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ABSTRACT
Inducing stable control of tumour growth by tumour reversion is an alternative
approach to cancer treatment when eradication of the disease cannot be achieved.
The process requires re-establishment of normal control mechanisms that are
lost in cancer cells so that abnormal proliferation can be halted. Embryonic
environments can reset cellular programmes and we previously showed that axolotl
oocyte extracts can reprogram breast cancer cells and reverse their tumorigenicity.
In this study, we analysed the gene expression profiles of oocyte extract-treated
tumour xenografts to show that tumour reprogramming involves cell cycle arrest
and acquisition of a quiescent state. Tumour dormancy is associated with increased
P27 expression, restoration of RB function and downregulation of mitogenactivated signalling pathways. We also show that the quiescent state is associated
with increased levels of H4K20me3 and decreased H4K20me1, an epigenetic
profile leading to chromatin compaction. The epigenetic reprogramming induced
by oocyte extracts is required for RB hypophosphorylation and induction of P27
expression, both occurring during exposure to the extracts and stably maintained
in reprogrammed tumour xenografts. Therefore, this study demonstrates the value
of oocyte molecules for inducing tumour reversion and for the development of new
chemoquiescence-based therapies.

oncogenic pathways [1, 2]. However, they do not target all
the molecular alterations that contribute to the complexity
of the disease and they often result in drug resistance by
allowing regrowth of tumour clones that do not respond
to treatment [3]. Another approach to the development of
targeted therapies is studying the mechanisms of tumour
reversion, a biological process by which tumour cells

INTRODUCTION
Cancer is a disease characterised by abnormal cell
proliferation and first line treatments aim to eradicate
tumour growth and metastatic spread. Novel therapies
are being developed to specifically target molecular
mechanisms at the basis of tumorigenesis to affect
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lose or escape their malignant phenotype [4]. Tumour
reversion can be induced by environmental cues with
cells losing their malignant state following induction of
growth arrest, apoptosis or differentiation [4]. Different
models of tumour reversion have been explored and
critical genes include a number already identified as
targets of established drugs that could be repurposed for
cancer treatment [5]. However, because tumour reversion
involves multiple genes [6], a full understanding of its
complexity still needs to be realised.
Among tumour reversion models, embryonic
environments present unique opportunities due to their
intrinsic ability to epigenetically program cellular states
during development [7]. Embryos of different species have
been used to suppress tumorigenicity of cancer cells and this
approach was extended to embryonic stem cell extracts [8].
Indeed, teratocarcinoma cells can be reprogrammed when
injected into blastocysts and contribute to normal tissue of
chimeric mice [9]. In addition, injections into embryos of
different species including zebrafish, chicken and mouse
have been shown to reduce tumorigenicity and metastasis
of melanoma cells [10–12]. Studies based on tumour
reversion with these systems demonstrated that cancer
cells retain a level of plasticity and are able to respond
to embryonic signals that can induce loss of malignant
phenotypes and/or growth arrest. Cancer cell plasticity
can also be exploited for tumour reversion by nuclear
reprogramming, an epigenetic process involving the change
of one cellular state into another [13, 14]. Nuclear transfer
experiments with somatic cells have shown that oocytes are
able to reprogram somatic chromatin with remodelling of
histone variants, histone modifications, DNA methylation
and incorporation of oocyte-specific factors which actively
participate in the reprogramming process [15–18]. The
ability of oocytes to mediate tumour reversion has been
further confirmed by ex ovo reprogramming experiments
using extracts from amphibian and mammalian oocytes [19,
20]. Among amphibians, axolotls are unique experimental
models because the molecular mechanisms regulating
early development of axolotls and mammals are conserved
[21–23]. Axolotl oocytes are very large and available
in significant quantities, thus representing a unique
experimental system for biochemical studies. We have
previously introduced the value of axolotl oocyte extracts
in tumour reversion and showed that they can reprogram
breast cancer cells and suppress tumour growth in vivo [20].
In this study, we extended our investigation of
tumour reversion with axolotl oocyte extracts by analysing
the molecular profile of tumour-reverted mouse xenografts
to show that oocyte-mediated reprogramming of breast
cancer cells induces growth suppression by cell cycle
arrest and induction of cellular dormancy. The growth
arrest is associated with the upregulation of the cell cycle
inhibitor P27, inhibition of RB phosphorylation and of
key signalling pathways involved in cell proliferation.
Growth arrested tumours demonstrated extensive
www.oncotarget.com

epigenetic reprogramming with increased H4K20me3 and
reduced H4K20me1, which are hallmarks of quiescence.
Importantly, we show that the program of tumour
reversion and tumour dormancy is initiated during the
treatment with the oocyte extracts and is stably maintained
in xenograft tumours over time.

RESULTS
Reprogrammed tumours show decreased
proliferation associated with cell cycle arrest
Axolotl oocyte extracts (AOE) can reprogram breast
cancer cells by reverting tumorigenicity in vivo [20]. In
this study, we sought to identify the molecular mechanisms
involved in reverting the tumour phenotype after treatment
of breast cancer cells with AOE. We therefore determined
the gene expression profile of tumour xenografts obtained
from cells treated with AOE, as well as from untreated
(UN) control cells. Microarray analyses revealed a total
of 1976 differentially expressed genes, 741 and 1235 upregulated and down-regulated in AOE-treated tumours,
respectively (Figure 1A). Several biological processes
associated with regulation of cell proliferation were
identified by Gene Ontology (GO) analysis. RNA splicing
and processing, chromosome organisation, cell cycle,
intracellular transport, G coupled receptor signalling were
significantly represented in the upregulated genes, whereas
protein translation, protein targeting to membrane, rRNA
processing, mRNA and cell metabolism were among the
most significant in the downregulated genes (Figure 1B).
The interaction between genes that were differentially
expressed in AOE-treated tumours was also explored
by mapping to gene networks identified by Ingenuity
Pathway Analysis (IPA). Developmental disorder and
metabolic disease, post-translational modification and
cellular organisation, lipid metabolism, DNA replication
and repair, cell death and cell growth/survival, and cell
signalling were among the top networks identified.
The top molecular and cellular functions also included
protein synthesis, RNA post-translational modification,
gene expression, cell growth and proliferation, and cell
death and survival among the processes affected by the
cancer cell reprogramming (Supplementary Figure 1A).
IPA analysis showed Mitochondrial dysfunction and Cell
cycle: G1/S checkpoint regulation as the most significant
among the best match canonical pathways (Figure 1C).
The latter pathway also demonstrated one of the highest
gene ratios, indicating a high number of genes from the
dataset represented in the total number of genes involved in
this pathway. Consistent with this, genes involved in DNA
replication and repair were found to be downregulated.
These included members of the origin recognition complex
assembly (MCM2, MCM5, CDT1), and DNA polymerases
(POLA1, POLD2, POLD4) (Supplementary Figure
1B). Several important cell cycle regulators were found
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differentially expressed in the reprogrammed tumours,
including CDK4, E2F5, and CDKN1B (P27), WEE1,
CDKN3 (Figure 1D). The canonical pathway analysis
revealed additional cell cycle regulators that could be
potentially involved, including antiproliferative BTG/TOB

proteins, TGF-β, EIF2, mTOR Integrin and RHO signalling
proteins (Supplementary Table 1). Differential expression
of critical cell cycle genes was validated by via qRT-PCR,
demonstrating the biological relevance of this pathway in
the tumour-reverted phenotype (Figure 1D).

