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ABSTRACT

Many tumorigenic stimuli trigger a protective cellular response known as cellular senescence, a stable cell cycle arrest characte-
rized by an active metabolism, secretion of immunomodulatory factors and activation of tumor suppressor pathways. The senes-
cence state depends on the continuous and aberrant activation of signalling pathways. Senescent cells will remain non-dividing
as long as this aberrant signalling is maintained. However, if these signals are attenuated, senescent cells can escape form their
dormant condition and dangerously progress into tumor formation. Here we compare the transcriptome of oncogenic Ras—indu-
ced senescent cells with that of cells that escaped from senescence after attenuation of the ERK/MAP kinase signaling pathway.
We found that cells that escaped from senescence express genes associated to genetic instability and display a highly aberrant
karyotype. These cells also express genes commonly altered in the cancer transcriptome of different tissues supporting the idea
of a common gene expression program that governs cancer cells. Bioinformatic analyses identified the transcription factors most
likely regulating the gene expression programs of senescent cells and cells that escape from senescence. We propose a model
of carcinogenesis where cells that escape from senescence provide a heterogeneous population of genetically unstable cells that
can progress into malignant tumors.

Keywords: Senescent, tumor suppressor, immunity.

Muchos estimulos tumorigénicos desencadenan una respuesta celular protectora conocida como senescencia celular, la cual es
una detencion estable del ciclo celular caracterizada por un metabolismo activo, la secrecion de factores inmunomoduladores
y la activacion de vias de supresion de tumores. El estado de senescencia depende de la activacion continua y aberrante de las
rutas de sefializacion. Las células senescentes permaneceran sin dividirse el tiempo que se mantiene esta sefializacion aberrante.
Sin embargo, si se atenlian estas sefiales, las células senescentes pueden escapar de su condicion inactiva y peligrosamente
progresar a la formacion de tumores. Aqui comparamos el transcriptoma de las células senescentes oncogénicas inducidas por
Ras, con el de las células que escaparon de la senescencia después de la atenuacion de la via de sefializacion de la quinasa / ERK
MAP. Encontramos que las células que escaparon de la senescencia expresan los genes asociados a la inestabilidad genética y
muestran un cariotipo altamente aberrante. Estas células también expresan genes cominmente alterados en el transcriptoma de
diferentes tejidos cancerigenos que apoyan la idea de un programa de expresion génica comun que regula las células cancerosas.
Los analisis bioinformaticos identificaron los factores de transcripcion mas probable que regulan los programas de expresion
génica de células senescentes y células que se escapan de la senescencia. Nosotros proponemos un modelo de carcinogénesis
donde las células que se escapan de la senescencia proporcionan una poblacién heterogénea de células genéticamente inesta-

bles que pueden progresar en tumores malignos.

Palabras clave: senescencia, supresor de tumores, inmunidad.

Introduction

Cellular senescence is a tumor suppressor me-
chanism with the potential to permanently halt tumor
progression or recruit immunity effectors that eliminate
cells with the prospective to form malignant tumors."?
Senescent cells are present in premalignant lesions of
the prostate® * and the pancreas >° that usually progress
to malignant tumors. They are also abundant in benign
lesions that rarely become cancerous such as nevi 7
and benign prostatic hyperplasia. '°'? The events that
allow escaping from senescence in some lesions but not
in others remain to be established. Since senescence is
identified using a limited set of biomarkers it is plausi-
ble that senescent cells that can progress into cancers
while those that remain permanently arrested are two
distinctive cellular states. High levels of ERK kinases

activity can permanently impair cell proliferation and
they may define irreversible senescence. '

Mammary epithelial cells can spontaneously es-
cape from senescence * and this has been linked to a
downregulation of the ERK pathway.!! In a model of
Ras-induced senescence in human fibroblasts we pre-
viously reported that downregulation of ERK allows
to bypass senescence and in combination with expres-
sion of telomerase leads to malignant transformation.
! Several studies have concluded that Ras-signaling
through the ERK kinases is important for transforma-
tion and tumor progression." However, in multiple
tissues the most malignant tumors have very low levels
of activated ERK, thereby indicating a more complex
relationship between these kinases and cancer." To get
insights into the process of malignant transformation
in cells that escape from senescence we report here a
transcriptome analysis of cancer cells obtained after
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bypassing senescence by reducing ERK activity in comparison
with its premalignant senescent precursors that have very high
levels of activated ERK.

