cells against tubulin poisons.*> Similarly, a LD of actinomy-
cin D (LDactD), another clinically approved anticancer drug,
has been used as a chemoprotectant in combination with the
Aurora kinase inhibitor VX680.¢ Unfortunately, both LDDOX
and LDactD also protected p53-deficient cancer cell lines to a
small extent. The remaining cyclotherapy studies summarized
in Table 1 involve the specific p53 activator nutlin-3. This com-
pound has been shown to selectively shield normal cells against
S-phase poisons,® tubulin poisons,”!* a Polo-like kinase 1 inhibi-
tor (PLK1I)"? and an Aurora kinase inhibitor.” Most importantly,
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Table 1. Existing p53-based cyclotherapy studies

Protection
Chemoprotectat Chemotherapeutic Reference
p53 wild-type p53 deficient
Epitholones A and B Y N Blagosklonny et al.*
Low dose doxorubicin Paclitaxel Y Y Blagosklonny®
Vinblastine (VNB) Y N Blagosklonny et al.*
Low dose actinomycin D Aurora kinase inhibitor VX680 Y Y Rao et al.®
Aurora kinase inhibitor VX680 Y N Cheok et al”
Cisplatin N ? Kranz and Dobbelstein®
Cytosine arabinoside (Ara-C) Y N Kranz and Dobbelstein?
Doxorubicin (DOX) N ? Kranz and Dobbelstein?®
Nutlin-3 Gemcitabine (GMTB) Y N Kranz and Dobbelstein®
Nocodazole Y N Apontes et al.?
. Apontes et al.’ Carvajal et al."® Tokalov and
Paclitaxel Y N Abolmaali®
Polo-like kinase inhibitor BI-2536 Y N Sur et al.?

(Y, protection against cytotoxicity caused by chemotherapeutic; N, no protection; and ?, not tested). Ideal chemoprotectants only shield p53 wild-type

cells from cell-killing caused by chemotherapeutic agents.

oral administration of nutlin-3 protects mice against PLK1I-
induced neutropenia.'?

Although existing cyclotherapy studies using nutlin-3 are aus-
picious, this compound has a number of drawbacks: (1) its clini-
cal use has not been approved yet; (2) its efficacy in vivo is low,
with high doses needed for an effect in mice (i.e., 200 mg/kg
orally administered nutlin-3);'*? (3) its p53 selectivity is limited
to a narrow window, with doses above 10 WM leading to DNA
1415 and doses below 2 wM having no detectable effect.
This motivated us to explore other small molecules as possible

damage

alternatives. The advantages and drawbacks of every compound
are reviewed in the discussion section. Like nutlin-3, they induce
p53 protein and transcriptional activity, but they differ in their
mechanisms of action and p53 activation kinetics,'® which might
define their clinical suitability as chemoprotectants. In this paper,
we systematically evaluate and compare the performance of teno-
vin-6," leptomycin B (LMB)," nutlin-3 and LDactD in 16 dif-
ferent cyclotherapy regimes involving four clinically approved
chemotherapeutics: the M-phase poisons vinblastine (VNB) and
vinorelbine (VRL), and the S-phase poisons cytosine arabinoside

(Ara-C) and gemcitabine (GMTB).
Results

Tenovin-6, leptomycin B, nutlin-3 and low-dose actinomy-
cin D induce reversible cell cycle arrest in primary fibroblasts.
Tenovin-6, leptomycin B, nutlin-3 and LDactD are known to
efficiently increase p53 protein levels and transcriptional activ-
ity in various normal and cancer-derived cell lines. In particular,
they have been shown to induce the expression of p21 protein,
which is indicative of G, and G, arrest. In this section, we inves-
tigate the impact of these compounds on the growth and viability
of human normal dermal fibroblasts (HNDFs), paying special
attention to the reversibility of the effects.