Figure 1: Gene expression analysis of AOE-reprogrammed tumour xenografts. (A) Volcano plot of differentially expressed

gene in AOE-treated versus untreated (UN) tumour xenografts. Differentially expressed genes were determined with a cut-off for adjusted
p-value established at 0.05 and fold change value at ± 2 (n=6). Red dots show genes which are diffrerentially expressed above a 2-fold
threshold. The part of the graft on the left of the zero point represents genes which are downregulated in AOE-treated tumours (1235),
whereas the one on the right represents genes which are upregulated in AOE-treated tumours (741). (B) Bar plot ranking the enrichment
score of GO biological processes for upregulated and downregulated genes in AOE-treated tumours compared to untreated. (C) Best
match canonical pathway by IPA. Functional pathways are presented in descending order of significance (p<0.05, with threshold specified
by yellow dotted line). The yellow graph line indicates the ratio between the numbers of genes from the dataset and the total number of
genes involved in those pathways. (D) Fold change in gene expression as determined by microarray analysis (left) and TaqMan® qRT-PCR
(right). Quantitative RT-PCR results for each gene are presented as relative fold expression to RPLP0 and the UN group used as calibrator
(n=3). Relative fold expression levels were analysed by unpaired Student’s t-test. **p< 0.01. Green and red bars indicate downregulated or
upregulated genes in AOE, respectively.
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Extract-induced cell cycle arrest is associated
with increased CDKN1B (P27) expression and
inactivation of RB function

Reprogrammed tumours demonstrated reduced
phosphorylation of p44/42 MAPK and SAPK/JNK
(Figure 4A, 4B), whereas no activation of p38 MAPK was
observed in either untreated or reprogrammed tumours
(Supplementary Figure 3B). The downregulation of ERK
signalling in AOE-treated tumours was also consistent
with reduced expression of several ERK signalling related
genes, as identified by GO analysis of the microarray data.
Indeed, significant down-regulation of MAPK3, MAP2K2,
MAPKAPK3, ELK1 and up-regulation of the phosphatase
DUSP1 was found in the reprogrammed tumours (Figure
4C). We next investigated whether the reduced activation
of protein kinase signalling occurred immediately after
the reprogramming or as long-term consequence of the
extract treatment in tumour xenografts. We detected a
reduction in expression of the early response genes JUN,
but not FOS (Figure 4D) and an inhibition of p44/42
MAPK and p38MAPK after 6 hours reprogramming,
but no change was found in JNK signalling (Figure 4E).
Therefore, these data indicate inhibition of mitogen
activated kinase signalling is an immediate consequence
of the reprogramming process that is stably maintained in
reverted tumours. Consistent with our findings, reverted
tumours showed upregulated expression of MAPK9
expression (Figure 4C), a negative regulator of JUN [24].

To functionally validate the involvement of a cell
cycle block we next conducted a BrdU labelling experiment
of xenografts obtained from reprogrammed cancer cells
(Supplementary Figure 2). Reprogrammed tumour
xenografts showed reduced staining of the proliferation
markers BrdU and Ki67, indicating a cell cycle block before
S phase (Figure 2A, 2B). In addition, the same tumours
showed increased expression of P27, which is consistent
with the observed increased gene expression. Importantly,
P27 staining was also nuclear in the reprogrammed
tumours, suggesting its re-established function as tumour
suppressor after the reprogramming (Figure 2C). As many
pathways regulating G1-S cell cycle progression converge
on the activity of the retinoblastoma tumour suppressor
protein (RB), we next investigated the regulation of RB
phosphorylation in reprogrammed tumours.
Consistent with cell cycle arrest and the inhibition
of CDK activity, reprogrammed tumours showed reduced
phosphorylation of RB at Ser780 (Figure 3A), but not at
Ser807 or altered expression of total RB levels (Figure 3B,
3C). Phosphorylation of RB at Ser795 was not detected in
either untreated or untreated xenografts (Supplementary
Figure 3A). Hypo-phosphorylation of RB at Ser780 is
consistent with the observed decreased CDK4 expression
and the predicted negative z-score of the EIF2 canonical
signalling pathway. These results further indicate a growth
arrest phenotype resulting from active RB and inhibition
of the progression through S and G2/M phases of the cell
cycle (Supplementary Table 1).
In order to understand whether a cell cycle block
might be an immediate response to extract treatment, we
measured RB phosphorylation and P27 expression in treated
cells at 6 hours and 12 hours after reprogramming, the latter
representing the same time point at which the cells were
injected in immunocompromised mice. Phosphorylation
of RB and its nuclear localisation was reduced by 6 hours
and this was maintained at low levels up to 12 hours after
extract treatment (Figure 3D). On the other hand, expression
of CDKN1B (P27) did not increase immediately after the
extract treatment (6 hours), but it was induced by 12 hours
after reprogramming (Figure 3E). These results indicate
that the induction of cell cycle arrest occurs during the
reprogramming process in oocyte extracts and it is stably
maintained in treated tumour xenografts.

Reprogramming with oocyte molecules induces a
state of quiescence in cancer cells
We next asked whether the growth/proliferation
arrest in reprogrammed tumours was associated with
increased programmed cell death. Reprogrammed
xenografts did not show any increase in caspase 3
activation (Figure 5A). Upregulation of the anti-apoptotic
genes BCL2L2, BAG3, and downregulation of proapoptotic genes DAXX, FAF1, PAK1, DFFA, ENDOG
was found in reprogrammed tumours pointing to a cell
cycle arrest without engagement of the apoptotic pathway
(Figure 5B). DNA damage response and repair pathways
were also downregulated in reprogrammed tumours
(Figure 5B).
To ascertain whether the growth-arrested tumours
sustained long-term survival in a quiescent or senescent
state, we next investigated signalling pathways that
coordinate metabolic homeostasis in dormant cells. AOEtreated tumours showed reduced phosphorylation of AKT
(Figure 6A) and reduced phosphorylation of both p70S6
kinase and the translation repressor 4E-BP1 (Figure 6B,
6C). Consistent with this, inhibition of protein synthesis
was highlighted by GO analysis, where translation was
found among the most significant biological processes
in the down-regulated genes and EIF2 signalling was the
top canonical pathway with predicted inhibition and a
negative z-score (Supplementary Table 1).
Altogether, these results suggested a state of tumour
dormancy. This could also explain the negative regulation

Reprogrammed tumours show reduced MAPK
signalling
In order to elucidate the contribution of cell
cycle extrinsic regulation in oocyte-mediated cancer
reprogramming, several signalling pathways involved in
cell proliferation were analysed.
www.oncotarget.com
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of cellular metabolism found in the reprogrammed
tumours, such as downregulated expression of genes
involved in glucose metabolism (TPI1, ENO1, ENO2,
GALM, GPI, GAPDH, PFKP, PGM1, PDHB, PKM2),
oxidative phosphorylation (ATP5D, UQCRC1, NDUFB9,
NDUFV1, NDUFS8) and DNA metabolism (NANS,
UGDH, AMDHD2, MPI, TK1) in AOE-treated tumours.

An association of these biological functions with the
downregulated genes was also identified by GO and
IPA analyses (Figure 1B, Supplementary Figure 1 and
Supplementary Table 1).
Because our data show that the dormant state
induced by reprogramming is not associated with a
response to oncogenic stress and increased mTOR activity

Figure 2: Quantification of BrdU, Ki67 and P27 staining in AOE-reprogrammed tumours. (A) BrdU staining of UN and

AOE-treated tumour xenografts. Scatter plot shows the % of positively stained nuclei (n= 3; 6 fields of view). Staining levels were analysed
by nonparametric Mann-Whitney test. ****p<0.0001. Scale bar = 100μm. (B) Ki67 staining of UN and AOE-treated tumour xenografts.
Scatter plot shows the % of positively stained nuclei (n= 3-4; 6 fields of view). Staining levels were analysed by nonparametric MannWhitney test. ****p<0.0001. Scale bar = 100μm. (C) P27 staining of UN and AOE-treated tumour xenografts. Scatter plot shows the % of
positively stained nuclei (n= 4; 6 fields of view). Staining levels were analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale
bar = 100μm.
www.oncotarget.com
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that are characteristics of senescence, we next tested
whether the lack of cell proliferation in reprogrammed
tumours could be due to quiescence. Meta-analysis of
data defining quiescence signatures in cell-cycle arrested
fibroblasts [25] showed a substantial overlap (~30%)

with the genes differentially expressed in reprogrammed
tumours (Figure 7A). GO analysis showed that regulation
of mRNA metabolic process, cellular component
organisation and protein transport were among the most
significant biological processes for the overlapping

Figure 3: Quantification of RB activation and P27 expression in AOE-reprogrammed tumours and cancer cells. (A) RB

