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Immortality is an essential characteristic of human carcinoma cells. We recently developed an efficient, reproducible
method that immortalizes human mammary epithelial cells (HMEC) in the absence of gross genomic changes by
targeting 2 critical senescence barriers. Consistent transcriptomic changes associated with immortality were identified
using microarray analysis of isogenic normal finite pre-stasis, abnormal finite post-stasis, and immortal HMECs from 4
individuals. A total of 277 genes consistently changed in cells that transitioned from post-stasis to immortal. Gene
ontology analysis of affected genes revealed biological processes significantly altered in the immortalization process.
These immortalization-associated changes showed striking similarity to the gene expression changes seen in The
Cancer Genome Atlas (TCGA) clinical breast cancer data. The most dramatic change in gene expression seen during the
immortalization step was the downregulation of an unnamed, incompletely annotated transcript that we called MORT,
for mortality, since its expression was closely associated with the mortal, finite lifespan phenotype. We show here that
MORT (ZNF667-AS1) is expressed in all normal finite lifespan human cells examined to date and is lost in immortalized
HMEC. MORT gene silencing at the mortal/immortal boundary was due to DNA hypermethylation of its CpG island
promoter. This epigenetic silencing is also seen in human breast cancer cell lines and in a majority of human breast
tumor tissues. The functional importance of DNA hypermethylation in MORT gene silencing is supported by the ability
of 5-aza-20-deoxycytidine to reactivate MORT expression. Analysis of TCGA data revealed deregulation of MORT
expression due to DNA hypermethylation in 15 out of the 17 most common human cancers. The epigenetic silencing of
MORT in a large majority of the common human cancers suggests a potential fundamental role in cellular
immortalization during human carcinogenesis.

Introduction

Immortality is an essential characteristic of human carcinoma
cells. We recently reported the development of an efficient and
reproducible method that immortalizes human mammary epithe-
lial cells (HMEC) by targeting 2 critical senescence barriers.1

This immortalization method uses agents pathologically relevant
to breast carcinogenesis, works with HMEC from all individuals
tested, and produces transformed lines that reflect the various
phenotypes seen in clinical breast cancer.1,2 The first senescence
barrier, stasis (stress-associated senescence), is bypassed by dis-
rupting the RB pathway—either by inhibiting p16 function
using a p16-directed shRNA or by constitutively overexpressing
cyclin D1. These post-stasis cells are then made to bypass the

second proliferation barrier, replicative senescence due to criti-
cally shortened telomeres, by transduction of a dysregulated
MYC. Importantly, this controlled genetic approach produces
non-clonal immortalized cell lines lacking gross genomic altera-
tions.1,2 Thus, these immortal cells carry minimal confounding
passenger errors, thereby providing a unique system to identify
important and still unknown participants in breast cancer
immortalization.

To identify consistent transcriptomic changes associated with
immortality, we used microarray analysis to profile the transcrip-
tomes of isogenic pre-stasis, post-stasis, and immortal HMEC. A
total of 277 genes consistently changed in cells that transitioned
from post-stasis to immortal. Gene ontology analysis of affected
genes revealed biological processes significantly targeted in the

© Lukas Vrba, James C Garbe, Martha R Stampfer, and Bernard W Futscher
*Correspondence to: Bernard W Futscher; Email: bfutscher@uacc.arizona.edu
Submitted: 09/04/2015; Revised: 09/28/2015; Accepted: 10/05/2015
http://dx.doi.org/10.1080/15592294.2015.1106673

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The
moral rights of the named author(s) have been asserted.

1074 Volume 10 Issue 11Epigenetics

Epigenetics 10:11, 1074--1083; November 2015; Published with license by Taylor & Francis Group, LLC

RESEARCH PAPER

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


immortalization process, and when compared with The Cancer
Genome Atlas (TCGA) breast cancer data, the gene changes
observed in immortal HMEC showed striking similarity to the
gene expression changes seen in clinical cancer. For example, the
8 genes that comprised the most significantly overrepresented
gene ontology, the integrin-mediated signaling pathway, were all
downregulated both during the HMEC immortalization step
and in clinical human breast carcinomas. Other common gene
ontologies affected during HMEC immortalization that are also
seen in clinical breast cancer include biological processes associ-
ated with apoptosis and programmed cell death, cell adhesion
and extracellular matrix organization, and stem cell division and
protein tyrosine kinase activity.

