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Abstract

Neuroblastomas are one of the most common types of solid tumors in infants and children
and are responsible for approximately 15% of childhood cancer deaths. Neuroblastomas
rarely have mutations in p53, with less than 2% of NB containing mutations in p53, com-
pared to up to 60% for other tumor classes. Previous studies on the therapeutic combination
of a DNA damaging agent and checkpoint kinase 1 (Chk1) inhibitor have shown that DNA
damage-induced cell cycle arrest can be specifically abrogated in p53-defective tumors.
However, some p53-wildtype tumors have also been shown to be sensitive to this therapeu-
tic combination, suggesting that these cells have other defects in the p53 response that can
be exploited for therapeutic purposes. In the current study, we investigated the response to
the combination of a DNA damaging agent (SN38) and a Chk1 inhibitor (UCN-01) of four
p53-wildtype neuroblastoma cell lines: SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5. When
the cells were treated with concentrations of SN38 ranging from 0-30 ng/ml, all four cell
lines accumulated p53 which was phosphorylated on serines 15 and 20. However, only the
SK-N-SH were found to activate p21“2™ and repress cyclin B. In order to assess sensitivity
to UCN-01-mediated abrogation of cell cycle arrest, cell were treated with 10 ng/ml SN38 for
24 h, followed by 25 nM UCN-01 for 6 and 24 h. The SK-N-SH showed no sensitivity to
UCN-01 treatment whereas the SH-SY5Y, SK-N-AS, and Lan-5 abrogated G arrest within
24 h. Our recent studies revealed that cells that are sensitive to checkpoint abrogation lack
p53 dimers and tetramers, so we analyzed the oligomerization status of p53 in all four cell
lines using glutaraldehyde crosslinking. The SK-N-SH cells possessed levels of p53 dimers
and tetramers similar to what has previously been reported in p53-wildtype MCF10A cells.
The SH-SY5Y, SK-N-AS, and Lan-5 however, had extremely low to undetectable levels of
dimers and tetramers. Our study also showed no cytoplasmic accumulation of p53 in these
cells contrary to some previous reports. The results of this study suggest that oligomeriza-
tion status may serve as an indicator of sensitivity of p53-wildtype tumors to the therapeutic
combination of DNA damaging agent and Chk1 inhibitor.
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Introduction

Neuroblastomas are one of the most common types of tumors in infants and children. It repre-
sents 8—10% of all tumors and 15% of all cancer-related deaths in children [1], and has a long
term survival rate of less than 50% [2-6]. Neuroblastoma occurs at a rate of 10.2 cases/million
children under the age of 15 years, with approximately 500 new cases diagnosed yearly [7].
Although, the incidence seems relatively low, and the 5 year survival rate has improved in the
last 30 years, the severity of the disease and poor survival rate in the high risk group is a major
concern [8].

The tumor suppressor protein, p53, is considered the guardian of the genome; it holds the
key to induce cell cycle arrest and/or apoptosis in response to DNA damage. It is mutated in
up to 60% of all human tumors, highlighting the central role it plays in preventing normal cells
from becoming cancerous. In the absence of damage, p53 levels are kept low through its asso-
ciation with MDM2, an E3 ubiquitin ligase that promotes degradation of p53 by the proteo-
some [9]. If DNA damage is present at any point during the cell cycle, p53 is activated by
phosphorylation at serine 15 by ATM and ATR protein kinases and at serine 20 by the check-
point kinases Chk1 and Chk2 [10-12]. These phosphorylation events lead to the dissociation
from MDM?2, allowing p53 to stabilize, form oligomers and activate the transcription of a
series of genes involved in regulation of the cell cycle, including p21**", GADD45, 14-3-30,
and MDM2 [13]. The activation of ATM and ATR kinases also triggers a p53-independent
pathway that consists of the phosphorylation and activation of Chkl, which inhibits the cdk/
cyclin complex and halts the cell cycle in the S and G2 phases [14]. It has also been observed
that p53 represses transcription of some target genes, including the mitosis promoting cyclin B
[15], which further supports cell cycle arrest in response to DNA damage.

In the past few decades, there has been significant interest in the therapeutic combination
of a DNA damaging agent and a Chk1 inhibitor [14, 16, 17]. Several early studies using this
combination showed that p53 defective cells would abrogate DNA damage-induced cell cycle
arrest and undergo a lethal mitosis, while p53-wildtype cell lines would not [18-23]. The use of
this therapeutic combination has great promise in the treatment of p53 defective tumors,
although clinical trials have yielded mixed results [17]. However, some p53-wildtype tumors
have been found to be sensitive to this treatment as well [24], which would serve to broaden
the spectrum of cancers that can be treated using this therapeutic combination.

Mutations in p53 are found in less than 2% of neuroblastomas, and most of those are found
in relapsed neuroblastomas [25]. Multiple studies have investigated the possible inactivation of
p53 in p53-wildtype neuroblastomas. Some studies have concluded that the DNA damage
checkpoint response was attenuated in neuroblastomas due to cytoplasmic sequestration of
P53 [26-28]. Furthermore, there is evidence that aberrant structural modifications or hyperu-
biqutylation are the cause for this cytoplasmic sequestration [29, 30]. However, this remains
an area of some controversy, as other studies have shown that p53 is nuclear in neuroblastomas
[31-33]. It has also been proposed that overexpression of MDM2 may be responsible for inac-
tivation of p53 in p53-wildtype neuroblastomas [34].

In our previous studies, we investigated the sensitivity of a p53 wildype cell line as well as
two isogenic derivatives that either overexpress the p53 oligomerization domain (MCF10A/
OD) or overexpress an shRNA targeting p53 mRNA for degradation (MCF10A/Ap53) to the
therapeutic combination of SN38 and UCN-01 [35]. As expected, the MCF10A cells were not
sensitive to this treatment, while the MCF10A/Ap53 were. What was suprising was that the
MCF10A/OD abrogated S but not G2 arrest, and failed to repress cyclin B, yet still activated
p21**. Our subsequent studies showed that the MCF10A/OD cells formed p53 dimers, but
failed to form tetramers [36], which suggests that dimers alone are sufficient for p53
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transcriptional repression function, while tetramers are needed to transcriptional activation as
has been previously observed [37, 38]. This observation led us to ask whether cell lines which
have wildtype p53 may be sensitive to checkpoint abrogation due to a failure to form
oligomers.