1852

Cell Cycle

Tenovins were identified in a forward chemical genetic
screen based on a p53-reporter assay. They activate p53 in a non-
genotoxic manner and have been shown to inhibit the activ-
ity of sirtuins SirT1 and SirtT2."” This compound has recently
attracted a lot of attention, since it has been used successfully
in pre-clinical models for chronic myelogenous leukemia (see
discussion section). As can be seen from Figure 1A, treatment
of HNDFs with 3 or 5 wM tenovin-6 caused no net changes in
cell numbers. This could be due to tenovin-induced cell cycle
arrest or a balance between cell proliferation and death. To dis-
criminate between these possibilities, we performed cell cycle
distribution analyses by FACS. Figure 2A confirms a dramatic
reduction in the percentage of cells in S phase in response to
24-h tenovin-6 exposure as well as substantial increases in the
percentages in both G, and G,. The proportion of dead cells
upon tenovin-6 treatment was negligible, further supporting
that the effects are primarily cytostatic. Furthermore, as can be
seen from Figure 2B, following removal of tenovin-6, HNDFs
re-entered S phase, which proves that the cell cycle arrest is
reversible. This is in agreement with the recovery experiments
in Figures 1A and B, where cells resumed proliferation when
tenovin-free medium was supplied.

Leptomycin B is an antibiotic produced by Streptomyces sp.
It inactivates the nuclear export receptor protein CRM1 (expor-
tin-1), thereby causing nuclear accumulation of proteins con-
taining a nuclear export signal.”*° It is also an extremely potent
activator of p53.'%222 In 1999, we reported indications that
micromolar concentrations of LMB prevent proliferation of
HNDFs but do not cause cell death.” Figures 2A and B show
that LMB blocks HNDFs in the G, and G, phases of the cell
cycle, and cells restart synthesizing DNA upon removal of the
compound. Recovery from LMB treatment can also be seen in
the clonogenic assay in Figure 1C. It is striking that these obser-
vations hold for concentrations ranging from 0.2-400 nM.
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The synthetic compound nutlin-3 was identified in an
in vitro biochemical screen for inhibitors of the interac-
tion between p53 and its main negative regulator, Mdm?2.
The compound inserts into the p53-binding pocket on
Mdm?2,'>%% thereby promoting p53 stabilization. Nutlin-3
consists of a racemic mixture of two enantiomers, nutlin-3a
and nutlin-3b (as only the former is active, 5 wM nutlin-3
corresponds to an effective dose of 2.5 wM nutlin-3a). This
specific Mdm?2 antagonist induces p53-dependent cell cycle
arrest in normal cells in culture. The reversibility of these
effects has been described as controversial because of stud-
ies reporting irreversible replicative senescence in primary
murine embryonic fibroblasts (10 wM nutlin-3a for 24 h)*
and normal human fibroblasts (10 wM nutlin-3a for 7 d)¥
in response to nutlin-3. However, it is generally believed that
normal cells resume growth following withdrawal of the com-
pound when doses below 10 wM of the racemic mixture are
used. In this line, recovery from nutlin-3 treatment has been
shown in 1043SK human skin fibroblasts (10 wM nutlin-3
for 7 d),'*"* WI-38-TERT human fibroblasts (20 .M nutlin-
3a for 6 d),”® human prostate and mammary epithelial cells
(10 M nutlin-3a for 6 d)** and human epidermal keratino-
cytes (4 pM nutlin-3 for 24 h).?° Providing further evidence
supporting the reversibility of nutlin-3’s effects in normal
cells, here we show that HNDFs treated with 5 wM nutlin-3
for 24 h stop proliferating (Fig. 2A), but re-enter S phase
once the compound is removed (Fig. 2B). Hardly any nutlin-
mediated cell death was observed in these experiments.