The most dramatic change in gene expression seen during
the immortalization step was the downregulation of an
unnamed, incompletely annotated transcript that we called
MORT, for mortality, since its expression was closely associ-
ated with the mortal, finite lifespan phenotype. MORT is a
primate-specific long noncoding RNA (lncRNA) of the long
intergenic noncoding RNA (lincRNA) class, has a long cel-
lular half-life, and is enriched in the cytoplasmic fraction.
The number of lncRNAs annotated in human genome is
approaching 60,000,3 and while their diverse mechanistic
roles have remained enigmatic and incompletely resolved,4-7

they are increasingly appreciated as regulators of normal cell
physiology.8,9 lncRNAs that play fundamental roles in cell
function include XIST in X chromosome inactivation,10-14

and HOTAIR in the control of the HOXD cluster.15 Corre-
spondingly, lncRNA dysregulation has been well docu-
mented in various diseases including cancers.16-20

We show here that MORT is
expressed in all normal finite life-
span human cells examined to date
and is downregulated or lost in
immortalized HMEC. MORT
silencing during immortalization is
linked to the aberrant epigenetic
event of DNA hypermethylation of
its CpG island promoter. This epi-
genetic silencing is also seen in
human breast cancer cell lines and
in a majority of human breast
tumor tissues. The functional
importance of DNA hypermethyla-
tion inMORT gene silencing is sup-
ported by the ability of 5-aza-20-
deoxycytidine (5-AdC) to reactivate
MORT expression. Furthermore,
analysis of TCGA data across 16
additional human cancers revealed
that deregulation of MORT expres-
sion due to DNA hypermethylation
is a frequent event in most common
human cancers. Together, these
results identify a lncRNA whose
epigenetic silencing is likely

involved in the immortalization of human epithelial cells and the
progression of multiple human cancer types.

Results

We have recently published a 2-step procedure of HMEC
immortalization using pathologically relevant agents that does
not cause gross genomic changes.1 Here we characterize gene
expression changes occurring during this immortalization process
using HMEC from 4 different individuals (women aged 19, 21,
66, and 91 years). Figure 1 shows the analyzed samples and the
steps taken to bypass the stasis and immortalization barriers. The
first step is bypassing the stasis barrier by either targeting p16
using p16sh RNA or overexpression of a ccnd1/CDK2 fusion
gene, thereby preventing RB-mediated stasis. These post-stasis
cultures are then immortalized by transduction ofMYC.

Gene expression was analyzed using Affymetrix Human Gene
1.0 ST microarrays in all 3 types of samples: finite pre-stasis
strains, finite post-stasis strains with interrupted RB pathway,
and MYC-immortalized lines. Although there were 116 genes
with at least 2-fold mean expression change after the first genetic
modification that led to bypassing stasis (Fig. 1, Table S1), none
of the changes were consistent enough across the 4 individuals to
be statistically significant (Fig. 2A). However, after the second
genetic modification, which led to immortalization, there were
significant changes in gene expression (Fig. 2B, Table S1). A
total of 277 genes were significantly changed after multiple test-
ing P-value adjustment (adj. P-value < 0.05), and 77 of these
genes were changed at least 2-fold.

Figure 1. Schema of the in vitro HMEC immortalization model and of the analyzed samples. HMEC from 4
different individuals were immortalized in vitro. The stasis barrier was bypassed by either targeting p16
using p16sh RNA or overexpression of a ccnd1/CDK2 fusion gene. The immortalization barrier was
bypassed by transduction of MYC.
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To find relationships between gene expression and pheno-
typic changes, the 277 differentially expressed genes were
tested for enrichment of Gene Ontology (GO) terms. The
significantly overrepresented biological processes (Fig. 2C,
Table S2) included positive regulation of cell death, positive
regulation of apoptotic process, death, stem cell division, and
integrin-mediated signaling pathway. The enrichment of these
GO terms in the differentially expressed genes is consistent
with the gene expression changes expected during the gain of
immortality, since they include biological processes associated
with continued cell proliferation, such as those associated
with apoptosis and programmed cell death, cell adhesion,
and extracellular matrix organization.