In the current study, we used p53-wildtype neuroblastomas, SK-N-SH, SH-SY5Y,
SK-N-AS, and Lan-5, to test the hypothesis that cells with wildtype p53 that are sensitive to the
combination of SN38 and UCN-01 will fail to form tetramers upon DNA damage. We
observed that the SK-N-SH behaved as expected for a p53-wildtype cell line: they were insensi-
tive to UCN-01, activated p21™*", repressed cyclin B, and had normal levels of dimers and tet-
ramers. The other three cell lines, however, were sensitive to UCN-01, failed to activate p21wafl
or repress cyclin B, and failed to form dimers or tetramers. This suggests that the oligomeriza-
tion status of p53-wildtype tumors may serve as a valuable indicator of the likely effectiveness
of the therapeutic combination of a DNA damaging agent and a Chk1 inhibitor.

Materials and methods
Chemicals

The DNA damaging agent used in this study was the topoisomerase-1 inhibitor SN38 (pro-
vided by Pfizer Global, Kalamazoo, MI, USA). The Chk1 inhibitor used in this study was
7-hydroxystaurosporine, or UCN-01 (provided by Dr. Edward Sausville, National Cancer
Institute, Bethesda, MD, USA). For all SN38 treatments, cells were plated at 500,000 cells per
well in 6 well plates and after 24 h, the media was removed and replaced with fresh media con-
taining SN38 for 24 h. In procedures where UCN-01 treatment followed SN38 treatment, cells
were treated with 10 ng/mL of SN38 for 24 h, after which the media containing SN38 was
washed away using phosphate buffered saline (PBS) before the addition of fresh media with or
without 25 nM UCN-01.

Cell culture

The p53-wildtype neuroblastoma cell lines, SK-N-SH, SH-SY5Y, and SK-N-AS were obtained
from American Type Culture Collection (Manassas, VA, USA), and the Lan-5 were donated
by the Children’s Oncology group at the Texas Tech University Health Sciences Center (Lub-
bock, Texas, USA). The SK-N-SH, SH-SY5Y, and SK-N-AS were cultured in DMEM media
supplemented with 10% Fetal Bovine Serum (FBS), penicillin (100 U/ml), streptomycin (100
mg/ml), and fungizone (0.25 mg/ml). The SH-SY5Y were weakly adherent and were grown on
Corning Cell Bind plates and flasks (Corning, NY, USA) in order to aid cellular adhesion. The
Lan-5 were cultured in RPMI-1640 media supplemented with 10% Fetal Bovine Serum (FBS),
penicillin (100 U/ml), streptomycin (100 mg/ml), and fungizone (0.25 mg/ml). All cells were
grown in a 5% CO, incubator at 37°C.

Immunoblotting

Cell lysates were prepared by washing cells with PBS and then harvesting in Laemmli sample
buffer [39]. The harvested samples were boiled for 5 minutes before being stored at -20°C. Pro-
teins in the cell lysate samples were separated by SDS-PAGE using 8% gels for most immuno-
blots, with the exception of 10% for p21 blots and 6% for glutaraldehyde crosslinking samples.
The proteins were then transferred to PVDF membranes which were blocked in 5% milk in
Tris-buffered saline containing 0.1% Tween 20 (TBST). To conserve antibody, the membranes
were cut after transfer (at just below 37 kDa and just above 75 kDa for most blots, and just
below 20 kDa and just above 37 kDa for p21 blots). The membrane was probed for the protein
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of interest using a specific primary antibody diluted in 5% milk in TBST and incubated in pri-
mary antibody overnight at 4°C [cyclin B1 (GNSI), p21 (C-19), p53 (DO-1) from Santa Cruz
Biotechnology, Santa Cruz, CA, USA; B-actin, phospho-p53 ser15, phospho-p53 ser20 from
Cell Signaling Technology, Beverly, MA, USA; RNA Polymerase II from Active Motif, Carls-
bad, CA, USA]. The following day, the membranes were washed in TBST before incubation
with an HRP-conjugated secondary antibody (BioRad, Hercules, CA, USA) for 1 h. The mem-
brane was then washed with TBST and proteins were visualized using LumiGlo chemilumines-
cence substrate (KPL, Inc., Gaithersburg, MD, USA) followed by exposure to film. Film was
hand-developed using Kodak GBX fixer and developer following the manufacturer’s protocol.
For all experiments where multiple cell lines were analyzed for the same protein and could not
fit on the same gel, samples were run in parallel on separate gels and the same exposure times
were used.

Cell cycle analysis

DNA content was assessed by flow cytometry as reported previously [35, 40]. Cyclin B levels
were assessed by incubating fixed cells with a FITC-conjugated anti-cyclin B antibody (Phar-
mingen, San Diego, CA, USA) as previously described [20]. DNA content and cyclin B levels
were determined by flow cytometry using a Becton Dickinson FACScan. For both the SN38
dose response and UCN-01 treatments, three trials were completed. Flow images contain rep-
resentative images from one trial, while graphs contain data from three trials.

Nuclear and cytoplamsic extracts

Cells were treated with 10 ng/ml SN38 for 24 h in order to activate p53. Cells were harvested in
trypsin and nuclear and cytoplasmic extracts were then prepared using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scientific, Waltham, MA, USA) following the
manufacturer’s instructions. Laemmli sample buffer was added to each sample, and samples
were then boiled for 5 min and analyzed by SDS-PAGE followed by immunoblot.

Glutaraldehyde crosslinking

Glutaraldehyde crosslinking was performed as previously reported [36]. Cells were treated
with 10 ng/ml SN38 for 24 h in order to activate p53. Cells were washed in phosphate buffered
saline and then lysed in lysis buffer (10nM Tris pH 7,6, 140 nM NaCL, % NP40) supplemented
with protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA), and phosphatase inhibi-
tor cocktail (Sigma Aldrich). A glutaraldehyde solution was added to samples of lysate at final
concentrations of 0.01 and 0.03%, and the samples were incubated at room temperature for 5
min. After addition of Laemmli sample buffer to each sample, the samples were boiled for 5
min and were analyzed by SDS PAGE followed by immunoblot.