1
Methods

Cells, experimental cell biology, protein analysis and cyto-
genetics

Normal human diploid fibroblasts IMR90 were obtained from
American Type Culture Collection (ATCC, Manassas, VA). Cells
were cultured in Dulbecco’s modified Eagle medium (DMEM; Wi-
sent, Montréal, QC) supplemented with 10% fetal bovine serum
(FBS; Wisent) and 1% penicillin G/streptomycin sulfate (Wisent).
Retroviral gene transfer, senescence biomarkers, immunoblotting
and RNA purification were done as described previously." Karyo-
typic analysis were performed by the cytogenetics platform of the
Quebec Leukemia Cell Bank (http://bclq.org/).

Microarray and bioinformatic analysis

Microarray analysis was performed on total RNA purified
from three independent samples of senescent cells or cells that
escaped from senescence due to the expression of shERK2. We
used the service of Genome Québec Innovation Centre. Microar-
ray data files from triplicates of both conditions were analysed
with the FlexArray 1.6.3 software (http://genomequebec.mcgill.
ca/FlexArray) '* using Affymetrix default analysis settings. Raw
data was deposited in NCBI’s Gene Expression Omnibus (GEO)
and are accessible through the accession number GSE33613.
Biological functions were analysed using the platform DAVID
(https://david.ncifcrf.gov/) ¢ or Gene Set Enrichment Analysis
(GSEA) software. '’ GSEA computes a Normalized Enrichment
Score (NES) that reflects the degree to which a test gene set is
overrepresented in upregulated or downregulated genes of ano-
ther gene set. The significance of NES is mainly affected by the
False Discovery Rate (FDR; g-value). '7 We considered signif-
icant gene sets with a p-value < 0.05 and a g-value < 0.25. To
predict transcription factors regulating a particular set of genes
we used the Distant Regulatory Elements of Co-regulated genes
(DIRE) web-based application. '*

1
Results

Global analysis of transcriptome changes in cells that escape
from Ras-induced senescence

To compare the senescent cells transcriptome with cells that
escape from senescence becoming malignant we first expressed
the human telomerase gene hTERT in normal diploid human
fibroblasts IMR90. Then, we introduced oncogenic Ras in these
cells and either a sShRNA control or a shRNA against ERK2 (Fig.
1A). Ras induced a strong senescence phenotype in cells with
shRNA control but cells where ERK2 was downregulated mas-
sively escaped from senescence and displayed a transformed
morphology (Fig. 1B). We then prepared total RNA from these
two cell populations and obtained their transcriptome profile by
microarray analysis using the service of Genome Québec (http://
gqinnovationcenter.com/index.aspx?l=e). A total of 1048 tran-
scripts with a fold change higher or equal to 2 and a p < 0.05 ac-
cording to a two-sample Student’s t-test were used for a bioinfor-
matics analysis with the DAVID platform (https://david.ncifcrf.
gov/). '® As expected, cells that escaped from senescence express
high levels of genes annotated for functions such as the cell cycle
(p=5.0E-60), chromosome organization (p=9.0E-38), DNA repli-
cation (p=5.5E-27), mitosis (p=1.4E-54), and DNA metabolism
(p=4.3E-22) (Fig. 1C). Since most of these genes are regulated
by RB/E2F complexes, their increase in cells that escape from se-
nescence suggest that they can efficiently disable the RB protein,
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thereby releasing its inhibitory activity over the E2F transcrip-
tion factors. On the other hand, senescent cells expressed many
genes coding for proinflammatory (p= 3.6E-7) and secreted fac-
tors (p=6.1E-13) (Fig. 1D), which is a characteristic that has been
well documented in many other studies of the transcriptome of
senescent cells.