The integrin-mediated signaling pathway, the most overrepre-
sented GO term, is involved in multiple processes including cell
adhesion, migration, polarity, growth, and death; perturbed integrin
function has long been linked to breast cancer.21-23 Eight members
of the integrin-mediated signaling pathway were significantly down-
regulated.We determined if similar changes also occur during in vivo
carcinogenesis by comparing the data from the in vitro HMEC
immortalization step and TCGA data from clinical breast tumor
samples (Fig. 2D). All 8 genes are also downregulated to a similar
extent in clinical breast tumor tissues compared to non-tumor tissues,
indicating 100% concordance between the in vitromodel and clinical
cancer. The data comparing the in vitromodel with TCGA data for
the other 16 significantly overrepresented biological processes are

Figure 2. Gene expression changes associated with bypassing the stasis and immortalization barriers. Volcano plots of gene expression changes associ-
ated with bypassing stasis (A) and immortalization (B). Vertical dashed lines indicate 2-fold changes in expression. The horizontal dashed line indicates
0.05 adj.p-value cut-off. MORT gene (blue dot) with outstanding change in expression is labeled. (C) biological processes enriched among the genes
changed during the immortalization step. The two columns on the right indicate, for each GO biological process, the number of genes that were
changed in HMEC model and the proportion of these genes that are changed in TCGA cohort of 917 breast carcinomas in the same direction as in the
immortalization step in the in vitromodel. (D) The direction and the level of change of 8 members of integrin-mediated signaling pathway changed dur-
ing immortalization in the in vitro HMEC immortalization model. The plot shows the ratio of expression change in the in vitro model in comparison to
that observed in clinical TCGA breast carcinoma data.
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shown in Figure S1. Overall, there is good concordance between the
in vitro model of non-malignant immortalized HMEC and the
TCGAdata of breast carcinomas formost of the categories (Fig. 2C),
particularly considering that the in vitro model identifies only gene
expression changes during immortalization, while the clinical tumor
samples will have additional changes linked to malignancy. Overall,
these findings indicate that the gene expression changes observed in
our in vitro immortalization model are relevant for in vivo carcino-
genesis and likely occur early during transformation.

Apart from the significant gene expression changes in the
whole GO pathways, we identified one gene outside of GO path-
ways with an outstanding difference in expression between mor-
tal vs. immortal cells. This gene, that initially had only a numeric
designation LOC100128252 and no GO annotation, is
completely silenced during HMEC immortalization (Fig. 2B).
We named it MORT since its expression seems to be a hallmark
of mortal cells. MORT was found to be a noncoding RNA and it
is named ZNF667-AS1 in the current RefSeq release. To validate
the microarray data we performed realtime PCR analyzis of the
MORT transcript level; the microarray (Fig. 3A) and RT-PCR
(Fig. 3B) data are in good concordance. We also analyzed
MORT expression in 3 additional primary cell types: human
mammary fibroblasts, prostate epithelial cells, and human

urothelial cells, as well as in pre-stasis HMEC transduced by
MYC alone. MORT is expressed in all the primary cell samples
and MYC transduction alone does not cause its silencing (Fig.
S2). We further expanded our analysis to 16 normal human tis-
sues of Ilumina body map data. MORT is expressed, at variable
levels, in all 16 normal human tissues tested (Fig. S3). Overall,
our gene expression analysis revealed a noncoding RNA tran-
script that is expressed in all normal cell types examined and is
the most consistently and dramatically down regulated transcript
during the process of HMEC in vitro immortalization.