(Ser780) phosphorylation staining of UN and AOE-treated tumour xenografts. Scatter plot shows the % of positively stained nuclei (n= 4; 6
fields of view). Staining levels were analysed by nonparametric Mann-Whitney test. ***p<0.001. Scale bar = 100μm. (B) RB (Ser807)
phosphorylation staining of UN and AOE-treated tumour xenografts. Scatter plot show the % of positively stained nuclei (n= 4; 6 fields of
view). Staining levels were analysed by nonparametric Mann-Whitney test. p=0.1472. Scale bar = 100μm. (C) Total RB staining of UN and
AOE-treated tumour xenografts. Scatter plot show the % of positively stained nuclei (n= 3; 5 fields of view). Staining levels were analysed
by nonparametric Mann-Whitney test. p=0.1485. Scale bar = 100μm. (D) RB (Ser780) phosphorylation staining of UN and AOE-treated
cells after 6 hours and 12 hours reprogramming. Scatter plot shows the % of positively stained nuclei (n= 2; 5 fields of view). Staining levels
were analysed by One-way Anova followed by Bonferroni’s multiple comparisons test. ****p<0.0001. Scale bar = 50μm. (E) Fold change in
P27 (CDKN1B) gene expression as determined by TaqMan® qRT-PCR. Results are presented as relative fold expression to RPLP0 and the
UN group used as calibrator (n=3). Relative fold expression levels were analysed by Two-way Anova followed by Bonferroni’s multiple
comparisons test. *p< 0.05.
www.oncotarget.com
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up-regulated genes, whereas translation elongation,
translation termination, rRNA processing, DNA replication
and repair were the most significant overlapping genes in
the down-regulated group of genes. Importantly, the key

regulators of quiescence TOB1, BTG2, THBS1, HES1
and MLL5 were found in the overlapping genes that were
upregulated (Figure 7B). Thrombospondin-1 (THBS)
is an anti-angiogenic factor and endothelium-derived

Figure 4: Quantification of p44/42 MAPK, SAPK/JNK and p38MAPK activation in AOE-reprogrammed tumours
and cancer cells. (A) p44/42 MAPK phosphorylation staining of UN and AOE-treated tumour xenografts. Scatter plot shows the % of

positively stained nuclei (n= 4; 6 fields of view). Staining levels were analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale
bar = 100μm. (B) SAPK/JNK phosphorylation staining of UN and AOE-treated tumour xenografts. Scatter plot show the % of positively
stained nuclei (n= 4; 6 fields of view). Staining levels were analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale bar = 100μm.
(C) Fold change in gene expression as determined by microarray analysis. (D) Fold change in JUN and FOS gene expression as determined
by TaqMan® qRT-PCR. Results are presented as relative fold expression to RPLP0 and the UN group used as calibrator (n=3). Relative fold
expression levels were analysed by Two-way Anova followed by Bonferroni’s multiple comparisons test. *p< 0.05. (E) Western blotting
analysis of p44/42 MAPK, SAPK/JNK and p38MAPK phosphorylation of cells treated with AOE for 6 hours. Relative quantification of
phosphorylation was calculated as ratio between the levels of phosphorylated and total protein signals. Relative quantification was analysed
by unpaired Student’s t-test. *p< 0.05.
www.oncotarget.com
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tumour suppressor that can sustain breast cancer dormancy
[26]. BTG proteins are important regulators of cell cycle
progression [27] and TOB1 acts as a tumour suppressor
in MCF-7 cells by inducing arrest at G1-S phase through
upregulation of P27 and decreased activity of ERK2 and
AKT [28].

modification has been reported to regulate quiescence and
chromatin compaction [30]. Consistent with an induction
of quiescence, a significant decrease in the levels of
H4K20me1 and increase in H4K20me3 were detected in
reprogrammed tumours (Figure 8). In addition, similarly
to the epigenetic profile reported in MCF-7 slowly
proliferating “G0-like” cells [31], a decrease in H3K9me3,
H3K9me2, H3K27me3 and H3K4me3 was found. Levels of
active transcription marks H3K9ac and H4K16ac were also
lower in reprogrammed tumours, confirming a non-cycling
chromatin configuration (Figure 8). In order to investigate
the relationship between epigenetic reprogramming and
cell cycle arrest in the induction of quiescence we next
studied the dynamics of H4K20 methylation and RB
phosphorylation immediately after reprogramming. We
measured a reduction of H4K20me1 and H4K20me3 after

Oocyte extract mediated tumour quiescence
involves epigenetic reprogramming
We next investigated whether the induction of a
quiescent state in treated tumours depended on epigenetic
reprogramming, as previous work demonstrated the
ability of AOE to remodel epigenetic modifications of the
chromatin in both somatic and cancer cells [20, 29]. We
therefore first analysed H4K20 histone methylation as this

Figure 5: Quantification of apoptosis and DNA repair pathways. (A) Cleaved Caspase 3staining of UN and AOE-treated tumour

xenografts. Scatter plot shows the % of positively stained nuclei (n= 3; 6 fields of view). Staining levels were analysed by nonparametric
Mann-Whitney test. p=0.4197. Scale bar = 100μm. (B) Fold change in apoptosis and DNA repair genes expression as determined by
microarray analysis (left) and TaqMan® qRT-PCR (right). Quantitative RT-PCR results for each gene are presented as relative fold expression
to RPLP0 and the UN group used as calibrator (n=3). Relative fold expression levels were analysed by unpaired Student’s t-test. **p< 0.01.
Green and red bars indicate downregulated or upregulated genes in AOE, respectively.
www.oncotarget.com
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6 hours and 12 hours of AOE treatment, in agreement with
the epigenetic status of reprogrammed tumour xenografts.
These changes were abolished when cells were incubated
in extracts pre-treated and supplemented with the PHF8
inhibitor Daminozide (DAM) and the SUV420H1/H2
inhibitor A-196, which can prevent the demethylation and
methylation of H4K20me1, respectively (Figure 9).

This inhibition was most likely due to an effect on
histone demethylase and methylase enzymes contained
in the extract as no effect was seen when inhibitors were
added to control cells incubated in buffer under the same
experimental conditions. Importantly, the AOE-mediated
de-phosphorylation of RB did not occur in the presence
of these epigenetic inhibitors (Figure 10A). Induction

Figure 6: Quantification of AKT, p70S6K and 4E-BP1 activation in AOE-reprogrammed tumours. (A) AKT
phosphorylation staining of UN and AOE-treated tumour xenografts. Scatter plot shows the % of positively stained nuclei (n= 4; 6 fields of
view). Staining levels were analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale bar = 100μm. (B) p70S6K phosphorylation
staining of UN and AOE-treated tumour xenografts. Scatter plot shows the % of positively stained nuclei (n= 4; 6 fields of view). Staining
levels were analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale bar = 100μm. (C) 4E-BP1 phosphorylation staining of UN
and AOE-treated tumour xenografts. Scatter plot shows the % of positively stained nuclei (n= 3; 6 fields of view). Staining levels were
analysed by nonparametric Mann-Whitney test. ****p<0.0001. Scale bar = 100μm.
www.oncotarget.com
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of CDKN1B (P27) expression also was dependent of
H4K20me remodelling, whereas the reduced expression of
JUN was not affected (Figure 10B). Therefore, the results

suggest that the induction of a stable cell cycle arrest
and associated tumour cellular dormancy depends on
epigenetic reprogramming mediated by oocyte molecules

Figure 7: Gene expression signature of quiescence in AOE-reprogrammed tumour xenografts. (A) Meta-analysis of gene
expression profile of quiescent fibroblasts [25] and differentially expressed genes of AOE-reprogrammed tumours using Venny software.
Enriched biological processes for overlapping upregulated and downregulated genes are highlighted. (B) Fold change in expression of
quiescence-related gene in AOE-reprogrammed tumours as determined by microarray analysis (left) and TaqMan® qRT-PCR (right).
Quantitative RT-PCR results for each gene are presented as relative fold expression to RPLP0 and the UN group used as calibrator (n=3).
Relative fold expression levels were analysed by unpaired Student’s t-test. **p< 0.01. Red bars indicate upregulated genes in AOE.
www.oncotarget.com
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Figure 8: Quantification of histone modifications in AOE-reprogrammed tumours. H4K20me3, H4K20me1, H3K9me3,

H3K9me2, H3K27me3, H3K9ac, H3K4me3, H4K16ac staining of UN and AOE-treated tumour xenografts. Scatter plot shows the %
of positively stained nuclei (n= 3-4; 6 fields of view). Staining levels were analysed by nonparametric Mann-Whitney test. **p<0.01,
***
p<0.001, ****p<0.0001. Scale bar = 100μm.
www.oncotarget.com
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which promote chromatin compaction and inhibition of
the cell cycle (Figure 11).