Statistical analysis

Statistical significance for the SN38 dose response was determined using a one-way analysis of
variance (ANOVA). Statistical significance for the UCN-01 treatments was determined using a
two-way ANOVA. In both cases, a Fisher LSD post-hoc test was utilized, and results were
deemed to be statistically significant if the p-value was less than 0.05.

Results

We have previously observed that p53-wildtype immortalized breast epithelial cells, MCF10A,
arrest in the cell cycle upon treatment with SN38 in a concentration-dependent manner, and
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that this arrest cannot be abrogated by treatment with UCN-01, while cells lacking p53
(MCF10A/Ap53) will abrogate arrest [35]. Surprisingly, we have also observed that some cells
with wildtype p53 will abrogate DNA damage-induced arrest when treated with UCN-01 [24].
In order to further understand the checkpoint response in p53-wildtype tumors, we now turn
our attention to four neuroblastoma cell lines with wildtype p53: SK-N-SH, SH-SY5Y,
SK-N-AS, and Lan-5.

Changes in cell cycle distribution in p53-wildtype neuroblastoma cell lines SK-N-SH,
SH-SY5Y, SK-N-AS, and Lan-5 in response to treatment with increasing concentrations of
SN38 (0-30 ng/ml) was analyzed by flow cytometry. The SK-N-SH, SH-SY5Y, and Lan-5
arrested in G2 and S phase at lower SN38 concentrations and at G1 at the higher concentra-
tions (Fig 1A). The SK-N-AS, however, appeared to arrest in G2 at the highest concentrations
(Fig 1A). The sub-Gl cell populations observed in SK-N-SH cells at high SN38 concentrations
suggest that these concentrations have increased levels of cytotoxicity in this cell line.

We have previously observed that cyclin B is repressed in a p53-dependent manner [24,
35]. In order to determine whether cyclin B expression was repressed in the neuroblastoma
cells, we also investigated changes in the levels of cyclin B in response to increasing concentra-
tions of SN38 by two-dimensional flow cytometry (Fig 1A). Since cyclin B is normally only
expressed in cells in G2/M and the proportion of cells in G2/M varies greatly under different
SN38 concentrations and among cell lines, we used the ratio of cells in the upper right (UR) to
lower right (LR) quadrants in our analyses (these include cells in S as well as G2/M). Cells with
high cyclin B will be in the UR while the cells with low cyclin B will be in the LR quadrant. A
high ratio of UR:LR indicates that cyclin B is not repressed, while a low ratio indicates it is
repressed. In SK-N-SH, cyclin B appears to remain repressed at all concentrations of SN38,
with no significant change in the ratio of UR:LR at any concentration of SN38 compared to
untreated control (Fig 1B). However, in the SH-SY5Y, SK-N-AS, and Lan5, there is a statisti-
cally significant increase in the ratio of UR:LR at the highest SN38 concentration compared to
untreated control (Fig 1B). The increase in SK-N-AS is especially pronounced with a signifi-
cance of P<0.001, but this is largely due to the fact that this cell line has the largest population
of cells in G2 at that SN38 concentration (Fig 1A). The SH-SY5Y and Lan-5 also had a statisti-
cally significant increase in the ratio of UR:LR at the 1 ng/ml SN38 concentration (Fig 1B).
These results suggest that cyclin B remains repressed in the SK-N-SH but not in the other
three cell lines. The proportions of cells in all four quadrants (UR, LR, UL, LL) are included in
S1 Fig.

Changes in levels of p53 and p21™*" in response to increasing concentrations of SN38 were
analyzed using Western blot (Fig 2). The SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5 were all
found to have p53 levels that increased with increasing SN38 concentrations while the actin
loading control remained relatively stable (Fig 2). Activation of p53 was observed by blotting
for p53 phosphorylated at serines 15 and 20. Importantly, DNA damage resulted in phosphor-
ylation of p53 on serines 15 and 20 in all four cell lines (Fig 2). Levels of the cyclin-dependent
kinase inhibitor p21wafl increased in the SK-N-SH but not in the SH-SY5Y, SK-N-AS, or Lan-
5 indicating a defect in p53 transcriptional activation function.

In order to determine whether the two neuroblastoma cell lines were sensitive to check-
point abrogation following treatment with UCN-01, cells were treated with 10 ng/ml of SN38
for 24 h to induce DNA damage, and then were incubated in fresh media with or without 25
nM UCN-01 for 6 and 24 h. Abrogation was defined as an increase in the population of SubG1
cells and only the SubG1 percentages are included in the statistical analysis (Fig 3B). The distri-
bution of cells in all cell cycle stages (SubG1, G1, S, and G2/M) are included in S2 Fig. For
SK-N-SH, the UCNO1 treatment at 6 and 24 h appeared very similar to the fresh media treat-
ment at those time points (Fig 3A) indicating that these cells were unaffected by the addition
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Fig 1. Impact of SN38 treatment on cell cycle distribution in SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5. Cells were
incubated with 0-30 ng/ml SN38 for 24 h. The cells were then harvested, fixed, incubated with propidium iodide and
FITC-conjugated anti-cylin B antibodies, and analyzed by two-dimensional flow cytometry (A). The first cyclin B
panel for SK-N-SH indicates the four quadrants: upper left (UL), lower left (LL), upper right (UR), and lower right
(LR). Bar graphs (B) show the ratio of cells in UR to LR for each treatment condition presented as mean + SEM, n = 3
(*p<0.05, **p<0.001).

https://doi.org/10.1371/journal.pone.0263463.9001

of UCN-01. Additionally, there was no statistically significant change in the percentage of
SubG1 cells when comparing fresh media to UCN-01 treatments at each timepoint for
SK-N-SH (Fig 3B).

For the SH-SY5Y there was not a significant difference in the SubG1 populations between
the fresh media and UCN-01 treatments 6 h after UCN-01 (Fig 3B). At 24 h, however, a signifi-
cant difference between the two groups was observed (Fig 3B). For both the SK-N-AS and
SH-SY5Y there was a statistically significant difference between the fresh media and UCN-01
groups at both 6 and 24 h (Fig 3B). These results indicate that the SK-N-SH fail to abrogate
arrest upon treatment with UCN-01, while the other three cell lines are sensitive to checkpoint
abrogation upon treatment with UCN-01.