The MORT gene is located on chromosome 19, within the
zinc finger gene cluster 19.13. Its 1.53 kb RNA consists of 2
exons of 260 and 1270 bp separated by a 16 kb intron (Fig. 3C).
The MORT promoter overlaps a large CpG island (1.4 kb, 148
CpGs) that is shared with ZNF667 (head to head). ZNF667
expression is also downregulated during immortalization,
although much less dramatically than MORT (Table S1), possi-
bly due to its very low basal expression level that is about an order
of magnitude lower than that of MORT. Twelve kilobases down-
stream of the MORT terminator there is a promoter of ZNF471.
Since the MORT transcript is polyadenylated, it is a product of
RNA polymerase II. Although located within a ZNF gene cluster,
MORT gene does not share homology with ZNF genes. The

Figure 3. MORT expression and DNA methylation in HMEC immortalization model. MORT expression levels in individual cell type groups of the model,
determined by Affymetrix microarray (A) and RT-PCR (B). (C) MORT genomic location. The promoter part is expanded in the lower panel. The individual
CpG dinucleotides in the region are displayed as vertical black bars. The region analyzed for DNA methylation by MassARRAY is indicated by red boxes.
The CpGs covered by Illumina HumanMethylation450 array and used to analyze the TCGA data are indicated by red circles. (D) DNA methylation level of
MORT promoter in individual cell type groups of the model. P-values indicated (paired t-test) are for contrast Immortal vs. Post-Stasis.

www.tandfonline.com 1077Epigenetics



second exon of MORT contains 2 LINE (L2 and L1MB3) and
one LTR (LTR47B) repetitive elements. Based on random
chance, the MORT transcript (1.5 kb) could encode a 110 aa
peptide (Dinger 2008). The MORT transcript contains 5 ORFs
that are larger than 50 codons; however, none of them exceeds
70 codons. BlastX searches have not produced any putative con-
served protein domains in these ORFs. According to Coding-
Potential Assessment Tool (CPAT),24 MORT has a negative hex-
amer score (¡0.29) and a very low coding probability of 0.005,
resulting in absence of coding label based on CPAT. Actinomy-
cin D experiments revealed that the MORT transcript has a long
half-life, comparable to the housekeeping gene GAPDH (Fig.
S4). Cell fractionation experiments show enrichment of MORT
in the extra-nuclear fraction, suggesting a cytoplasmic function
(Fig. S5). Overall, these observations indicate that MORT is
unlikely to be a protein coding RNA and likely acts as a lincRNA
at a steady transcript level outside the nucleus.

Next, we searched for MORT orthologs in other species.
Higher primates (chimpanzee, gorilla, and orangutan) have
regions with high homology to human MORT in a homologous
genomic locus, and publicly available RNA-seq data from these
species indicate that it is expressed. Old world monkeys (baboon,
rhesus) have a region homologous to the first exon of human
MORT in the homologous genomic location; however, they do
not have a region with homology to the second MORT exon at
this genomic locus. Therefore, MORT seems to be an evolution-
arily young lincRNA that has evolved during late primate evolu-
tion and is limited to higher primates. The emergence of a
lincRNA that might have tumor suppressive activity during
higher primate evolution is consistent with the long life span of
higher primates and with the fact that a large fraction of noncod-
ing RNAs found in humans are primate specific.25

Since the silencing of gene expression is frequently acompa-
nied by DNA methylation of its promoter region, we analyzed

the DNA methylation status of the MORT promoter in mortal
versus immortal HMEC. The data show a consistent increase in
DNA methylation of the MORT promoter in immortalized cells
across the 4 individual specimens (Fig. 3D). Therefore, the
lincRNA MORT seems to belong to genes that are silenced by
DNA methylation of their promoters.

To find out whether MORT silencing is a more general pro-
cess linked to human carcinogenesis, we first analyzed our earlier
microarray expression data set from multiple breast tumors and
non-tumor tissues (Figs. 4A and S6). The microarray data show
deregulation of MORT transcript level across the tumor samples
with a decrease in expression being the predominant trend. Simi-
lar results were found within a panel of breat tumor cell lines
from the cancer cell line encyclopedia (CCLE)26 -about one half
of the tumor cell lines do not express any MORT and the level in
the other half is deregulated compared to non-tumor breast tissue
(Figures S6 and S7 ). These data suggest that MORT silencing is
a common event in human breast carcinogenesis.