We previously showed that treatment of breast
cancer cells with axolotl oocyte extracts can induce
growth arrest both in vitro and in vivo [20]. In this study,
we sought to identify the molecular mechanisms involved
in such a growth-arrested phenotype to elucidate whether
treatment of cancer cells with oocyte extracts could
provide insight into potential therapeutic targets for
tumour reversion. By genome-wide screening of reverted
xenograft tumours we demonstrated that treatment of
luminal breast cancer cells with oocyte extracts induces
cell cycle arrest associated with upregulated expression
of CDKN1B (P27) and reduction of RB phosphorylation.
CDKN1B is a cell cycle inhibitor that controls the G0 to
S- phase transition by regulating activity of the cyclindependent kinase (CDK) complexes CyclinD-CDK4
and CyclinD-CDK6 [36]. Decreased expression of P27
has been correlated with the development of and poor
prognosis of breast cancer [37, 38]. Importantly, the oocyte
extract treatment not only increased the expression of P27
but also changed its localisation from the cell cytoplasm
to the nucleus. In quiescent normal cells, functional P27

DISCUSSION
The idea of inducing tumour reversion by allowing
cancer cells to regain control of normal growth has been
receiving renewed attention [32]. Tumour reversion is
considered a different approach for the development
of new treatments based on the selection of stable
cancer revertants. As a therapeutic strategy, tumour
reversion can induce tumour differentiation or growth
arrest by reactivating the normal control mechanisms
that regulate cell proliferation. In this way, successful
tumour reversion strategies can allow complete or partial
stable cancer remission. Tumour reversion has also
been an important strategy for elucidating of molecular
mechanisms involved in tumorigenesis. For instance,
tumour reversion induced by oncolytic viruses or viral
oncogenes has led to the discovery of novel tumour
suppressor genes [4, 33–35].

Figure 9: H4K20me1 and H4K20me3 staining of untreated and AOE-treated cells in the presence of inhibitors of
SUV420H1/H2 and PHF8. H4K20me1 and H4K20me3 staining of cells incubated in growth medium (UN) or AOE for 6 hours in the

presence or absence of Daminozide (DAM) or A-196. Cells were analysed immediately after reprogramming (6 hours) and after overnight
culture (12 hours). Histogram shows the % of positively stained nuclei (n= 2; 5 fields of view). Staining levels were analysed by Two-way
Anova followed by Bonferroni’s multiple comparisons test. *p< 0.05. **p<0.01, ****p<0.0001. Scale bar = 50μm.
www.oncotarget.com
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Figure 10: RB (Ser780) phosphorylation and expression of JUN and CDKN1B (P27) of untreated and AOE-treated cells
in the presence of inhibitors of SUV420H1/H2 and PHF8. (A) RB (Ser780) phosphorylation staining of cells incubated in growth
medium (UN) or AOE for 6 hours in the presence or absence of DAM or A-196. Cells were analysed immediately after reprogramming
(6 hours) and after overnight culture (12 hours). Histogram shows the % of positively stained nuclei (n= 2; 5 fields of view). Staining
levels were analysed by One-way Anova followed by Bonferroni’s multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001. Scale
bar = 50μm. (B) Fold change in expression of JUN (6 hours after reprogramming) and P27 (CDKN1B) (12 hours after reprogramming) as
determined by TaqMan® qRT-PCR. Results are presented as relative fold expression to RPLP0 and the UN group used as calibrator (n=3).
Relative fold expression levels were analysed by One-way Anova followed by Bonferroni’s multiple comparisons test. ****p< 0.0001.
www.oncotarget.com
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has a nuclear localisation, whereas oncogenic activation
of MAPK promotes its cytoplasmic accumulation, thus
promoting cell motility and invasion [36]. Therefore,
restoration of P27 expression and function represents a
significant effect of oocyte-mediated tumour reversion.
Consistent with inhibition of the G0/G1-S transition,
we also measured reduced expression of CDK4 in
reprogrammed tumours and reduced RB phosphorylation
at Ser780 (the RB amino acid substrate of the Cyclin D1CDK complex) in reprogrammed tumours [39]. In its
active form, hypophosphorylated RB leads to repression of
E2F-regulated genes and inhibition of progression through
S phase and G2/M [40]. Reprogrammed tumours also
presented reduced phosphorylation of p44/42, a pathway
implicated in breast cancer growth. Indeed, mutations
leading to constitutive activation of the p44/42 MAPK
pathway is common in breast cancer and critical for breast
cancer progression and invasion [41].
This pathway has been shown to mediate P27
degradation [42]. In turn, P27 can inhibit MAPK
activation by sequestering H-Ras [43], suggesting that
these mechanisms could reduce cell proliferation working
through a negative feedback loop in AOE treated tumours.
JNK was another downregulated signalling pathway
in growth arrested AOE-treated tumours. Activation of
JNK has a suppressive role in mammary carcinogenesis
by mediating stress-induced apoptosis [44, 45]. One
unexpected finding in this study was the lack of apoptosis

following cell cycle arrest induced by AOE treatment,
which could be due to the inhibition of the observed JNK
signalling. Suppression of cancer growth is not always
associated with an apoptotic response, but it can also
involve an induction of cellular dormancy, a state that
can consist of either quiescence or senescence. In contrast
to senescence, which occurs irreversibly in response to
oncogenic signals and ageing, quiescence is a reversible
process which is not induced by replicative stress. During
quiescence cells become G0-G1 arrested due to lack of
growth factor stimulation, cell adhesion signalling and
angiogenesis, thus resulting in inhibition of metabolic and
translational activity [46]. AOE-reprogrammed tumours
also showed reduced activation of the AKT and mTOR
pathways, which pointed to a quiescence phenotype, rather
than senescence. Because quiescent cells demonstrate a
characteristic gene expression profile which is not a mere
consequence of cell cycle arrest [47], we overlapped our
gene set with the quiescence-specific gene expression
profile of quiescent fibroblasts [25]. The fact that we found
a significant overlap between gene signatures confirms an
induction of tumour dormancy after AOE reprogramming.
Two important epigenetic regulators, MLL5 and HES1
[48, 49], were identified among the common quiescencerelated genes, suggesting a link between AOE-induced
growth arrest and epigenetic reprogramming. We
previously demonstrated that AOE can induce profound
epigenetic changes both in somatic and cancer cells which