Actinomycin D is a classic clinically approved drug that
is being widely used to treat various malignancies, includ-
ing rhabdomyosarcomas® and Wilms’ tumors.** Like LMB,
ActD is an antibiotic produced by Streptomyces sp, but its
mechanism of action is very different: it binds to GC-rich
regions in DNA, impeding RNA synthesis**?° and, in par-
ticular, causing a reduction in the levels of rRNA. This is
believed to lead to increased levels of free ribosomal proteins,
such as L11 and L23, which can bind to Mdm2 and thereby
interfere with p53 degradation.’*® As a DNA-intercalating
compound, ActD is highly unselective, cytotoxic and geno-
toxic at high doses. However, it does not induce DNA damage
markers at low nanomolar concentrations,** and LDactD
can mimic nutlin-3 exposure in terms of p53-dependent
mRNA expression profiles.’ It has been shown that human
epidermal keratinocytes undergo reversible cell cycle arrest
when exposed to 1 nM ActD for 24 h.3° Similarly, HNDFs
incubated with 4 nM ActD for 72 h re-entered the cell cycle
when cultivated further in fresh medium.® In agreement with
these observations, Figure 2A shows that HNDFs accumu-
late in G, and G, in response to LDactD, while Figure 2B
confirms the reversibility of the cell cycle arrest.

Tenovin-6, leptomycin B, nutlin-3 and low-dose actino-
mycin D protect primary fibroblasts from adverse effects
of S- and M-phase poisons. As a next step, we investigated
whether the transient halt in proliferation induced by p53
activators in normal cells is able to prevent the cytotoxicity
and nuclear aberrations caused by classic S- and M-phase
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Figure 1. Reversible effects of tenovin-6 and leptomycin B on normal fibro-
blasts. (A) HNDFs were treated with tenovin-6 or vehicle (DMSO) for 48 h,
and then left to recover for 72 h in fresh medium. Graph shows fold increase
in cell numbers per field (n = 18) since treatment began. Error bars repre-
sent standard deviations. (B) HNDFs were treated with tenovin-6 or vehicle
(DMSO) for 72 h, and then left to recover for 96 h in fresh medium before
Giemsa staining. (C) HNDFs were treated with various concentrations of LMB
or vehicle (absolute ethanol) for 72 h (upper plate) and then grown for 8 d in
fresh medium (lower plate) before Giemsa staining.
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Figure 2. Changes in HNDF cell cycle distribution in response to small molecules. (A) Cells were treated with the indicated p53 activators for 24 h.
(B) Cells were treated for 24 h and then cultivated for 120 h in fresh medium. DNA synthesis and DNA content were evaluated by measuring BrdU incor-
poration and propidium iodide (PI) staining by FACS. Values correspond to percentage change compared with untreated controls prior to recovery

poisons. As S-phase poisons we chose two clinically approved
nucleotide analogs, GMTB and Ara-C. Both compounds are
transported into the nucleus by nucleoside transporters and

are enzymatically modified by deoxycytidine kinase into active

metabolites, which incorporate into DNA in a similar manner.?-!

However, it has been shown that GMTB also inhibits ribonucle-

42,43

otide reductase,*>* whereas Ara-C does not. The working doses

1854 Cell Cycle

(i.e., 50-100 nM for GMTB and 5-10 uM for Ara-C) are com-
parable to those used in Kranz and Dobbelstein.® As M-phase
poisons we chose two vinca alkaloids, VNB and VRL, that are
in clinical use for various malignancies.** The working doses of
these compounds (i.e., 425 nM for VNB and 20-40 nM for
VRL) were decided based upon careful titrations in normal and
cancer cells (not shown).
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Figure 3. p53 activators protect HNDFs from the adverse effects of S- and M-phase poisons. Cells were pre-incubated with the indicated small-mole-
cule p53 activators (or vehicle) for 24 h prior to treatment with S- or M-phase poisons for 48 h. After recovery in drug-free medium (4-9 d, depending
on drug combination), cells were fixed with methanol-acetone and stained with Giemsa.

Our cyclotherapy protocol, which we performed for each of
the 16 drug combinations, is described in Materials and Methods.
In short, cells were seeded on day 0 and treated with p53 activa-
tors and chemotherapeutic drugs on days 1 and 2, respectively.
On day 4, the cells were rinsed and given the chance to recover
from the treatment in drug-free medium for several days. In the
case of HNDFs, the difference between chemotherapy and cyclo-
therapy is striking. Representative images are shown in Figure 3.
Following chemotherapy, i.e., treatment with S- or M-phase
poisons alone, cells showed gross nuclear aberrations, abnormal
morphologies and impaired growth. In strong contrast, if pre-
incubated with p53 activators, cells resembled untreated “healthy”
fibroblasts with normal nuclei, morphology, size and viability.