We used TCGA data to further empower our analysis of
MORT in breast cancer. RNA-seq data of the MORT transcript
and Illumina HumanMethylation450 DNA methylation data
that cover several CpGs within MORT promoter region were
integrated for over 800 clinical breast tumor or non-tumor tissue
samples. The integrated transcriptome and DNA methylation
data show a highly significant decrease in the level of MORT
expression in tumors relative to non-tumor breast tissue
(Fig. 4B) that is linked to a significant DNA hypermethylation
of the MORT promoter (Fig. 4C). The strong negative correla-
tion (rho D ¡0.77) between DNA methylation and the expres-
sion of this lncRNA (Fig. 4D) strongly suggests that MORT is
epigenetically silenced in most breast cancers.

To expand the analysis ofMORT’ s role in human carcinogen-
esis beyond breast cancer, we analyzed TCGA data from 16 addi-
tional tumor types that represent the top 10 most frequent

Figure 4. MORT expression and promoter methylation in breast tissue samples and in TCGA breast invasive carcinoma cohort. (A) MORT transcript level
in a cohort of 27 breast carcinomas and 8 breast non-tumor samples as determined by Affymetrix microarray. MORT expression (B) and DNA methylation
(C) in the large cohort of TCGA breast invasive carcinoma data. P-values are from t-test. (D) integration of DNA methylation and exression data of TCGA
cohort.
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cancers found in males and females according to Cancer Facts
and Figures 2015.27 MORT is deregulated in 14 out of the 16
tumor types analyzed (Table 1, Fig. S8). The majority of the
tumor samples have MORT silenced in association with hyper-
methylation of its CpG island promoter. There is overall strong
negative correlation (rho D ¡0.6 to ¡0.8, Table 1) between
MORT promoter methylation and the MORT transcript level for
these 14 tumor types. The two exceptions where MORT tran-
script level is not decreased and its promoter stays unmethylated
are prostate adenocarcinomas and thyroid carcinomas. Overall,
these analyses suggest that MORT is generally silenced by DNA
methylation in a majority of human cancer types.

To confirm that epigenetic mechanisms are functionally
involved in cancer cell specific silencing of MORT, we tested
whether its silencing could be reactivated by treatment with the
epigenetic modifier and DNA methyltransferase inhibitor 5-aza-
20-deoxycytidine (5-AdC). The MORT-negative breast tumor
lines MDA-MB231, MDA-MB453, and MCF7 (Figures S6 and
S7) were exposed to 1 mM 5-AdC for 96 h. Each of the 3 tumor
cell lines showed a significant decrease in the level of DNA meth-
ylation of the MORT promoter and reactivation of MORT
expression after the 5-AdC treatment (Fig. 5). The treatment of
immortalized MORT negative HMEC line 184Dp16sMY by 5-
AdC also resulted in reactivation of MORT transcription (Fig.
S9). These data further support that the silencing of MORT
expression in cancer is due to the aberrant DNA methylation of
its promoter.

Discussion

In an effort to better understand the transcriptional events
associated with pathologic immortalization, we analyzed gene

expression changes that arise during the controlled genetic
immortalization of HMEC. This two-step model of non-clonal
HMEC immortalization uses pathologically relevant genetic
changes that bypass defined tumor-suppressive proliferation bar-
riers and reproducibly create immortal, non-malignant cell lines
that lack the gross genomic changes and passenger errors typically
observed in tumors.1,2 We reasoned that this model system
would allow for the identification of consistent gene expression
changes pertinent to epithelial cell immortalization itself.

We did not observe any consistent gene expression changes
among the different HMEC strains that bypassed the initial stasis
proliferation barrier through p16 inhibition or cyclin D1 overex-
pression. Since p16 appears to be the prime mediator of cell stasis
induced by sub-optimal environmental conditions, gene expres-
sion differences between the pre-stasis cells and those that were
made post-stasis by transduction with p16shRNA prior to expo-
sure to such sub-optimal environmental conditions, could well

Table 1. Correlation between MORT RNA level and MORT promoter methyl-
ation for the 17 most common cancer types. The table shows the TCGA can-
cer type and disease abbreviation and correlation coeficient rho between
DNA methylation of MORT promoter and MORT RNA level in individual
TCGA samples for particular cancer type.