Figure 11: Pathways crosstalk involved in tumour reversion mediated by oocyte extracts.
www.oncotarget.com
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involve remodelling of DNA methylation and histone
modifications [20, 50]. Therefore, one important question
to address was the relationship between the cell cycle arrest
and epigenetic reprogramming mediated by AOE. We
found that AOE reprogrammed tumours demonstrated an
extensive epigenetic reprogramming which involved the
acquisition of a compact chromatin configuration [30].
Loss of H4K20me3 is a hallmark of cancer and a prognostic
factors in breast cancer [51, 52]. Therefore, restoration of
this chromatin mark is likely to be an important regulator
of AOE-mediated tumour reversion. We have shown that
epigenetic reprogramming is initiated during the 6 hours
treatment of cancer cells with AOE and is maintained up to
the point when cells are injected into mice. However, this
reprogramming was halted when inhibitors of epigenetic
modifiers were used. In addition, the inhibition of the these
enzymatic activities prevented RB dephosphorylation and
induction of P27 expression, suggesting that epigenetic
reprogramming due to chromatin compaction may be
critical for cell cycle arrest, as previously reported [53].
Because the inhibitors did not affect cells that were not
treated with AOE (control group), we speculated that the
epigenetic reprogramming may be mediated by enzymatic
activities present in the oocyte extracts. Mammalian
oocytes express H4K20me modifying enzymes [54] and
oocyte-specific factors can dynamically contribute to the
reprogramming process by assimilation into reprogrammed
cells [15, 55]. In addition, un-ovulated oocytes are arrested
in prophase of meiosis I through inhibition of p44/42 MAPK
phosphorylation [56]. Therefore, it is possible that oocyte
molecules that are naturally involved in the maintenance
of oocyte cell cycle arrest could be assimilation into cancer
cells and mediate tumour reversion.
Induction of primary tumour dormancy represents
an attractive therapeutic strategy for cancer treatment [57,
58]. Our data show that AOE reprogramming of cancer
cells to a quiescent state is initiated early during the extract
treatment and maintained stably during the development
of xenografts over time (at least up to 15 months, data
not shown). Therefore, oocyte extracts may contain
molecules involved in inducing stable chemoquiescence
and tumour reversion. Although this study is limited to
the analysis of tumour reversion in luminal breast cancer
cells, it highlights the importance of tumour reversion
approaches based on cell cycle arrest and activation of the
RB pathway. RB signalling plays a critical role in breast
cancer and therefore therapeutic strategies that harness this
pathway have a potential for clinical intervention [59].
This is particularly relevant for luminal-type breast cancer
whereby reactivation of the RB pathway is beneficial for
the treatment of tumours resistant to endocrine therapies
[60]. Therefore, together with CDK inhibitors, purified
molecules from axolotl oocytes could contribute to the
development of new dormancy-promoting therapies aimed
to maintain tumours in an asymptomatic state as well as to
strategies for cancer prevention.
www.oncotarget.com

All cell culture materials were from Invitrogen and
chemicals from Sigma-Aldrich, unless otherwise stated.

Cell culture and extract treatment
The breast cancer cell line MCF-7 was obtained
from ATCC and was grown in RPMI-1640 medium
supplemented with 10% foetal calf serum (FCS), 1%
Penicillin/Streptomycin (Pen/Strep), 1% L-Glutamine,
1% sodium pyruvate, 1% non-essential amino acids. Cell
line identity was validated by genotyping (Bio-Synthesis
Inc) and cells were regularly checked for mycoplasma
contamination using the EZ-PCR Mycoplasma
Test Kit (Geneflow Ltd). For extract treatment, cell
permeabilisation was performed as previously reported
[20, 55]. Briefly, cell suspensions (2×106 cells/ml) were
treated with 20 μg/ml digitonin in PB buffer (170 mM
potassium gluconate, 5 mM KCl, 2 mM MgCl2, 1 mM
KH2PO4, 1 mM EGTA, 20 mM Hepes, supplemented
with 1:5,000 dilution of Protease Inhibitor Cocktail, pH
7.25) for 1-2 min on ice. Cells were washed in cold PB
buffer and permeabilisation was assessed by staining with
propidium iodide (PI). AOE were prepared from mature
females as described previously [55]. Permeabilised cells
were added either to growth medium (untreated group)
or oocyte extracts (5,000 cells/μl extract) supplemented
with an energy regenerating system (150 μg/ml creatine
phosphokinase, 60 mM phosphocreatine, 1mM ATP)
and incubated at 17°C. After reprogramming, cells were
plated in growth medium overnight. On the next day,
cells were collected and viability assessed by trypan blue
stain. Only cultures with more than 95% viability were
used for injection into immunocompromised mice or other
characterisation studies. For epigenetics studies, AOE
was pre-treated with 10 μM Daminozide (DAM) (Tocris
Bioscience) or 10 μM A-196 (kindly provided by SGC,
www.thesgc.org) 2 hours at 17°C. The inhibitors were
maintained in both AOE and buffer control during the 6
hours reprogramming. After this, cells were washed and
incubated in culture medium for analysis at 12 hours.

Tumour xenografts
Female MF1 nude mice (Harlan-Olac) were
injected sub-cutaneously into the left flank with 1.5×106
MCF-7 cells (untreated and AOE-treated) in a volume
of 200μl Matrigel. 17-beta-estradiol pellets (0.1mg, 60day release; Innovative Research of America, US) were
implanted subcutaneously into the scruff of each mouse
(n=6). Tumour dimensions were monitored twice weekly
by calliper measurements. For BrdU incorporation
experiments, BrdU (10 mg/ml) was injected at a dose
of 150mg/kg via intraperitoneal injection 60 minutes
before sacrifice. At termination (11 weeks), tumours were
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excised, stored in RNAlater (Thermo Scientific) or fixed
in formalin and paraffin embedded. The project was run
under Home Office project PPL 40/2962 with local ethical
approval. The study adhered to the UK Co-ordinating
Committee for Cancer Research (UKCCCR) guidelines.

performed by using TaqMan® gene expression assays and
master mix (Applied Biosciences). Assays used are listed
in Supplementary Table 2. Data analysis was performed
by using the relative quantification ΔΔCT method with
normalization to the housekeeping genes RPLP0 which
was selected after analysis of stability across samples
with the software BestKeeper [61]. Gene expression of
tumour xenografts (two biological replicates in technical
triplicates) was analysed by microarray hybridisation
using the Illumina HumanHT-12 v4 Expression BeadChip
array (Source BioScience). The concentration and quality
of the total RNA was assessed by spectrophotometry and
using the Agilent Bioanalyser. Samples were normalised
to 100ng and were processed according to the Illumina
Whole-Genome Gene Expression Direct Hybridisation
Assay Guide, using the Ambion Kit: Illumina®
TotalPrep™-96 RNA Amplification Kit. Qualitative
& quantitative QCs were performed on the labelled
cRNA and 1.5ug of labelled cRNA was hybridised to a
HumanHT-12.v4 Beadchip & scanned by the BeadArray
Reader. The array intensity data was analysed by the
Illumina GenomeStudio software v2010.2. All analyses
reported used the ‘quantile’ normalisation method with
background correction within GenomeStudio.
Bioinformatics analysis of differentially expressed
genes was performed using the ArrayMining software
[62] with the Empirical Bayes moderated t-test method.
Significant difference in expression was determined
by FDR corrected p-value from multiple t-tests < 0.05.
Microarray data were deposited in GEO with accession
number GSE104383.
Gene ontology analyses were performed using
the programs AmiGO 2 [63] and REVIGO [64]. The
gene networks, pathways and functional analyses were
generated through the use of QIAGEN’s Ingenuity
Pathway Analysis (IPA®, QIAGEN Redwood City, www.
qiagen.com/ingenuity) [65].
Meta-analysis of published data was performed by
using the software Venny 2.1.0 (http://bioinfogp.cnb.csic.
es/tools/venny/).

Immunohistochemistry
Histology sections (5 μm) were de-waxed and
processed for antigen retrieval (citrate buffer pH 6,
15 min using microwave). Slides were washed with
PBS and treated with Bloxall blocking solution (Vector
Laboratories). Slides were then incubated with Mouse
on Mouse blocking reagent (Vector Laboratories) and
2.5% normal horse serum (1 hour, RT) before incubation
with primary antibody at 4°C overnight. This was then
followed washes with PBS containing 0.1% Tween 20
and by incubation with secondary antibody for 1 hour at
RT (ImmPRESS kit, Vector laboratories). After further
washing, the slides were incubated with DAB for 1-5
minutes, counterstained with haematoxylin, dehydrated
and mounted with DPX. For BrdU staining, sections were
treated with PBS containing 0.25% Triton X-100 and
0.1% goat serum for 10 min at room temperature (RT) and
blocked with PBS containing 10% goat serum for 1h at
RT. After blocking, sections were incubated with 0.02U/
ul DNAse in DNAse buffer (Qiagen) for 10 min at 37°C
and then washed with PBS 3 times for 10 min at RT before
incubation with the primary antibody. Tissue section slides
were observed under a Nikon Eclipse microscope with the
Nikon NIS-Elements imaging software.
For cell staining, slides were prepared using
cytospin. After centrifugation, cells were fixed with 4%
paraformaldehyde and then permeabilised with PBS
containing 0.1% Triton X-100 for 10 minutes at RT.
Slides were blocked with PBS containing 5% bovine
serum albumin (BSA) for 1 hour at RT, followed by
incubation with primary antibody overnight at 4°C and
secondary antibody 1 hour at RT. Slides were washed after
each antibody with PBS containing 0.1% Tween 20 and
mounted with Vectashield mounting medium containing
DAPI (Vector Laboratories). Slides were observed under
a Leica DM5000B microscope with the Leica Application
Suite software. For image quantification, 3-4 tumours were
analysed for each treatment group and 5-6 random fields
of view were analysed with the software Fiji-ImageJ.
Quantification of images was performed by calculating
the % of positive cells based on the ratio between the area
stained by antibodies and the area of counterstained nuclei.
Antibodies used are listed in Supplementary Table 2.