To further highlight the quality of the protection conferred
to normal cells, next we describe two illustrative examples.
First, Figure S1 depicts results for HNDFs exposed to a teno-
vin-6 and vinca alkaloid combination. As can be seen in Figure
S1A, treatment with 25 nM VNB led to high levels of cell death
(left part) and re-growth was poor following withdrawal of the
drug (right part). However, when pre-incubated with tenovin-6
for 24 h prior to VNB addition, the level of cell death was negli-
gible, and cells successfully resumed proliferation upon removal
of the compounds. Moreover, Figure SIB and C support that
the tenovin-based cyclotherapy regime not only protects HNDFs
from the cell death, but also from the nuclear damage caused
by vinca alkaloids. Second, Figure 4A shows results for HNDFs
subjected to an LDactD and GMTB combination. Samples for
FACS analysis were harvested 48 h post-seeding. Exposure to
GMTB alone resulted in cell death and accumulation of cells in
S-phase, whereas LDactD alone efficiently induced G, and G,
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arrest, in agreement with the data presented in Figure 2A. There
was no difference in the cell cycle distribution of HNDFs treated
with LDactD alone or with both LDactD and GMTB (Fig. 4A),
suggesting that the impact of GMTB on cells pre-incubated with
LDactD is negligible. The response of cells lacking functional
p53 to the same regime was remarkably different (Fig. 4B), as
will be discussed in the next section.

Effects of p53 activators and cyclotherapy regimes on p53-
mutant and p53-null cancer cells. Ideally, a compound to be used
as a chemoprotectant has to be able to reduce side effects without
interfering with the efficacy of the anticancer treatment. Hence,
we tested whether the four p53 activators confer p53-mutant cells
with resistance against S- or M-phase poisons. For this purpose,
we used the MDA-MB-231 (p53R280K) and MDA-MB-468
(p53R273H) breast adenocarcinoma-derived cell lines.

Images of the clonogenic assays performed for each of the 16
drug combinations in MDA-MB-231 and MDA-MB-468 cells
are provided in Figure 5A and Figure S2, respectively, while the
table in Figure 6A gives an overview of all results. By compar-
ing the columns in this table, the corresponding p53 activators
can be classified into two groups, namely (1) tenovin-6 and
LMB and (2) nutlin-3 and LDactD. FACS analyses showed that
MDA-MB-231 cells are irresponsive to nutlin-3 and LDactD
(Fig. 5B) and, as expected, these small molecules did not protect
p53-mutant cell lines against any of the S- and M-phase poisons
tested (Fig. 6A). In contrast, tenovin-6 and LMB induced G,
arrest in MDA-MB-231 cells (Fig. 5B) and protected both p53-
mutant cell lines against vinca alkaloids (Fig. 6A). Regarding
S-phase poisons, only weak protection from GMTB with teno-
vin-6 in MDA-MB-231 cells was observed (Fig. 5A), suggesting
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Figure 4. Changes in cell cycle distribution in response to a cyclotherapy regime combining low dose actinomycin D with gemcitabine. (A) HNDFs and
(B) MDA-MB-231 cells were treated as indicated. DNA synthesis and DNA content were evaluated by measuring BrdU incorporation and Pl staining by

that tenovin-6 and LMB might perform better in cyclotherapy
regimes when combined with S- than with M-phase poisons.