Cancer Type rho

Acute Myeloid Leukemia [LAML] ¡0.65
Bladder Urothelial Carcinoma [BLCA] ¡0.79
Breast invasive carcinoma [BRCA] ¡0.77
Colon adenocarcinoma [COAD] ¡0.58
Head and Neck squamous cell carcinoma [HNSC] ¡0.62
Kidney renal clear cell carcinoma [KIRC] ¡0.78
Kidney renal papillary cell carcinoma [KIRP] ¡0.71
Liver hepatocellular carcinoma [LIHC] ¡0.62
Lung adenocarcinoma [LUAD] ¡0.80
Lung squamous cell carcinoma [LUSC] ¡0.78
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma [DLBC] ¡0.66
Pancreatic adenocarcinoma [PAAD] ¡0.72
Prostate adenocarcinoma [PRAD] ¡0.19
Rectum adenocarcinoma [READ] ¡0.60
Skin Cutaneous Melanoma [SKCM] ¡0.66
Thyroid carcinoma [THCA] ¡0.40
Uterine Corpus Endometrial Carcinoma [UCEC] ¡0.73

Figure 5. MORT is reactivated by 5-AdC treatment in 3 MORT negative
breast carcinoma tumor cell lines. MDA-MB231, MDA-MB453, and MCF7
cells were grown for 96 h in the presence or absence of 1 mM 5-AdC. The
experiment was repeated 3 times. DNA methylation of MORT promoter
was determined by Sequenom MassARRAY and MORT transcript level by
real-time PCR. P-values are from paired t-test.
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be expected to be minimal and variable among the different indi-
vidual cell strains. With respect to the cyclin D1 overexpressing
post-stasis cells, it is reasonable to predict that the overexpression
of the ccnd1/CDK2 fusion gene resulting in hyperphosphorylated
RB protein, as well as the likely phosphorylation of a number of
other substrates, could lead to significant changes in gene expres-
sion; however, the D1 post-stasis group in our study was too
small to have sufficient statistical power to decisively quantify
these changes. Despite the minimal differences in gene expression
between pre-stasis and post-stasis HMEC cultures, they display at
least one significant behavioral difference—MYC can readily
immortalize post-stasis HMEC, but cannot immortalize pre-sta-
sis HMEC.1,2

In contrast to p16 shRNA-mediated bypass of cell stasis, the
MYC-mediated bypass of replicative senescence and acquisition
of pathologic cell immortality resulted in significant changes in
expression of hundreds of genes. Evaluation of gene ontologies
that were overrepresented within the differentially expressed
genes include biological processes such as cell death, apoptosis,
stem cell division, and regulation of protein tyrosine kinase activ-
ity; all consistent with cellular pathways one would expect to be
targeted during cellular immortalization. The gene ontology
term with the most significant overrepresentation was the integ-
rin-mediated signaling pathway, which has been long associated
with human breast carcinogenesis.21-23 A comparison of these
immortality-linked genes with TCGA expression data revealed
that a large fraction of these genes are also significantly altered in
clinical breast cancer. The clinical breast tumor samples, when
compared to normal breast tissues, will have, in addition to
changes linked to immortality and malignancy, additional
changes in cell type specific genes, due to comparing carcinomas
of clonal origin to heterogeneous normal tissues containing many
cell types. Despite that, for genes changed in the immortalization
model, there was a good concordance between the in vitro model
and clinical cancer. The fact that the most dramatic gene expres-
sion changes found in the in vitro model of HMEC immortaliza-
tion are also seen in clinical breast cancer samples reinforces the
relevance of the model for the study of breast carcinogenesis and
suggests further that these gene expression changes seen in clinical
cancer may very well occur early in transformation, prior to frank
malignancy. Taken together these results illustrate the similarities
between non-malignant and malignant immortal cell lines, and
fundamental distinctions between non-malignant immortalized
lines and normal, finite lifespan cells, lending further significance
to the immortalization step in cancer progression.1,28,29

The single gene with the greatest change in expression during
the immortalization step is a long intergenic noncoding RNA
with unknown function. We designated this lncRNA MORT,
since it is present in all mortal human cells examined and is
silenced during immortalization, and might therefore be involved
in preserving cellular mortality. The MORT transcript does not
have a capacity to code for ORFs longer than what happens by
random chance and these ORFs do not share homology with
known protein domains. The MORT transcript does not have a
coding label according to CPAT.24 The recent study that anno-
tated nearly 60,000 human noncoding transcripts3 included a

ZNF667-AS1 transcript variant corresponding to MORT in the
noncoding category.