Collectively, these results revealed that SK-N-SH cells have fully functional p53 that was
phosphorylated at serines 15 and 20 and activated expression of p21**" and repressed expres-
sion of cyclin B. These cells were insensitive to UCN-01-mediated checkpoint abrogation as
would be expected for a p53-wildtype cell line. The SH-SY5Y, SK-N-AS, and Lan-5 cell lines
also had p53 that was phosphorylated at serines 15 and 20 yet did not activate p21***
sion and failed to repress cyclin B. These cells were sensitive to UCN-01 mediated checkpoint
abrogation. We considered two possible explanations: that p53 was cytoplasmically seques-
tered in the SH-SY5Y, SK-N-AS, and Lan-5, or that they lacked p53 oligomers.

Cytoplasmic sequestration has been proposed as one mechanism of inactivation of wildtype
P53 in neuroblastomas [26, 27]. To determine whether that was the case in these cell lines, we

expres-

prepared nuclear and cytoplasmic extracts and analyzed levels of p53 protein using Western
blot. In all four cell lines, actin is largely found in the cytoplasmic extract and RNA Polymerase
IT is largely found in the nuclear extract as expected. In all cell lines except the SK-N-AS, p53 is
largely found in the nuclear extract; in the SK-N-AS it is evenly split between the nuclear and
cytoplasmic extracts (Fig 4). Thus, cytoplasmic sequestration does not explain the apparent
defect in p53 function in the SH-SY5Y and Lan-5.

In order to determine whether p53 oligomerization is defective in any of the cell lines, we
performed glutaraldehyde crosslinking of SN38-treated lysates. SK-N-SH showed strong evi-
dence of tetramerization at higher glutaraldehyde concentrations in addition to some dimer

SK-N-SH SH-SY5Y SK-N-AS Lan-5
[SN38] (hg/mL) 0 03 1 3 10 30 0 03 1 3 10 30 0 03 1 3 10 30 0 03 1 3 10 30

actin

——— — —
—

p-p53 (ser15)| - - e -— e — s S

p-p53 (ser20) - - — - — - e

Fig 2. The impact of SN38 treatment on cell cycle regulatory proteins in SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5. Cells were incubated with 0-30 ng/ml
SN38 for 24 h. Cells were harvested and lysates were analyzed by Western blot with the indicated antibodies. All samples for a given cell line blotted with a
given antibody were run on the same gel. The same exposure times were used for different cell lines for the same antibody although they were not necessarily
run on the same gel.

https://doi.org/10.1371/journal.pone.0263463.g002
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Fig 3. Response of SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5 to combination treatment with SN38 and UCN-01.
Cells were incubated with 10 ng/ml SN38 for 24 h. The media was removed and was replaced with either fresh media
or media containing 25 nM UCN-01 for an additional 6 and 24 h. The cells were harvested at the indicated times,
fixed, stained with propidium iodide, and analyzed for DNA content by flow cytometry (A). The first panel for
SK-N-SH indicates the four cell cycle stages measured: SubGl1, G1, S, and G2/M. Bar graphs (B) represent percentage
of cells in SubG1 population under indicated conditions presented as mean + SEM, n = 3 (*p<0.05, **p<0.001).

https://doi.org/10.1371/journal.pone.0263463.g003

formation (Fig 5). This is similar to what has been observed in the p53-wildtype MCF10A cell
line [36]. The SH-SY5Y cell line displayed no tetramers and very faint levels of dimers (Fig 5).
These levels of dimers are similar to basal levels observed previously in non-SN38 treated cells
[36]. The SK-N-AS and Lan-5 cell lines did not have any detectable levels of p53 oligomers
(Fig 5).

Discussion

Neuroblastomas are the most common extra-cranial tumors in infants and in children. It rep-
resents 8—-10% of all tumors and 15% of all cancer-related deaths in children [1]. The prognosis
is poor, with less than 50% survival rate [2-6]. Interestingly, p53 mutations are rare in neuro-
blastomas when compared to other cancers, with less than 2% of neuroblastomas containing
p53 mutations [41]. Despite the wildtype p53 status of these tumors, the DNA damage-
induced checkpoint response has been reported to be impaired in neuroblastomas through
cytoplasmic sequestration of p53 [26, 27], although this remains controversial [31].

The use of DNA damaging agents and Chk1 inhibitors to overcome DNA damage-induced
cell cycle arrest has been extensively studied as a strategy for cancer chemotherapy [14, 16, 17].
This method has largely been shown to be effective in cancers with defective p53, leaving
p53-wildtype tumors such as neuroblastomas apparently off the table for this therapeutic com-
bination. However, in our previous studies we have shown that some p53-wildtype tumors are
sensitive to checkpoint abrogation mediated by the Chk1 inhibitor UCN-01[24]. In the current
study, we investigated the response of p53-wildtype neuroblastoma tumors to this therapeutic
combination.

In order to determine the response of neuroblastoma cells to DNA damage alone,
SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5 cells were treated with varying concentrations of
SN38 for 24 h. The cell lines arrested in a dose dependent manner, culminating in G1/S at the
highest concentrations for SK-N-SH, SH-SY5Y, and Lan-5, similar to many p53-wildtype cell

SK-N-SH SH-SY5Y  SK-N-AS LAN-5
N

N C

93

P
actin

Fig 4. Nuclear and cytoplasmic distribution of p53 in SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5. Cells were treated
with 10 ng/ml of SN38 for 24 h. Cells were harvested and nuclear and cytoplasmic extracts were prepared and analyzed
by Western blot with p53-, actin-, or RNA Polymerase II-specific antibodies as indicated. All samples were run on the
same gel, and lanes have been rearranged in final figure to ensure consistent ordering of cell lines in each figure.

https://doi.org/10.1371/journal.pone.0263463.g004
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Fig 5. Analysis of p53 oligomerization in SK-N-SH, SH-SY5Y, SK-N-AS, and Lan-5. Cells were incubated with 10
ng/ml SN38 for 24 h. Cells were lysed and treated with 0.01 and 0.03% glutaraldehyde for 5 min. The lysates were then
analyzed by Western blotting with p53-specific antibodies. All samples were run on the same gel, and lanes have been
rearranged in final figure to ensure consistent ordering of cell lines in each figure.

https://doi.org/10.1371/journal.pone.0263463.9005

lines such as the immortalized breast epithelial cell line MCF10A [35]. However, the SK-N-AS
arrested in G2 at the highest concentrations indicating an apparent defect in the G1/S check-
point. It was surprising to find in the flow cytometry results that SK-N-SH appear to have a
large increase of sub-G; cells after treatment with intermediate SN38 concentrations. How-
ever, this result was not consistently seen in all trials, and may not be a meaningful observation
(see Fig 3 for comparison).