Figures 4B and Figure S3 provide additional data for drug
combinations in p53-mutant cells. First, Figure 4B shows the
results of FACS analyses performed with MDA-MB-231 cells
exposed to a cyclotherapy regime involving LDactD and GMTB.
By comparing the samples, it can be seen that GMTB-treated
MDA-MB-231 cells have the same cell cycle distribution inde-
pendent of the presence or absence of LDactD, indicating that
LDactD failed to protect these cells against GMTB. This obser-
vation is in agreement with the corresponding clonogenic assay
in Figure 5A. However, the levels of protection observed imme-
diately after treatment and following recovery do not always
match. An illustrative example is given in Figure S3, where
MDA-MB-231 and MDA-MB-468 cells were treated with teno-
vin-6 and vinca alkaloids. Cell counts after treatment (Fig. S3A)
suggest that tenovin-6 offered no protection, but recovery assays
(Fig. S3B) reveal that cells pre-incubated with tenovin-6 possess
increased viability compared with cells treated with the M-phase
poisons alone. In particular, Figure S3B shows that tenovin-6
provides MDA-MB-468 cells with strong protection against
both VNB and VRL.
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Next, we investigated the impact of p53 activators and drug
combinations on the isogenic colorectal cancer-derived cell lines
HCT116-p53wt and HCT116-p53ko. Nutlin-3 interacts directly
with p53’s main negative regulator and, consequently, the bio-
logical effects of this compound are strongly p53-dependent.”®
As expected, we observed no effects in HCT116-p53ko cells in
response to nutlin-3 treatment (Fig. S4). In contrast, tenovin-6,
LMB and LDactD, which activate p53 through indirect mecha-
nisms, have both p53-dependent and p53-independent effects. In
particular, they can affect p53-null cells (Fig. S4) and can even
confer better protection against anticancer drugs in the absence
than in the presence of p53 (Figs. 6B; Fig. S5). LDactD, for
instance, protected HCT116-p53ko but not HCT116-p53wt
cells against the cytotoxicity of vinca alkaloids. It is worth not-
ing here that the impact of the same drug combinations on p53-
mutant and p53-null cells can be remarkably different.

Discussion
In this paper, we describe cyclotherapy studies involving four

small-molecule p53 activators (i.e., tenovin-6, LMB, nut
lin-3 and LDactD) and four widely used chemotherapeutics
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Figure 5. Studies with MDA-MB-231 cells. (A) Cells were subjected to the cyclotherapy protocol described in Materials and Methods and then stained
with Giemsa. (B) Changes in cell cycle distribution in response to exposure to small-molecule p53 activators for 24 h. DNA synthesis and DNA content
were evaluated by measuring BrdU incorporation and Pl staining by FACS. Values correspond to percentage change compared with untreated controls

(i.e., VNB, VRL, Ara-C and GMTB). All the p53 activators
induced reversible cell cycle arrest in primary human fibroblasts
(Figs. 1 and 2) and effectively protected them against S- and
M-phase poisons (Fig. 3). This held true even when fibroblasts
were treated with doses of S- and M-phase poisons above those
required to kill tumor cells. Despite these comparable results
with normal cells, we identified differences in the effects of the
various drug combinations on p53-mutant and p53-null cancer
cell lines (Fig. 6). As discussed above, this can partly be under-
stood in terms of the each compound’s selectivity for the p53
pathway.

With regard to our results in primary fibroblasts, it is worth
noticing that there is a substantial accumulation of HNDFs with

www.landesbioscience.com
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8N DNA content in response to all four small-molecule p53 acti-
vators (Fig. 2A). This phenomenon, which became even more
noticeable following recovery from treatment (Fig. 2B), has been
previously reported in nutlin-treated cancer cell lines expressing
wild-type p53.” The possibility that tenovin-6, LMB, nutlin-3
and LDactD could promote polyploidy and, subsequently, aneu-
ploidy and genomic instability** constitutes a concern from a
therapeutic point of view. We can envisage at least two possible
explanations for these experimental observations. According
to a first scenario, the p53-dependent cell cycle arrest results
in a “memory loss” in G, phase of the cell cycle and, as a con-
sequence, a number of tetraploid cells enter S phase instead of

undergoing cell division. In this situation, the compounds would
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cytostatic effects in HNDFs (Figs. 1 and
2), thereby successfully safeguarding these
cells from the toxicity of VNB, VRL, Ara-C
and GMTB (Fig. 3; Fig. S1). Supporting
its potential in cyclotherapy, tenovin-6 does
not protect p53-mutant cancer cells against
the S-phase poison Ara-C, and only weak
protection from GMTB was observed in
MDA-MB-231 cells. However, tenovin-6
shielded both p33-mutant cell lines against
vinca alkaloids, and, in particular, strong

protection was observed in MDA-MB-468
cells (Fig. S2). This suggests that tenovin-6
should not be used in combination with
tubulin poisons.