MORT probably arose during late primate evolution, since
MORT gene orthologs are only present in the genomes of higher
primates. It is possible that the increased lifespan of higher pri-
mates necessitated the rise of additional mechanisms to control
undesired cellular proliferation, with MORT serving such a func-
tion. The relative level of MORT expression in normal cells is
moderate to low; typical, although not exclusive, to lncRNAs.25

The second exon of the MORT transcript contains regions
homologous to 3 repetitive elements, indicating that this part of
the gene evolved from repetitive elements. The presence of repeti-
tive elements within the exons and its recent appearance during
evolution is also a typical feature of long noncoding RNAs.4,30,31

The noncoding nature ofMORT and its exclusivity to higher pri-
mates limits the experimental models available to study MORT
function, although it does not diminish its potential importance
in human cellular mortality or carcinogenesis.

MORT gene silencing in transformed cells appears epige-
netic in nature; we found that the loss of MORT expression
was linked to aberrant DNA methylation of the MORT pro-
moter in immortal HMEC, breast cancer cell lines, and a large
fraction of the most common human cancers. Based on our
studies in the HMEC system, the timing of this epigenetic
dysfunction appears to be at the boundary between the mortal
and immortal phenotypes. The DNA methylation level in
immortalized HMEC was relatively low, although consistent
between samples; much higher levels were seen in cancer cell
lines or in the TCGA tumor samples. This suggests that DNA
methylation is likely a consequence, or a signature, of MORT
silencing, rather than its primary cause. However, DNA meth-
ylation is likely involved in the reinforcement and mainte-
nance of MORT silencing. The ability of 5-aza-20-
deoxycytidine to robustly reactivate MORT gene expression in
both immortalized HMEC and human breast cancer cell lines
underscores the functional relevance of DNA methylation in
this gene’s silent state. Together the timing of MORT silencing
during the immortalization process and its epigenetic inactiva-
tion in 15 out of the 17 most common clinical cancers sug-
gests MORT silencing might be involved in the early,
foundational stages of human carcinogenesis.

The functional role of MORT in normal and diseased cell
physiology remains undetermined, with studies currently in
progress. Since MORT is expressed in all finite lifespan cells and
downregulated in many immortal cells, it likely plays an active
role in maintaining the mortal state. Based on the circumstantial
evidence to date, we hypothesize 2 complementary but distinct
possible mechanisms for MORT function. It may be involved in
the mechanisms that normally repress telomerase activity and
telomere maintenance in finite cells, and its expression may be
incompatible with an immortal state. OrMORTmay be involved
in mechanisms that induce cell senescence independent of telo-
mere length, such as cell cycle components, and impose senes-
cence under certain conditions that could otherwise lead to
inappropriate cell proliferation. Our preliminary data investigat-
ing the function of MORT indicate that the MORT transcript is
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exported out of the nucleus and is enriched in cellular fractions
containing ribosomes (unpublished data), suggesting that it
might be involved in the regulation of translation of its targets.
The rather long half-life of the MORT transcript indicates that
the MORT RNA likely functions at steady transcript levels that
do not vary during the cell cycle.

In conclusion, we have identified and characterized a
lincRNA, MORT, that we found to be 1) epigenetically silenced
at the immortality boundary in an experimental model of
HMEC immortalization and 2) epigenetically silenced in a large
majority of the most common human cancers. The temporal
order ofMORT loss during the in vitro arc of malignant transfor-
mation and the frequency of its aberrant silencing in clinical can-
cer suggests a possible important role during human
carcinogenesis. Consequently, MORT may potentially represent
a new target for cancer therapeutic intervention.