Western blotting
Proteins were extracted with RIPA Buffer (Cell
Signalling Technology), supplemented with Protease and
Phosphatase Inhibitor Cocktails for 30 minutes on ice. Cells
were centrifuged at 12,000 x g for 10 minutes at 4°C and
protein lysate collected. The protein content was quantified
using a Qubit Protein Assay Kit (Life Technologies)
following the manufacturer’s protocol. Proteins were loaded
into 8-12% polyacrylamide gels (30 μg/lane), separated
by SDS-PAGE electrophoresis and blotted onto a PVDF
membrane. Membranes were blocked with 5% BSA and
then probed overnight at 4°C with primary antibodies.
Peroxidase conjugated secondary antibodies were incubated
for 1h at RT. ECL Prime (GE Healthcare) was used to

Gene expression analysis
Total RNA was extracted with the RNeasy Mini Kit
(Qiagen) and cDNA transcribed with the RT2 First Strand
Kit (Qiagen). Real-time PCR (qRT-PCR) data analysis was
www.oncotarget.com

16023

Oncotarget

ACKNOWLEDGMENTS

detect chemiluminescence. Membranes were stripped
with 0.2M glycine, pH 2.8 at 50°C for 30 min followed
by neutralisation with 0.2M glycine, pH 7.4. Membranes
were then blocked and re-probed with a control antibody.
Antibodies used are listed in Supplementary Table 2.

The authors acknowledge Nigel Mongan for
his assistance with data analysis and Eleanor Bellows
and Scott Hulme for their help with immunostaining
experiments.

Statistics

CONFLICTS OF INTEREST

Data are expressed as mean ± standard deviation
(SD) unless otherwise stated. Quantitative RT-PCR
analyses were analysed by Student’s t-test and One-way
or Two-way analysis of variance (Anova) followed by
Bonferroni’s multiple comparison test. Immunostaining
data were analysed by Mann-Whitney test and One/Twoway Anova followed by Bonferroni’s multiple comparison
test. Statistical analyses were performed with GraphPad
Prism 7 with significance levels set at *p< 0.05, **p<0.01,
***
p<0.001, ****p<0.0001.

The authors declare no conflicts of interest.

FUNDING
This research was supported by the University of
Nottingham Vice-Chancellor’s Scholarship for Research
Excellence and Evocell Ltd.

REFERENCES

Abbreviations

1. Sawyers C. Targeted cancer therapy. Nature. 2004;
432:294–7. https://doi.org/10.1038/nature03095.

AOE, axolotl oocyte extracts. UN, untreated. GO,
gene ontology. IPA, ingenuity pathway analysis. mRNA,
messenger RNA. rRNA, ribosomal RNA. MAPK, mitogen
activated protein kinase. SAPK/JNK, stress activated
protein kinase/c-jun N-terminal kinase. AKT, protein
kinase B. mTOR, mechanistic target of rapamycin.
ERK, extracellular signal regulated kinase. CDK, cyclin
dependent kinase. RB, retinoblastoma protein. CDKN1B,
cyclin dependent kinase inhibitor 1B. EIF2, eukaryotic
translation initiation factor 2. TOB1, transducer of
ERBB2, 1. BTG2, BTG anti-proliferation factor 2.
THBS1, thrombospondin 1. HES1, Hes family BHLH
transcription factor 1. MLL5, lysine methyltransferase
2E. JUN, Jun proto-oncogene, AP-1 transcription factor
subunit. FOS, Fos proto-oncogene, AP-1 transcription
factor subunit. RPLP0, ribosomal protein lateral stalk
subunit P0. PHF8, Jumonji C domain-containing histone
demethylase 1F. SUV420H1/H2, lysine methyltransferase
5B/5C. DAM, daminozide. FCS, fetal calf serum. PBS,
phosphate buffered saline. PB, permeabilisation buffer.
PI, propidium iodide. BrdU, bromodeoxyuridine.RT, room
temperature. BSA, bovine serum albumin. FDR, false
discovery rate. SD, standard deviation. qRT-PCR, real
time quantitative PCR. GEO, gene expression omnibus.

2. Thompson CB. Attacking cancer at its root. Cell. 2009;
138:1051–4. https://doi.org/10.1016/j.cell.2009.09.002.
3. Redmond KL, Papafili A, Lawler M, Van Schaeybroeck
S. Overcoming resistance to targeted therapies in cancer.
Semin Oncol. 2015; 42:896–908. https://doi.org/10.1053/j.
seminoncol.2015.09.028.
4. Telerman A, Amson R. The molecular programme of tumour
reversion: The steps beyond malignant transformation. Nat
Rev Cancer. 2009; 9:206-16. http://dx.doi.org/10.1038/
nrc2589.
5. Telerman A, Amson R, Hendrix MJC. Tumor reversion
holds promise. Oncotarget. 2010; 1:233–4. https://doi.
org/10.18632/oncotarget.100803.
6. Amson R, Karp JE, Telerman A. Lessons from
tumor reversion for cancer treatment. Curr Opin
Oncol.
2013;
25:59–65.
https://doi.org/10.1097/
CCO.0b013e32835b7d21.
7. Hendrix MJ, Seftor EA, Seftor RE, Kasemeier-Kulesa
J, Kulesa PM, Postovit LM. Reprogramming metastatic
tumour cells with embryonic microenvironments. Nat
Rev Cancer. 2007; 7:246–55. http://dx.doi.org/10.1038/
nrc2108.
8. Postovit LM, Margaryan NV, Seftor EA, Kirschmann DA,
Lipavsky A, Wheaton WW, Abbott DE, Seftor RE, Hendrix
MJ. Human embryonic stem cell microenvironment
suppresses the tumorigenic phenotype of aggressive cancer
cells. Proc Natl Acad Sci U S A. 2008; 105:4329–34.
https://doi.org/10.1073/pnas.0800467105.

Author contributions
Contribution: N.S. designed and performed
experiments and analysed the data. R.A. performed
experiments, provided expert advice and reviewed the
manuscript. A.D.J. provided expert advice and reviewed
the manuscript. R.D.E. and T.C.G performed bioinformatics
analysis of microarray data. P.C. performed xenograft
experiments. A.G. contributed to study design, provided
expert advice and reviewed the manuscript. C.A. performed
experiments, designed the study and wrote the manuscript.
www.oncotarget.com

9. Mintz B, Illmensee K. Normal genetically mosaic mice
produced from malignant teratocarcinoma cells. Proc Natl
Acad Sci U S A. 1975; 72:3585–9.
10. Lee LM, Seftor EA, Bonde G, Cornell RA, Hendrix MJ.
The fate of human malignant melanoma cells transplanted
16024

Oncotarget

into zebrafish embryos: Assessment of migration and cell
division in the absence of tumor formation. Dev Dyn. 2005;
233:1560–70. https://doi.org/10.1002/dvdy.20471.

22. Chatfield J, O’Reilly MA, Bachvarova RF, Ferjentsik Z,
Redwood C, Walmsley M, Patient R, Loose M, Johnson
AD. Stochastic specification of primordial germ cells from
mesoderm precursors in axolotl embryos. Development.
2014; 141:2429–40. https://doi.org/10.1242/dev.105346.