In order to observe changes in levels of p53 and its activation, Western blot analysis was
performed. The p53 levels rose with increasing SN38 in all four cell lines indicating p53 stabili-
zation. The levels of p-p53-ser15 and p-p53-ser20 also increased, indicating that p53 was acti-
vated in response to DNA damage in all four cell lines. However, only the SK-N-SH had an
increase in levels of p21**", consistent with normal p53 transactivation function. These cells
were also the only ones observed to repress cyclin B. This was not the case with the SH-SY5Y,
SK-N-AS, and Lan-5 cell lines, which had little to no p21**" induction and impaired repres-
sion of cyclin B. This is consistent with results we have previously observed in cells lacking
functional p53 [35]. Taken together, the activation of p21 **" and repression of cyclin B in
SK-N-SH and not in the other three cell lines indicates that the former has normal p53 tran-
scriptional activation and repression functions, whereas the latter do not.

When these cells were treated with the combination of SN38 followed by UCN-01, all but
the SK-N-SH abrogated cell cycle arrest. Thus the SK-N-SH behave as expected for a p53-wild-
type cell line, whereas the SH-SY5Y, SK-N-AS, and Lan-5 behave similarly to p53-defective
cell lines. This suggests that the latter cell lines have another defect in p53 function not
reflected in its mutational status. Although it has been suggested that neuroblastoma cell lines
sequester p53 in the cytoplasm as an explanation of apparent p53 defects in p53-wildtype neu-
roblastomas [26, 27], we found no such cytoplasmic enrichment, with p53 enriched in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0263463  February 10, 2022 10/14


https://doi.org/10.1371/journal.pone.0263463.g005
https://doi.org/10.1371/journal.pone.0263463

PLOS ONE

p53 oligomerization in neuroblastoma

nucleus in all but the SK-N-AS, where the p53 was evenly distributed between the nuclear and
cytoplasmic fractions. This is consistent with the observations of others that p53 is predomi-
nantly nuclear in neuroblastomas [31-33]. This observation prompted us to explore oligomer-
ization as an alternate explanation for the lack of normal p53 function in some of the
neuroblastoma cell lines.

We have previously analyzed the impact of p53 status on the cellular response to the combi-
nation of SN38 and UCN-01 using the p53-wildtype breast epithelial cells, MCF10A, as well as
two isogenic derivatives: MCF10A/OD which overexpress the oligomerization domain as well
as the MCF10A/Ap53 which overexpress an shRNA to p53 that targets p53 mRNA for degra-
dation [35]. While the MCF10A were resistant to UCN-01-mediated abrogation of DNA dam-
age-induced arrest, the MCF10A/Ap53 abrogated S and G2 arrest. Surprisingly, the MCF10A/
OD cells abrogated S phase arrest but did not abrogate G2 arrest. This was explained by the
fact that those cells failed to activate p21**", but still repressed cyclin B, indicating that the
transcriptional activation and repression functions of p53 are distinct. Further studies revealed
that the reason for the different response between the MCF10A/Ap53 and the MCF10A/OD
were that the former failed to form any oligomers, while the latter failed to form tetramers, but
still formed dimers [36]. We also observed that the presence of dimers was sufficient for bind-
ing of p53 to a putative head-to-tail response element in the cyclin B promoter. Thus, tetra-
mers are essential for the transcriptional activation function of p53 but not for the repression
function.

This led us to question whether the reason that some of the p53-wildtype neuroblastomas
were sensitive to this combination while others were not could be explained by the absence or
presence of p53 oligomers. Consistent to our expectations, only the SK-N-SH possessed p53
dimers and tetramers at levels approximating that of MCF10A [36]. The SH-SY5Y, SK-N-AS,
and Lan-5 possessed little to no oligomers consistent with levels we have seen in the MCF10A/
Ap53 or in untreated MCF10A [36].

Taken together, our results suggest that cytoplasmic localization does not serve as a reliable
indicator for the likelihood that p53-wildtype neuroblastomas would be effectively treated
with a therapeutic combination of a DNA damaging agent and a Chk1 inhibitor, but the oligo-
merization status may. Further studies are needed in order to determine the precise reason for
the defect in oligomerization. Several proteins have been found to enhance p53 tetrameriza-
tion, including BCCIP, members of the 14-3-3 family, and MYBBPIA, while others have been
found to inhibit tetramerization, including RBEL1A, ARC [42]. Thus it is possible that the
SH-SY5Y, SK-N-AS, and Lan-5 either overexpress one of the latter, underexpress one of the
former, or both. Further studies will hopefully shed light on the p53 defects in neuroblastomas
and open further avenues for therapeutic efficacy.

Supporting information

S1 Fig. Distribution of cell populations from two-dimensional flow cytometry analysis
from SN38 dose responses. The percentage of cells in each quadrant of the two-dimensional
flow cytometry: upper left (UL), lower left (LL), upper right (UR), and lower right (LR) for all
six treatment conditions (SN38, 0, 0.3, 1, 3, 10, and 30 ng/ml), presented as mean + SEM,

n = 3. See Fig 1 for corresponding flow cytometry images.

(TIF)

S2 Fig. Cell cycle distribution from UCN-01 treatments. The percentage of cells in each cell
cycle stage (SubGl, G1, S, and G2/M) for each treatment condition presented as mean + SEM,
n = 3. See Fig 3 for corresponding flow cytometry images.

(TIF)
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S1 File. Raw images for Western blots. These images consist of original unmodified scans of
Western blot films.
(PDF)

Acknowledgments

We thank Evan Jellison from the University of Connecticut Health Center Flow Cytometry
Core Facility (Farmington, CT, USA) for technical support on flow cytometry studies and
Andrew Koob for helpful suggestions on data analysis.