Materials and Methods

Cell culture
Finite and immortalized HMEC were generated and grown as

previously described.1,2,32 In brief, finite lifespan HMEC from
specimens 184 batch D, 240 L batch B, 122 L and 805P were
obtained from reduction mammoplasty tissue or normal tissue
peripheral to a tumor (805P) from women aged 21, 19, 66, and
91 years, respectively. The cells were grown in M87A medium
supplemented with 0.5 ng/ml cholera toxin, and 0.1 nM oxyto-
cin (Bachem). Retroviral transduction was performed as
described.1,2 Breast tumor lines MDA-MB231, MDA-MB453,
and MCF7 were grown as previously described.33,34

5-aza-20-deoxycytidine treatment
Cells were treated with 1 mM 5-aza-20-deoxycytidine (Sigma)

for 96 h, as previously described.33

Nucleic acid isolation
Genomic DNA was isolated using the DNeasy Blood and Tis-

sue Kit according to the manufacturer’s protocol (Qiagen). Total
RNA was harvested using TRIzol and purified using the miR-
Neasy Kit (Qiagen). The quantity of each sample was assessed
using absorbance at 260 nm on the NanoDrop 1000
Spectrophotometer.

Microarray analysis
RNA labeling and hybridization to Affymetrix GeneChip�

Human Gene 1.0 ST Arrays, and the microarray scanning was
performed according to the manufacturer’s protocols. The data
were analyzed in R programming environment.35 The raw data
from CEL files were normalized and summarized using package
oligo.36 Differential expression was tested using the package
limma.37 All p-values were adjusted to control the false discovery
rate according to Benjamini and Hochberg’s. Enrichment of
Gene Ontology terms in differentially expressed genes was tested
using package GOstats.38

The size of 2 standard deviations above the mean for random
ORF was calculated using function y D 91*ln(x)¡330 as
described.39

DNA methylation analysis by MassARRAY
DNA methylation analysis by Sequenom MassARRAY

(Sequenom) was performed as described.40 Primer sequences are
listed in Table S3. Oligonucleotides used for MassARRAY analy-
sis were ordered from Integrated DNA Technologies. Two Mas-
sARRAY amplicons covered 800 bp region including the first
MORT exon and about 500 bp upstream MORT transcription
start (Fig. 3C). The mean DNA methylation of all 26 informa-
tive CpG units within MassARRAY amplicons was used for data
presentation and statistical analysis.

Real-time RT-PCR
The reverse transcription and real-time PCR was performed as

previously described.33,41 Primers were designed for MORT,
GAPDH, MYC, and XIST and used with the Human Universal
Probe Library Set (Roche Diagnostics). Primer sequences are
available upon request. The cycle threshold (Ct) MORT values
were normalized between the samples using GAPDH Ct values.
The data were then converted into a value that is in log2 scale,
but increases with the expression level using formula 40-Ct. Since
40 was the total number of PCR cycles it was the lowest detect-
able expression level and therefore it was considered the back-
ground and set as 0 to display the data in the plots.

Online data analysis
The Illumina Human Body Map 2.0 transcriptome RNA-Seq

data were downloaded from SRA (ERP000546) and aligned to
hg19 human reference using tophat.42 The aligned RNA seq data
for breast cancer cell lines were downloaded from Cancer Geno-
mics Hub. MORT rpkm values were determined using sam-
tools.43 and custom R scripts. RNASeqV2 and Illumina
HumanMethylation450 DNA methylation data for tumor and
normal tissue samples were downloaded from The Cancer
Genome Atlas Data Portal. Mean RNA-Seq rpkm values for
exons constituting the MORT RNA were plotted against the
mean DNA methylation of the 7 CpGs from MORT promoter
region for individual samples. The spearman correlation coeffi-
cient rho between RNA level and DNA methylation was calcu-
lated using function cor.test. For the GO categories comparison
plots the raw TCGA RNA-Seq counts for individual exons were
normalized using voom function44 from the package limma and
the differential expression between tumor and normal samples
was calculated using the limma package.

Accession Numbers

The Gene Expression Omnibus (GEO) accession number for
microarray dataset is GSE72353.
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