Unexpectedly, senescent cells expressed a series of kerati-
nization genes clustered in chromosome 1q21 (Fig. 1D). They
include multiple late cornified envelope genes and several small
proline-rich proteins (Fig. 1E). These proteins form a cornified
envelope under the plasma membrane of differentiated keratino-
cytes and contribute to the barrier function of the skin.  Their
role in senescence remains to be investigated but the fact that p53
regulates their expression suggest that they may be part of the
overall tumor suppression functions of senescence.? Intriguingly,
other genes located at 1q21 were also upregulated in senescent
cells and they include CTSS, TUFT1, SMCP, S100AS8, IVL, HEP-
HLI, CRCT1, Clorf46 and the long non-coding RNA LINC00302.
The differential expression of these genes between senescent cells
and cells that escape senescence can be easily visualized using
the GEO2R program available at the GEO site containing our
microarray data. Our GEO accession number is GSE33613 and
one example for differential gene expression found with GEO2R
is shown for LINC00302 in Fig. 1F.

Gene set enrichment analysis of gene expression
changes that accompany senescence escape

A pathway controlling a particular cellular function is regu-
lated by multiple genes. Small changes in many of those genes can
have a strong effect on the final output but are ignored by only
considering genes with substantial changes in expression. To cir-
cumvent this problem, gene sets has been defined for multiple
biological categories. DAVID, the bioinformatics program used
above, uses gene sets as defined by the Gene Ontology project. This
method ignores genes that may play a role not yet discovered in
a biological process and is therefore biased. Gene set enrichment
analysis (GSEA) compares microarray data to gene sets defined by
previous microarrays studies. It thus determines whether members
of a gene set are enriched at the top or the bottom of the gene ex-
pression data. 7 GSEA considers all genes in the microarray data
without arbitrary cut-off based on fold change or significance.

We used GSEA to compare the transcriptome data from
both senescent cells induced by oncogenic Ras and cells that es-
caped from this senescence after inhibition of ERK by and shR-
NA. We found that several gene sets were significantly enriched
in Ras-induced senescent cells compared to cells that bypassed
senescence (Fig. 2). First, there was an overlap with the senescent
gene set defined by Fridman and Tainsky (77 genes) from mul-
tiple microarray studies # (Fig. 2A). Of note, previous data on
the transcriptome of senescent cells compared control cells with
senescent cells that were not treated to induce senescence. > We
rather compared senescent cells with cells expressing the same
stressor (oncogenic Ras) but which escaped from senescence,
thereby refining the senescence gene signature to 20 genes. This
list includes PEA-15, a gene that controls the localization of the
ERK kinases in senescent cells. 2 A set of these genes is highly
expressed in preneoplastic lesions of the prostate (Fig. 2B), which
is consistent with the concept that senescent cells constitute a ba-
rrier for tumor progression and form the bulk of preneoplastic
lesions. 122426 Cell cycle and DNA repair genes were found
downregulated in senescent cells (Fig. 2C and 2D) in agreement
with previous studies showing that the retinoblastoma tumor su-
ppressor pathway repress the E2F transcription factors required
for the expression of these genes. '>%” Autophagy-dependent pro-
tein degradation was found to be highly active in senescent cells
# explaining the high expression of lysosomal genes observed in
our study (Fig. 2E). We also found significant overlap with a gene
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set of cytokines (Fig. 2F) and a gene set of genes regulated by re-
active oxygen species (Fig. 2G). Senescent cells are characterized
by mitochondrial dysfunction and production of high levels of
reactive oxygen species explaining the induction of ROS-respon-
sive genes.* %