As tenovin-6 reduces the activity of sir-
tuins SirI'l and SirT2, its use as a chemo-
protectant could be questioned on the basis
of recent evidence indicating that Sirl'l
and SirT2 inhibition has genome destabi-
lizing effects. SirT'l is involved in DNA
damage repair response and acts as a tumor
suppressor in mice.’”! Sirl2 regulates the
anaphase-promoting complex (APC), and
SIRT2-deficient mice show increased tumor
incidence compared with wild-type counter-
parts.’? However, whether these effects occur

when inactivation of SirT'l and/or SirT2 is

A 3 uM 0.2nM 5uM 2nM
Tnv6 LMB Nutlin-3 ActD
VNB
VRL R [~ MDA-MB-468
AraC ] MDA-MB-231
GMTB
B 3 pM 0.2nM 5 puM 2nM
Tnv6 LMB Nutlin-3 ActD
VNB
VRL [~ HCT116p53wt
HCT11 ki
Ara-C ?I CT116p53ko
GMTB
(2] Weak protection [] No protection
[ Strong protection
Figure 6. Summary tables for cancer cell lines. (A) MDA-MB-231 and MDA-MB-468 cells and
(B) HCT116-p53wt and HCT116-p53ko cells. Cells were subjected to the cyclotherapy protocol
described in Materials and Methods. Protection level was decided based upon data recorded
after recovery. See also Figure 5A and Figures S2 and S5.

transient still needs to be investigated.

The performance of the nuclear export
inhibitor LMB as a chemoprotectant was
comparable to that of tenovin-6 in all cyclo-

actively cause endoreduplication. Alternatively, the changes in
the proportion of 8N cells could simply indicate cell cycle arrest
in a pre-existing polyploid population. This would imply that
polyploid cells are continuously being produced under culture
conditions. To gain further insight, we subjected HNDFs to
serum deprivation, one of the mildest procedures available to
halt cell proliferation. As can be seen in Figure S4, this also led
to a substantial increase in the proportion of cells with 8N DNA
content following recovery in the presence of serum. These data
support the hypothesis that polyploid cells were present in the
HNDF population prior to treatment. Hence, it is unlikely that
the p53 activators induced an increase in the endoreduplication
frequency.

Tenovin-6 is a novel p53 activator that was first described in
2008."7 This small molecule is comparable to nutlin-3 accord-
ing to its dose range and performance as a chemoprotectant in
normal cells, and, importantly, no associated genotoxicity has
been detected. Moreover, several independent studies have vali-
dated tenovin-6’s modes of action, and, very recently, it has been
shown to eradicate chronic myelogenous leukemia (CML) stem
cells resistant to Imatinib.**-° Elimination of leukemic stem cells
is essential to achieve cure. Here we have shown that within
the low micromolar dose range, this compound causes mild
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therapy combinations tested. In normal cells
LMB’s effects were primarily cytostatic and reversible (Figs. 1
and 2), and the compound provided good protection against
VNB, VRL, Ara-C and GMTB in these cells (Fig. 3). In p53-
mutant cell lines, like tenovin-6, this small molecule provided
protection against the vinca alkaloids but not the nucleotide
analogs (Fig. 6A). This suggests that LMB could be used in
combination with S- but not M-phase poisons. LMB is gener-
ally regarded as a compound with strong anticancer potency™
but poor in vivo efficacy due to toxicity. A phase I trial with
LMB revealed dose-limiting toxicity in the form of nausea, vom-
iting, anorexia and malaise.”* However, these observations might
not be relevant when using LMB at very low doses in a cyclo-
therapy setting, and, importantly, there are now semi-synthetic
LMB derivatives available that may not have such in vivo tol-
erance limitations.” The best analog has a maximum tolerated
dose (MTD) in mice that is 15-fold higher than that of LMB.
Furthermore, as the toxicity of LMB greatly depends on the pres-
ence of wild-type p53, topical application has been proposed as a
treatment strategy for human papillomavirus (HPV)-positive or
p53-mutant lesions.”®*” Finally, LMB is a Michael acceptor that
reacts with cysteine residues in proteins.” This fact, per se, is not
enough reason to discard LMB as a potential drug, as Michael
acceptors can show selectivity for cancer cells and outstanding
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efficacy in preclinical models. This is the case, for example, with
piperlongumine.’® Perhaps the major concern with LMB is that it
may have genome destabilizing effects, as inactivation of CRM1
has been shown to result in centrosome duplication and multi-
polar spindles.’*