Author Contributions

Conceptualization: Aime A. Levesque.

Data curation: Aime A. Levesque.

Formal analysis: Aime A. Levesque, Pawan Puli, Laura A. Enzor.
Funding acquisition: Aime A. Levesque.

Investigation: Aime A. Levesque, Rebecca M. Pappalardo, Pawan Puli, Clara Angeles.
Methodology: Aime A. Levesque.

Project administration: Aime A. Levesque.

Supervision: Aime A. Levesque.

Validation: Aime A. Levesque, Rebecca M. Pappalardo, Pawan Puli.
Visualization: Aime A. Levesque, Rebecca M. Pappalardo, Pawan Puli.

Writing - original draft: Aime A. Levesque, Rebecca M. Pappalardo, Pawan Puli, Clara
Angeles.

Writing - review & editing: Aime A. Levesque, Rebecca M. Pappalardo, Pawan Puli, Laura A.
Enzor, Clara Angeles.

References

1. ParkJR, Eggert A, Caron H. Neuroblastoma: biology, prognosis, and treatment. Hematol Oncol Clin
North Am. 2010 Feb; 24(1):65-86. https://doi.org/10.1016/j.hoc.2009.11.011 PMID: 20113896

2. Gatta G, Botta L, Rossi S, Aareleid T, Bielska-Lasota M, Clavel J, et al. Childhood cancer survival in
Europe 1999-2007: results of EUROCARE-5—a population-based study. Lancet Oncol. 2014 Jan; 15
(1):35-47. https://doi.org/10.1016/S1470-2045(13)70548-5 PMID: 24314616

3. Lacour B, Goujon S, Guissou S, Guyot-Goubin A, Desmée S, Désandes E, et al. Childhood cancer sur-
vival in France, 2000—2008. Eur J Cancer Prev Off J Eur Cancer Prev Organ ECP. 2014 Sep; 23
(5):449-57.

4. Ward E, DeSantis C, Robbins A, Kohler B, Jemal A. Childhood and adolescent cancer statistics, 2014.
CA Cancer J Clin. 2014 Apr; 64(2):83—-103. https://doi.org/10.3322/caac.21219 PMID: 24488779

5. The Lancet Haematology null. Childhood cancer on the agenda. Lancet Haematol. 2019 Jun; 6(6):
€285. https://doi.org/10.1016/S2352-3026(19)30083-3 PMID: 31126525

6. ZhengR, Peng X, Zeng H, Zhang S, Chen T, Wang H, et al. Incidence, mortality and survival of child-
hood cancer in China during 2000-2010 period: A population-based study. Cancer Lett. 2015 Jul 28;
363(2):176-80. https://doi.org/10.1016/j.canlet.2015.04.021 PMID: 25917566

7. Ries LAG. Cancer Incidence and Survival Among Children and Adolescents: United States SEER Pro-
gram, 1975-1995. National Cancer Institute; 1999. 194 p.

8. Maris JM. Recent advances in neuroblastoma. N Engl J Med. 2010 Jun 10; 362(23):2202—-11. https://
doi.org/10.1056/NEJMra0804577 PMID: 20558371

PLOS ONE | https://doi.org/10.1371/journal.pone.0263463  February 10, 2022 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263463.s003
https://doi.org/10.1016/j.hoc.2009.11.011
http://www.ncbi.nlm.nih.gov/pubmed/20113896
https://doi.org/10.1016/S1470-2045%2813%2970548-5
http://www.ncbi.nlm.nih.gov/pubmed/24314616
https://doi.org/10.3322/caac.21219
http://www.ncbi.nlm.nih.gov/pubmed/24488779
https://doi.org/10.1016/S2352-3026%2819%2930083-3
http://www.ncbi.nlm.nih.gov/pubmed/31126525
https://doi.org/10.1016/j.canlet.2015.04.021
http://www.ncbi.nlm.nih.gov/pubmed/25917566
https://doi.org/10.1056/NEJMra0804577
https://doi.org/10.1056/NEJMra0804577
http://www.ncbi.nlm.nih.gov/pubmed/20558371
https://doi.org/10.1371/journal.pone.0263463

PLOS ONE

p53 oligomerization in neuroblastoma

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Kubbutat MH, Jones SN, Vousden KH. Regulation of p53 stability by Mdm2. Nature. 1997; 387
(6630):299-303. https://doi.org/10.1038/387299a0 PMID: 9153396

Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K, et al. Activation of the ATM kinase
by ionizing radiation and phosphorylation of p53. Science. 1998; 281(5383):1677-9. https://doi.org/10.
1126/science.281.5383.1677 PMID: 9733515

Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L, et al. Enhanced phosphorylation of p53
by ATM in response to DNA damage. Science. 1998; 281(5383):1674—7. https://doi.org/10.1126/
science.281.5383.1674 PMID: 9733514

Hirao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, Yoshida H, et al. DNA damage-induced activa-
tion of p53 by the checkpoint kinase Chk2. Science. 2000; 287(5459):1824—7. https://doi.org/10.1126/
science.287.5459.1824 PMID: 10710310

Menendez D, Inga A, Resnick MA. The expanding universe of p53 targets. Nat Rev. 2009; 9(10):724—
37.

Eastman A. Cell cycle checkpoints and their impact on anticancer therapeutic strategies. J Cell Bio-
chem. 2004; 91(2):223-31. https:/doi.org/10.1002/jcb.10699 PMID: 14743382

Johnson RA, Ince TA, Scotto KW. Transcriptional repression by p53 through direct binding to a novel
DNA element. J Biol Chem. 2001; 276(29):27716—20. https://doi.org/10.1074/jbc.C100121200 PMID:
11350951

Pilié PG, Tang C, Mills GB, Yap TA. State-of-the-art strategies for targeting the DNA damage response
in cancer. Nat Rev Clin Oncol. 2019 Feb; 16(2):81-104. https://doi.org/10.1038/s41571-018-0114-z
PMID: 30356138

Thompson R, Eastman A. The cancer therapeutic potential of Chk1 inhibitors: how mechanistic studies
impact on clinical trial design. Br J Clin Pharmacol. 2013 Sep; 76(3):358—69. https://doi.org/10.1111/
bcp.12139 PMID: 23593991

Bunch RT, Eastman A. 7-Hydroxystaurosporine (UCN-01) causes redistribution of proliferating cell
nuclear antigen and abrogates cisplatin-induced S-phase arrest in Chinese hamster ovary cells. Cell
Growth Differ Mol Biol J Am Assoc Cancer Res. 1997; 8(7):779-88. PMID: 9218872

Bunch RT, Eastman A. Enhancement of cisplatin-induced cytotoxicity by 7-hydroxystaurosporine
(UCN-01), a new G2-checkpoint inhibitor. Clin Cancer Res Off J Am Assoc Cancer Res. 1996; 2
(5):791-7.