Cells that escape from senescence due to ERK downre-
gulation show a decreased expression of many genes in the set
KRAS.300_UP.V1_UP that contains genes upregulated in epi-
thelial cells expressing oncogenic KRAS (Fig. 3A). These genes
may represent the ERK-dependent targets of the KRAS signalling
pathway. Surprisingly, cells that escape senescence also upregu-
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late many genes highly expressed in cells transformed by KRAS
(Fig. 3B) or genes that were downregulated by salirasib, a RAS
inhibitor (Fig. 3C). 3 Taken together, the results suggest that the
gene expression signature that underlies Ras-dependent transfor-
mation does not require high levels of ERK activation. It is also
intriguing that cells that escape from senescence express genes
linked to the adipogenic conversion of mouse fibroblasts 3T3-L1
(Fig. 3D). Ras signalling is known for stimulating adipogenesis
in this system while the ERK kinases oppose this process, ** thus
indicating another cellular response controlled by RAS that is not
dependent on the ERK MAP kinases. The genes that matched be-
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Fig. 1. Changes in global gene expression patterns in human fibroblasts that escape from senescence. (A) Immunoblots for the indicated proteins
in IMR90 cells expressing oncogenic Ras (R) or a vector control (V) and either an shRNA control (shCTR) or an shRNA targeting ERK2 (shERK). (B)
Senescence-associated -galactosidase of IMRI0 cells expressing the indicated vectors. The percentage and standard deviation of SA-b-Gal positive
cells is indicated in each panel. (C and D) Bioinformatics analysis of gene expression data with the platform DAVID. (C) Most significant annotation clus-
ters for genes upregulated in cells that escape from senescence. (D) Most significant annotation clusters for genes downregulated in cells that escape
from senescence. (E) Senescent cells express high levels of keratinization genes that cluster at the chromosome locus 1g21. (F) GEO2R allows retrieving
microarray data for selected genes. Here the long non-coding RNA LINC00302 is shown as an example.
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Fig. 2. Gene set enrichment analysis (GSEA) of genes highly expressed in senescent cells in comparison with cells that escaped from senescence. (A and
C-G) In each panel, the enrichment score (ES) along the data set is shown on the x axis of the graphic. Each vertical bar represents a gene, and genes
enriched in either condition are at the right (shERK) or left (shCTR) parts of the graph. The normalized enrichment score (NES), the p-value and the
false discovery rate (g-value) are indicated in the insert. At the bottom, each panel shows a heat map with the top 20 genes that are highly expressed
(red) in either the shERK (escape from senescence) condition or the shCTR (senescent) condition. (B) Heat maps obtained from Oncomine showing the
expression of several genes of the Fridman senescent signature (panel A) in samples from benign and malignant prostate tumors.

tween cells that escape from senescence and adipogenesis likely
represent genes required for genome reprogramming since they
have been shown to be expressed transiently as a cluster during
the first hours of conversion of fibroblasts into adipocytes. **

A network of 118 genes associated to a higher risk of breast
cancer (XPRSS-Int network) includes several genes involved in
centrosome functions. * Cells that escaped from senescence have
an enrichment of this gene set (Fig. 3E) suggesting that they may
also undergo centrosome dysfunction and chromosome instabi-
lity. We thus analysed the karyotype of cells that escaped from

Bionatura + Volumen 1/Nutmero 2

senescence due to ERK inhibition and observed a composite kar-
yotype (cp) with hyperdiploid cells (65-90 chromosomes) and
multiple chromosomal aberrations. On the other hand, tumors
recovered from mice injected with these cells show a more ho-
mogenous chromosome distribution. This suggests that chro-
mosome instability is an inherent property of cells that escape
from senescence and that in vivo tumor growth selected for clo-
nes with more stable karyotypes. Intriguingly, all cells recovered
from mice lost one X chromosome (Table). Loss of the inactive X
chromosome has been frequently observed in cells from breast

http://www.revistabionatura.com

57 —

9,



cancer. ** Remarkably, many of the genes highly expressed in cells
that escaped from senescence and which also overlapped with the
adipogenesis program and the XPRSS-Int network matched to a
gene set associated to metastatic melanoma (Fig. 3F). Together,
these results suggest that cells escaping from senescence are hi-
ghly tumorigenic. In fact, in previous work, we demonstrated that
these cells form aggressive tumors in mice. !