The highly specific p53 activator nutlin-3 induces reversible
G, and G, arrest in HNDFs (Fig. 2), which is in agreement with
previous observations in other normal cell lines.”!® Moreover,
nutlin-3 protects HNDFs from the adverse effects of VNB and
VRL, and, in particular, it clearly reduces the number of cells with
gross nuclear aberrations caused by the tubulin poisons (Fig. 3).
Similarly, nutlin-3 also protects primary fibroblasts against two
S-phase poisons, Ara-C and GMTB, as previously described in
reference 8. In contrast, nutlin-3 does not induce cell cycle arrest
in p53-mutant or p53-null cancer cells, thereby leaving them
vulnerable to subsequent treatment with M- or S-phase poisons
(Fig. 6). In line with the literature summarized in Table 1, these
results support that nutlin-3 could constitute an ideal chemopro-
tectant for patients bearing p53-mutant tumors. Like with LMB,
concerns have been raised about possible undesired side effects,
as nutlin-3 has been described to cause DNA damage at doses
above 10 WM. At present, however, the main drawback with
nutlin-based cyclotherapy may be that this small molecule has
not been clinically approved yet. It is therefore of great interest
that the nutlin-like compound RG7112 is currently undergoing
a phase I clinical trial (NCT00623870) to treat hematological
neoplasms.®!

When looking for other p53 activators as alternatives to nut-
lin-3, LDactD constitutes an obvious choice. Actinomycin D is a
clinically approved drug, and, at low doses, it has been shown to
mimic the effects of nutlin-3.>° LDactD (1-4 nM) has a revers-
ible cytostatic effect on HNDFs (Fig. 2 and Rao et al.®), and,
like the other p53 activators tested, it protects HNDFs from
cytotoxicity and appearance of aberrant nuclei caused by VNB,
VRL, Ara-C and GMTB (Fig. 3). At a dose of 2 nM, ActD not
only failed to protect two p53-mutant cell lines from any of the
above S- and M-phase poisons, but also caused additional cell
death in co-treated cultures (Fig. 5A; Fig. S2). These observa-
tions, which extend our previous work using LDactD in com-
bination with the Aurora kinase inhibitor VX680,¢ suggest that
the performance of nutlin-3 and LDactD in cyclotherapy is com-
parable. However, Figure 6 shows that, unlike nutlin-3, LDactD
shields HCT116-p53ko cells from the cytotoxicity caused by
Ara-C and vinca alkaloids. This indicates that p53-null and p53-
mutant cells respond differently to cyclotherapy regimes involv-
ing LDactD.

Finally, we would like to highlight again the importance of
assessing both short- and long-term effects when selecting possible
chemoprotectants for cancer therapy. Protection of cancer cells
lacking functional p53 may not become apparent until cultures
are given the chance to re-grow after treatment. In Figure S3,
this is exemplified for p53-mutant cells exposed to tenovin-6 and
vinca alkaloids. Immediately after treatment, there is no signifi-
cant difference between cells pre-incubated with tenovin-6 or
treated with the tubulin poisons alone, suggesting that no pro-
tection occurs. Yet, if the drugs are removed, and cancer cells
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are left to recover in fresh medium, cell viability is higher under
cyclotherapy than chemotherapy conditions.