11. Kulesa PM, Kasemeier-Kulesa JC, Teddy JM, Margaryan
NV, Seftor EA, Seftor RE, Hendrix MJ. Reprogramming
metastatic melanoma cells to assume a neural crest celllike phenotype in an embryonic microenvironment. Proc
Natl Acad Sci U S A. 2006; 103:3752–57. https://doi.
org/10.1073/pnas.0506977103.

23. Swiers G, Chen YH, Johnson AD, Loose M. A conserved
mechanism for vertebrate mesoderm specification in
urodele amphibians and mammals. Dev Biol. 2010;
343:138–52. https://doi.org/10.1016/j.ydbio.2010.04.002.

12. Diez-Torre A, Andrade R, Eguizabal C, Lopez E, Arluzea
J, Silio M, Arechaga J. Reprogramming of melanoma cells
by embryonic microenvironments. Int J Dev Biol. 2009;
53:1563–68. https://doi.org/10.1387/ijdb.093021ad.

24. Sabapathy K, Hochedlinger K, Nam SY, Bauer A, Karin M,
Wagner EF. Distinct roles for JNK1 and JNK2 in regulating
JNK activity and c-Jun-dependent cell proliferation.
Mol Cell. 2004; 15:713–25. https://doi.org/10.1016/j.
molcel.2004.08.028.

13. Halley-Stott RP, Pasque V, Gurdon JB. Nuclear
reprogramming. Development. 2013; 140:2468–71. https://
doi.org/10.1242/dev.092049.

25. Johnson EL, Robinson DG, Coller HA. Widespread changes
in mrna stability contribute to quiescence-specific gene
expression patterns in a fibroblast model of quiescence.
BMC Genomics. 2017; 18:123. https://doi.org/10.1186/
s12864-017-3521-0.

14. Shah M, Allegrucci C. Stem cell plasticity in development
and cancer: Epigenetic origin of cancer stem cells.
Subcell Biochem. 2013; 61:545–65. https://doi.
org/10.1007/978-94-007-4525-4_24.

26. Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ,
Brazier H, Almeida D, Koller A, Hajjar KA, Stainier DY,
Chen EI, Lyden D, Bissell MJ. The perivascular niche
regulates breast tumour dormancy. Nat Cell Biol. 2013;
15:807–17. https://doi.org/10.1038/ncb2767.

15. Jullien J, Miyamoto K, Pasque V, Allen GE, Bradshaw
CR, Garrett NJ, Halley-Stott RP, Kimura H, Ohsumi K,
Gurdon JB. Hierarchical molecular events driven by oocytespecific factors lead to rapid and extensive reprogramming.
Mol Cell. 2014; 55:524–36. https://doi.org/10.1016/j.
molcel.2014.06.024.

27. Winkler GS. The mammalian anti-proliferative BTG/Tob
protein family. J Cell Physiol. 2010; 222:66–72. https://doi.
org/10.1002/jcp.21919.

16. Li L, Connelly MC, Wetmore C, Curran T, Morgan JI.
Mouse embryos cloned from brain tumors. Cancer Res.
2003; 63:2733–6.

28. O’Malley S, Su H, Zhang T, Ng C, Ge H, Tang CK. TOB
suppresses breast cancer tumorigenesis. Int J Cancer. 2009;
125:1805–13. https://doi.org/10.1002/ijc.24490.

17. Blelloch RH, Hochedlinger K, Yamada Y, Brennan C,
Kim M, Mintz B, Chin L, Jaenisch R. Nuclear cloning
of embryonal carcinoma cells. Proc Natl Acad Sci U
S A. 2004; 101:13985–90. https://doi.org/10.1073/
pnas.04050151 01.

29. Bian Y, Alberio R, Allegrucci C, Campbell KH, Johnson
AD. Epigenetic marks in somatic chromatin are remodelled
to resemble pluripotent nuclei by amphibian oocyte extracts.
Epigenetics. 2009; 4:194–202.

18. Hochedlinger K, Blelloch R, Brennan C, Yamada Y, Kim
M, Chin L, Jaenisch R. Reprogramming of a melanoma
genome by nuclear transplantation. Genes Dev. 2004;
18:1875–85. https://doi.org/10.1101/gad.1213504.

30. Evertts AG, Manning AL, Wang X, Dyson NJ, Garcia BA,
Coller HA. H4K20 methylation regulates quiescence and
chromatin compaction. Mol Biol Cell. 2013; 24:3025–37.
https://doi.org/10.1091/mbc.E12-07-0529.

19. Wang Z, Dao R, Bao L, Dong Y, Wang H, Han P, Yue Y,
Yu H. Epigenetic reprogramming of human lung cancer
cells with the extract of bovine parthenogenetic oocytes. J
Cell Mol Med. 2014; 18:1807–15. https://doi.org/10.1111/
jcmm.12306.

31. Dey-Guha I, Wolfer A, Yeh AC, Albeck JG, Darp R, Leon
E, Wulfkuhle J, Petricoin EF 3rd, Wittner BS, Ramaswamy
S. Asymmetric cancer cell division regulated by AKT.
Proc Natl Acad Sci USA. 2011; 108:12845–50. https://doi.
org/10.1073/pnas.1109632108.

20. Allegrucci C, Rushton MD, Dixon JE, Sottile V, Shah
M, Kumari R, Watson S, Alberio R, Johnson AD.
Epigenetic reprogramming of breast cancer cells with
oocyte extracts. Mol Cancer. 2011; 10:7. https://doi.
org/10.1186/1476-4598-10-7.

32. Powers S, Pollack RE. Inducing stable reversion to achieve
cancer control. Nat Rev Cancer. 2016; 16:266–70. https://
doi.org/10.1038/nrc.2016.12.
33. Pollack RE, Green H, Todaro GJ. Growth control in cultured
cells: Selection of sublines with increased sensitivity to
contact inhibition and decreased tumor-producing ability.
Proc Natl Acad Sci U S A. 1968; 60:126–33.

21. Dixon JE, Allegrucci C, Redwood C, Kump K, Bian Y,
Chatfield J, Chen YH, Sottile V, Voss SR, Alberio R, Johnson
AD. Axolotl nanog activity in mouse embryonic stem cells
demonstrates that ground state pluripotency is conserved
from urodele amphibians to mammals. Development. 2010;
137:2973–80. https://doi.org/10.1242/dev.049262.
www.oncotarget.com

34. Noda M, Kitayama H, Matsuzaki T, Sugimoto Y, Okayama
H, Bassin RH, Ikawa Y. Detection of genes with a potential
for suppressing the transformed phenotype associated with
activated ras genes. Proc Natl Acad Sci U S A. 1989; 86:162–6.
16025

Oncotarget

35. Amson R, Pece S, Lespagnol A, Vyas R, Mazzarol G,
Tosoni D, Colaluca I, Viale G, Rodrigues-Ferreira S,
Wynendaele J, Chaloin O, Hoebeke J, Marine JC, et al.
Reciprocal repression between P53 and TCTP. Nat Med.
2011; 18:91–99. https://doi.org/10.1038/nm.2546.

46. Terzi MY, Izmirli M, Gogebakan B. The cell fate:
Senescence or quiescence. Mol Biol Rep. 2016; 43:1213–
20. https://doi.org/10.1007/s11033-016-4065-0.
47. Coller HA, Sang L, Roberts JM. A new description of
cellular quiescence. PLoS Biol. 2006; 4:e83. https://doi.
org/10.1371/journal.pbio.0040083.

36. Chu IM, Hengst L, Slingerland JM. The Cdk inhibitor
p27 in human cancer: Prognostic potential and relevance
to anticancer therapy. Nat Rev Cancer. 2008; 8:253–67.
https://doi.org/10.1038/nrc2347.

48. Sang L, Coller HA, Roberts JM. Control of the reversibility
of cellular quiescence by the transcriptional repressor HES1.
Science. 2008; 321:1095–100. https://doi.org/10.1126/
science.1155998.