Kohn EA, Ruth ND, Brown MK, Livingstone M, Eastman A. Abrogation of the S phase DNA damage

checkpoint results in S phase progression or premature mitosis depending on the concentration of 7-
hydroxystaurosporine and the kinetics of Cdc25C activation. J Biol Chem. 2002; 277(29):26553—64.

https://doi.org/10.1074/jbc.M202040200 PMID: 11953432

Fan S, Smith ML, Rivet DJ 2nd, Duba D, Zhan Q, Kohn KW, et al. Disruption of p53 function sensitizes
breast cancer MCF-7 cells to cisplatin and pentoxifylline. Cancer Res. 1995; 55(8):1649-54. PMID:
7712469

Powell SN, DeFrank JS, Connell P, Eogan M, Preffer F, Dombkowski D, et al. Differential sensitivity of
p53(-) and p53(+) cells to caffeine-induced radiosensitization and override of G2 delay. Cancer Res.
1995; 55(8):1643-8. PMID: 7712468

Russell KJ, Wiens LW, Demers GW, Galloway DA, Plon SE, Groudine M. Abrogation of the G2 check-
point results in differential radiosensitization of G1 checkpoint-deficient and G1 checkpoint-competent
cells. Cancer Res. 1995; 55(8):1639—-42. PMID: 7712467

Levesque AA, Fanous AA, Poh A, Eastman A. Defective p53 signaling in p53 wild-type tumors attenu-
ates p21waf1 induction and cyclin B repression rendering them sensitive to Chk1 inhibitors that abro-
gate DNA damage-induced S and G2 arrest. Mol Cancer Ther. 2008; 7(2):252—62. https://doi.org/10.
1158/1535-7163.MCT-07-2066 PMID: 18281511

Tweddle DA, Pearson ADJ, Haber M, Norris MD, Xue C, Flemming C, et al. The p53 pathway and its
inactivation in neuroblastoma. Cancer Lett. 2003 Jul 18; 197(1-2):93-8. https://doi.org/10.1016/s0304-
3835(03)00088-0 PMID: 12880966

Moll UM, LaQuaglia M, Benard J, Riou G. Wild-type p53 protein undergoes cytoplasmic sequestration
in undifferentiated neuroblastomas but not in differentiated tumors. Proc Natl Acad Sci U S A. 1995; 92
(10):4407-11. https://doi.org/10.1073/pnas.92.10.4407 PMID: 7753819

Moll UM, Ostermeyer AG, Haladay R, Winkfield B, Frazier M, Zambetti G. Cytoplasmic sequestration of
wild-type p53 protein impairs the G1 checkpoint after DNA damage. Mol Cell Biol. 1996; 16(3):1126-37.
https://doi.org/10.1128/MCB.16.3.1126 PMID: 8622657

Ostermeyer AG, Runko E, Winkfield B, Ahn B, Moll UM. Cytoplasmically sequestered wild-type p53 pro-
tein in neuroblastoma is relocated to the nucleus by a C-terminal peptide. Proc Natl Acad Sci U S A.
1996; 93(26):15190—4. https://doi.org/10.1073/pnas.93.26.15190 PMID: 8986786

PLOS ONE | https://doi.org/10.1371/journal.pone.0263463  February 10, 2022 13/14


https://doi.org/10.1038/387299a0
http://www.ncbi.nlm.nih.gov/pubmed/9153396
https://doi.org/10.1126/science.281.5383.1677
https://doi.org/10.1126/science.281.5383.1677
http://www.ncbi.nlm.nih.gov/pubmed/9733515
https://doi.org/10.1126/science.281.5383.1674
https://doi.org/10.1126/science.281.5383.1674
http://www.ncbi.nlm.nih.gov/pubmed/9733514
https://doi.org/10.1126/science.287.5459.1824
https://doi.org/10.1126/science.287.5459.1824
http://www.ncbi.nlm.nih.gov/pubmed/10710310
https://doi.org/10.1002/jcb.10699
http://www.ncbi.nlm.nih.gov/pubmed/14743382
https://doi.org/10.1074/jbc.C100121200
http://www.ncbi.nlm.nih.gov/pubmed/11350951
https://doi.org/10.1038/s41571-018-0114-z
http://www.ncbi.nlm.nih.gov/pubmed/30356138
https://doi.org/10.1111/bcp.12139
https://doi.org/10.1111/bcp.12139
http://www.ncbi.nlm.nih.gov/pubmed/23593991
http://www.ncbi.nlm.nih.gov/pubmed/9218872
https://doi.org/10.1074/jbc.M202040200
http://www.ncbi.nlm.nih.gov/pubmed/11953432
http://www.ncbi.nlm.nih.gov/pubmed/7712469
http://www.ncbi.nlm.nih.gov/pubmed/7712468
http://www.ncbi.nlm.nih.gov/pubmed/7712467
https://doi.org/10.1158/1535-7163.MCT-07-2066
https://doi.org/10.1158/1535-7163.MCT-07-2066
http://www.ncbi.nlm.nih.gov/pubmed/18281511
https://doi.org/10.1016/s0304-3835%2803%2900088-0
https://doi.org/10.1016/s0304-3835%2803%2900088-0
http://www.ncbi.nlm.nih.gov/pubmed/12880966
https://doi.org/10.1073/pnas.92.10.4407
http://www.ncbi.nlm.nih.gov/pubmed/7753819
https://doi.org/10.1128/MCB.16.3.1126
http://www.ncbi.nlm.nih.gov/pubmed/8622657
https://doi.org/10.1073/pnas.93.26.15190
http://www.ncbi.nlm.nih.gov/pubmed/8986786
https://doi.org/10.1371/journal.pone.0263463