Materials and Methods

Cells and reagents. HCT116 p53ko and p53wt cells (kind
gift from B. Vogelstein) were cultivated in McCoy’s 5A
medium (#M8408, Sigma) supplemented with 1% penicil-
lin-streptomycin (P/S), 10% Fetal Bovine Serum (FBS) and
15% L-Glutamine (#SH30034.01, Thermo Scientific). HNDFs
(#C-12300, PromoCell) and MDA-MB-231 and MDA-MB-468
cells (CRUK) were grown in DMEM (#SH30243.01, Thermo
Scientific) supplemented with 1% P/S and 10% FBS. Nutlin-3
(#N6287, Sigma) consisting of two enantiomers 3a and 3b (1:1),
only one being active, was stored at -20°C as 40 mM solution
in DMSO (#D8418, Sigma). Actinomycin D (#A9415), cyto-
sine arabinoside (#C1768), gemcitabine (#G6423), vinblastine
(#V1377) and vinorelbine (#V2264) were also purchased from
Sigma and stored under the same conditions. Leptomycin B was
obtained from Cancer Research UK and stored as 10 mM solu-
tion in absolute ethanol. Tenovin-6 was synthesized in house and
stored at as 40 mM solution in DMSO.

Cyclotherapy cell culture assays. Cells were seeded on 6-well
plates on day 0 and treated with small-molecule p53 activators
or vehicle on day 1. After 24 h pre-incubation (day 2), cells were
treated with S- or M-phase poisons for 48 h or left untreated.
Thereafter (day 4), the medium was removed, the cells were
rinsed with PBS and left to recover in fresh medium for several
days. In the case of tenovin-6, cells were also washed with PBS
prior to exposure to S- or M-phase poisons to mimic the relative
short half-life of tenovin-6 in vivo."” Data were recorded at three
time points: before and after treatment, and after recovery. Each
of the 16 cyclotherapy combinations was tested in at least two
independent experiments in every cell line.

Giemsa staining and image capture. Cells were seeded on
6-well plates and treated with compounds as indicated. At the
end of the experiment, cells were fixed with ice-cold methanol-
acetone (1:1) for 8 min at -20°C and then left to dry at RT. Cells
were stained with 5-10% Giemsa (#48900, Sigma) in PBS for
5-20 min washed with lukewarm tap water to remove excess
stain and then air-dried. Photographs were taken using a Zeiss
AxioVert 40C microscope equipped with a high-resolution
AxioCam MRc5 camera.

Cell cycle analysis. Cells were seeded on 6-well plates and
treated with compounds as indicated. Thereafter, cells were incu-
bated with 30 WM bromodexoyuridine (BrdU, #B9285, Sigma)
for 30 min at 37°C, and then subsequently trypsinised, washed
with PBS, and fixed in 3 ml of ice-cold ethanol for at least one
hour at -20°C. Cells were digested in pre-warmed 1 mg/ml
pepsin (#P6887, Sigma) in 30 mM HCI (pH 1.5) for 30 min
at 37°C with gentle shaking, and then incubated in 2 M HCI
for 20 min at RT. Next, cells were washed with PBS and anti-
body buffer (0.5% w/v BSA, 0.5% v/v Tween-20 in PBS) and
incubated with mouse primary antibody against BrdU (#347580,
Becton Dickinson) in antibody buffer for one hour at RT. After
washing with PBS, samples were incubated with secondary sheep
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anti-mouse IgG FITC-conjugated antibody (#F3008, Sigma) for

30 min at RT in the dark. Finally, cells were washed one more
time with PBS and then stained with 25 pwg/ml propidium iodide
(#P3566, Invitrogen). Fluorescence-activated cell sorting (FACS)
was performed using a Becton Dickinson FACScan operated by

the CELLQuest software.
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