37. Guan X, Wang Y, Xie R, Chen L, Bai J, Lu J, Kuo MT.
p27(Kip1) as a prognostic factor in breast cancer: A systematic
review and meta-analysis. J Cell Mol Med. 2010; 14:944–53.
https://doi.org/10.1111/j.1582-4934.2009.00730.x.

49. Sebastian S, Sreenivas P, Sambasivan R, Cheedipudi S,
Kandalla P, Pavlath GK, Dhawan J. MLL5, a trithorax
homolog, indirectly regulates H3K4 methylation,
represses cyclin A2 expression, and promotes myogenic
differentiation. Proc Natl Acad Sci U S A. 2009; 106:4719–
24. https://doi.org/10.1073/pnas.0807136106.

38. Catzavelos C, Bhattacharya N, Ung YC, Wilson JA,
Roncari L, Sandhu C, Shaw P, Yeger H, Morava-Protzner
I, Kapusta L, Franssen E, Pritchard KI, Slingerland JM.
Decreased levels of the cell-cycle inhibitor p27Kip1
protein: Prognostic implications in primary breast cancer.
Nat Med. 1997; 3:227–30.

50. Bian Y, Alberio R, Allegrucci C, Campbell KH, Johnson
AD. Epigenetic marks in somatic chromatin are remodelled
to resemble pluripotent nuclei by amphibian oocyte extracts.
Epigenetics. 2009; 4:194–202. https://doi.org/10.4161/
epi.4.3.8787.

39. Kitagawa M, Higashi H, Jung HK, Suzuki-Takahashi I,
Ikeda M, Tamai K, Kato J, Segawa K, Yoshida E, Nishimura
S, Taya Y. The consensus motif for phosphorylation by
cyclin D1-Cdk4 is different from that for phosphorylation
by cyclin A/E-Cdk2. EMBO J. 1996; 15:7060–9.

51. Yokoyama Y, Matsumoto A, Hieda M, Shinchi Y, Ogihara
E, Hamada M, Nishioka Y, Kimura H, Yoshidome K,
Tsujimoto M, Matsuura N. Loss of histone H4K20
trimethylation predicts poor prognosis in breast cancer and
is associated with invasive activity. Breast Cancer Res.
2014; 16:R66. https://doi.org/10.1186/bcr3681.

40. Markey MP, Angus SP, Strobeck MW, Williams SL,
Gunawardena RW, Aronow BJ, Knudsen ES. Unbiased
analysis of RB-mediated transcriptional repression
identifies novel targets and distinctions from E2F action.
Cancer Res. 2002; 62:6587–97.

52. Fraga MF, Ballestar E, Villar-Garea A, Boix-Chornet
M, Espada J, Schotta G, Bonaldi T, Haydon C, Ropero
S, Petrie K, Iyer NG, Perez-Rosado A, Calvo E, et al.
Loss of acetylation at Lys16 and trimethylation at Lys20
of histone H4 is a common hallmark of human cancer.
Nat Genet. 2005; 37:391–400. https://doi.org/10.1038/
ng1531.

41. Whyte J, Bergin O, Bianchi A, McNally S, Martin F. Key
signalling nodes in mammary gland development and
cancer. mitogen-activated protein kinase signalling in
experimental models of breast cancer progression and in
mammary gland development. Breast Cancer Res. 2009;
11:209. https://doi.org/10.1186/bcr2361.

53. Gonzalo S, Garcia-Cao M, Fraga MF, Schotta G, Peters
AH, Cotter SE, Eguia R, Dean DC, Esteller M, Jenuwein T,
Blasco MA. Role of the RB1 family in stabilizing histone
methylation at constitutive heterochromatin. Nat Cell Biol.
2005; 7:420–8. https://doi.org/10.1038/ncb1235.

42. Osaki LH, Gama P. Mapk signaling pathway regulates p27
phosphorylation at threonin 187 as part of the mechanism
triggered by early-weaning to induce cell proliferation in
rat gastric mucosa. PLoS One. 2013; 8:e66651. https://doi.
org/10.1371/journal.pone.0066651.

54. Oliveri RS, Kalisz M, Schjerling CK, Andersen CY,
Borup R, Byskov AG. Evaluation in mammalian oocytes
of gene transcripts linked to epigenetic reprogramming.
Reproduction. 2007; 134:549–58. https://doi.org/10.1530/
REP-06-0315.

43. Fabris L, Berton S, Pellizzari I, Segatto I, D’Andrea
S, Armenia J, Bomben R, Schiappacassi M, Gattei V,
Philips MR, Vecchione A, Belletti B, Baldassarre G.
p27kip1 controls H-Ras/MAPK activation and cell cycle
entry via modulation of MT stability. Proc Natl Acad Sci
U S A. 2015; 112:13916–21. https://doi.org/10.1073/
pnas.1508514112.

55. Alberio R, Johnson AD, Stick R, Campbell KH.
Differential nuclear remodeling of mammalian somatic
cells by xenopus laevis oocyte and egg cytoplasm. Exp
Cell Res. 2005; 307:131–41. https://doi.org/10.1016/j.
yexcr.2005.02.028.

44. Tournier C. The 2 faces of JNK signaling in cancer.
Genes
Cancer.
2013;
4:397–400.
https://doi.
org/10.1177/1947601913486349.

56. Li J, Mao G, Xia G. FSH modulates PKAI and GPR3
activities in mouse oocyte of COC in a gap junctional
communication (GJC)-dependent manner to initiate
meiotic resumption. PLoS One. 2012; 7:e37835. https://doi.
org/10.1371/journal.pone.0037835.

45. Cellurale C, Girnius N, Jiang F, Cavanagh-Kyros J, Lu S,
Garlick DS, Mercurio AM, Davis RJ. Role of JNK in mammary
gland development and breast cancer. Cancer Res. 2012;
72:472–81. https://doi.org/10.1158/0008-5472.can-11-1628.

www.oncotarget.com

16026

Oncotarget

57. Gomis RR, Gawrzak S. Tumor cell dormancy. Mol Oncol.
2017; 11:62–78. https://doi.org/10.1016/j.molonc.2016.09.009.

62. Glaab E, Garibaldi JM, Krasnogor N. Arraymining: A
modular web-application for microarray analysis combining
ensemble and consensus methods with cross-study
normalization. BMC Bioinformatics. 2009; 10:358. https://
doi.org/10.1186/1471-2105-10-358.

58. Kangwan N, Park JM, Kim EH, Hahm KB.
Chemoquiescence for ideal cancer treatment and prevention:
Where are we now? J Cancer Prev. 2014; 19:89–6. https://
doi.org/10.15430/JCP.2014.19.2.89.

63. Carbon S, Ireland A, Mungall CJ, Shu S, Marshall B, Lewis
S, and AmiGO Hub, and Web Presence Working Group.
AmiGO: online access to ontology and annotation data.
Bioinformatics. 2009; 25:288–89. https://doi.org/10.1093/
bioinformatics/btn615.

59. Witkiewicz AK, Knudsen ES. Retinoblastoma tumor
suppressor pathway in breast cancer: Prognosis, precision
medicine, and therapeutic interventions. Breast Cancer Res.
2014; 16:207. https://doi.org/10.1186/bcr3652.

64. Supek F, Bosnjak M, Skunca N, Smuc T. Revigo
summarizes and visualizes long lists of gene ontology
terms. PLoS One. 2011; 6:e21800. https://doi.org/10.1371/
journal.pone.0021800.

60. Thangavel C, Dean JL, Ertel A, Knudsen KE, Aldaz CM,
Witkiewicz AK, Clarke R, Knudsen ES. Therapeutically
activating rb: Reestablishing cell cycle control in endocrine
therapy-resistant breast cancer. Endocr Relat Cancer. 2011;
18:333–45. https://doi.org/10.1530/ERC-10-0262.

65. Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal
analysis approaches in ingenuity pathway analysis.
Bioinformatics. 2014; 30:523–30. https://doi.org/10.1093/
bioinformatics/btt703.

61. Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP.
Determination of stable housekeeping genes, differentially
regulated target genes and sample integrity: Bestkeeper-excel-based tool using pair-wise correlations. Biotechnol
Lett. 2004; 26:509–15.

www.oncotarget.com

16027

Oncotarget