Identification of transcription factors regulating
the escape from senescence

To identify candidate transcription factors that could explain
the gene expression changes observed between senescent cells and
cells that escaped from senescence, we first used the web-based
platform DIRE." The top transcription factors associated to genes
upregulated in senescence was JUN (Fig. 4A), which is consistent
with previous work placing the AP1 (JUN/FOS) transcription
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factor downstream of the ERK kinases in multiple cellular res-
ponses including cell differentiation. ***” The senescence regula-
tors p53 ** and NF-«B * were also identified by the algorithm. As
expected, transcription factors of the E2F family dominated the
list associated to genes upregulated after senescence escape (Fig.
4B), indicating that inhibition of the retinoblastoma checkpoint
is a key property of growing cells.'>?" Interestingly, the transcrip-
tion factor S8, also known as PRRX2, came second in this list.
PRRX2 was recently linked to the TGFp pathway and conferred
poor prognosis to breast cancer patients.*” Using the PrognoScan
webserver we found that PRRX2 also conferred bad prognosis to
patients with lung and bladder cancer (Fig. 4C and 4D).

1
Discussion

Our gene expression analyses of cells escaping from senes-
cence uncover two apparently contradicting features. First, cells
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Fig. 4. Transcription factors associated to the transcriptome of senescent cells and cells that escape from senescence according to the algorithm DIRE.
(A and B) The percentage of target genes found in the submitted list of transcripts is shown for each potential TF (occurrence). The importance indi-
cates the product of a TF occurrence with is weight in the database. (A) Top transcription factors associated to senescent cells. (B) Top transcription
factors associated to cells that escape from senescence. (C and D) Kaplan-Meier and survival analysis using Cox regression which indicates that high
expression of PRRX2 is associated to lower survival in lung and bladder cancer.

Senescence

Fig. 5. Model of carcinogenesis. Escape from senescence may create
a population of unstable cells that can progress into a default proli-
ferative state dubbed the cancer attractor. Therapies that can restore
the normal microenvironmental cues might redirect cells that escaped
senescence into normal differentiated cells, thus preventing carcinoge-
nesis at its early stages.

Tumor attractor
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that escape from senescence have multiple genomic abnormalities
judging from their highly aberrant karyotype and the expression
of genes associated to chromosome instability. The molecular me-
chanism explaining why cells that escape from senescence exhibit
genomic instability remains to be characterized but it could be
the consequence of reduced ERK activity. Consistent with this
explanation, MEK inhibitors induced genomic instability in glio-
blastoma cell lines. ** Second, these cells express a common core
of cancer genes previously reported in multiple transcriptomes
of cancer cells. The data can be rationalized into a model of car-
cinogenesis where the escape from senescence provides an initial
cellular heterogeneity upon which selective forces act to shape
the final cellular composition of the tumor. However, and despite
this heterogeneity, these cells converge towards a gene expression
program that acts as a universal “cancer attractor” ** (Fig. 5). This
attractor operates in different tissues and in cells growing in Petri
dishes suggesting that it is an intrinsic genomic response to sig-
nals commonly generated in all those dissimilar conditions.
More than 80 years ago, Waddington speculated that cancer
is the response of cells that escape from the influence of a mor-
phogenetic field. ** The physical nature of this field remains enig-
matic but the idea implies that in the absence of their normal en-
vironment cells by default will fall into the “cancer attractor” class
and evolve into malignant tumors. On the other hand, differentia-
tion states can be considered as attractors as well, suggesting that
providing the right environmental cues, cells that escape from
senescence might also redifferentiate and avoid tumorigenesis.
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Table. Karyotype of cells that escape from senescence before
or after growth in mice

Cells Karyotype
IMR90+hTER- 41~45, X,-X, del(3)(p2?5),add(4)
T+HRasV12+shERK (p1?6),add(6)(q2?5),-7,-8,-

10,-13,add(14)(p11.2),add(14)
(p11?3),16,add(21)(p11.2),a-
dd(22)(p11.2),1~3mar,
inc[cp20]*

81~86, XXXX,-3,add(4)(p1?6)
x2,-7,-13,-16,inc[3]**

Pre-injection

Post-injection 1 45,X
(16 metaphases)
Post-injection 2 (1) 44, X-18
Post-injection 3 (2) 44,X-21
Post-injection 4 (1) 43,X -5,-18

*cp= composite karyotype, ** clone hypotetraploid, the mark indicates
that the affected chromosome band is uncertain
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