PLOS ONE

p53 oligomerization in neuroblastoma

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Becker K, Marchenko ND, Maurice M, Moll UM. Hyperubiquitylation of wild-type p53 contributes to cyto-
plasmic sequestration in neuroblastoma. Cell Death Differ. 2007 Jul; 14(7):1350-60. https://doi.org/10.
1038/sj.cdd.4402126 PMID: 17380154

Wolff A, Technau A, Ihling C, Technau-lhling K, Erber R, Bosch FX, et al. Evidence that wild-type p53 in
neuroblastoma cells is in a conformation refractory to integration into the transcriptional complex. Onco-
gene. 2001 Mar 15; 20(11):1307—17. https://doi.org/10.1038/sj.onc.1204251 PMID: 11313875

Chen L, Malcolm AJ, Wood KM, Cole M, Variend S, Cullinane C, et al. p53 is nuclear and functional in
both undifferentiated and differentiated neuroblastoma. Cell Cycle Georget Tex. 2007 Nov 1; 6
(21):2685-96. https://doi.org/10.4161/cc.6.21.4853 PMID: 17912039

Tweddle DA, Malcolm AJ, Cole M, Pearson AD, Lunec J. p53 cellular localization and function in neuro-
blastoma: evidence for defective G(1) arrest despite WAF1 induction in MYCN-amplified cells. Am J
Pathol. 2001 Jun; 158(6):2067—77. https://doi.org/10.1016/S0002-9440(10)64678-0 PMID: 11395384

McKenzie PP, Guichard SM, Middlemas DS, Ashmun RA, Danks MK, Harris LC. Wild-type p53 can
induce p21 and apoptosis in neuroblastoma cells but the DNA damage-induced G1 checkpoint function
is attenuated. Clin Cancer Res Off J Am Assoc Cancer Res. 1999; 5(12):4199-207. PMID: 10632361

Zafar A, Wang W, Liu G, Xian W, McKeon F, Zhou J, et al. Targeting the p53-MDM2 pathway for neuro-
blastoma therapy: Rays of hope. Cancer Lett. 2021 Jan 1; 496:16—-29. https://doi.org/10.1016/j.canlet.
2020.09.023 PMID: 33007410

Levesque AA, Kohn EA, Bresnick E, Eastman A. Distinct roles for p53 transactivation and repression in
preventing UCN-01-mediated abrogation of DNA damage-induced arrest at S and G2 cell cycle check-
points. Oncogene. 2005; 24(23):3786-96. https://doi.org/10.1038/sj.onc.1208451 PMID: 15782134

Lipski R, Lippincott DJ, Durden BC, Kaplan AR, Keiser HE, Park JH, et al. p53 Dimers associate with a
head-to-tail response element to repress cyclin B transcription. PloS One. 2012; 7(8):e42615. https://
doi.org/10.1371/journal.pone.0042615 PMID: 22905155

Imagawa T, Terai T, Yamada Y, Kamada R, Sakaguchi K. Evaluation of transcriptional activity of p53 in
individual living mammalian cells. Anal Biochem. 2009 Apr 15; 387(2):249-56. https://doi.org/10.1016/j.
ab.2009.01.030 PMID: 19454241

Kawaguchi T, Kato S, Otsuka K, Watanabe G, Kumabe T, Tominaga T, et al. The relationship among
p53 oligomer formation, structure and transcriptional activity using a comprehensive missense mutation
library. Oncogene. 2005 Oct 20; 24(46):6976—81. https://doi.org/10.1038/sj.onc.1208839 PMID:
16007150

Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227(5259):680-5. https://doi.org/10.1038/227680a0 PMID: 5432063

Demarcq C, Bunch RT, Creswell D, Eastman A. The role of cell cycle progression in cisplatin-induced
apoptosis in Chinese hamster ovary cells. Cell Growth Differ Mol Biol J Am Assoc Cancer Res. 1994; 5
(9):983-93. PMID: 7819136

Imamura J, Bartram CR, Berthold F, Harms D, Nakamura H, Koeffler HP. Mutation of the p53 gene in
neuroblastoma and its relationship with N-myc amplification. Cancer Res. 1993 Sep 1; 53(17):4053-8.
PMID: 8358734

Gencel-Augusto J, Lozano G. p53 tetramerization: at the center of the dominant-negative effect of
mutant p53. Genes Dev. 2020 Sep 1; 34(17-18):1128—46. https://doi.org/10.1101/gad.340976.120
PMID: 32873579

PLOS ONE | https://doi.org/10.1371/journal.pone.0263463  February 10, 2022 14/14


https://doi.org/10.1038/sj.cdd.4402126
https://doi.org/10.1038/sj.cdd.4402126
http://www.ncbi.nlm.nih.gov/pubmed/17380154
https://doi.org/10.1038/sj.onc.1204251
http://www.ncbi.nlm.nih.gov/pubmed/11313875
https://doi.org/10.4161/cc.6.21.4853
http://www.ncbi.nlm.nih.gov/pubmed/17912039
https://doi.org/10.1016/S0002-9440%2810%2964678-0
http://www.ncbi.nlm.nih.gov/pubmed/11395384
http://www.ncbi.nlm.nih.gov/pubmed/10632361
https://doi.org/10.1016/j.canlet.2020.09.023
https://doi.org/10.1016/j.canlet.2020.09.023
http://www.ncbi.nlm.nih.gov/pubmed/33007410
https://doi.org/10.1038/sj.onc.1208451
http://www.ncbi.nlm.nih.gov/pubmed/15782134
https://doi.org/10.1371/journal.pone.0042615
https://doi.org/10.1371/journal.pone.0042615
http://www.ncbi.nlm.nih.gov/pubmed/22905155
https://doi.org/10.1016/j.ab.2009.01.030
https://doi.org/10.1016/j.ab.2009.01.030
http://www.ncbi.nlm.nih.gov/pubmed/19454241
https://doi.org/10.1038/sj.onc.1208839
http://www.ncbi.nlm.nih.gov/pubmed/16007150
https://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/7819136
http://www.ncbi.nlm.nih.gov/pubmed/8358734
https://doi.org/10.1101/gad.340976.120
http://www.ncbi.nlm.nih.gov/pubmed/32873579
https://doi.org/10.1371/journal.pone.0263463

