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Senescence, the molecular program that limits the finite proliferative potential of a cell, acts as an important barrier to
protect the body from cancer. Techniques for measuring transcriptome changes and for modulating their expression
suggest that it may be possible to dissect the transcriptional networks underlying complex cellular processes. HMF3A
cells are conditionally immortalized human mammary fibroblasts that can be induced to undergo coordinated senescence.
Here, we used these cells in conjunction with microarrays, RNA interference, and in silico promoter analysis to promote
the dissection of the transcriptional networks responsible for regulating cellular senescence. We first identified changes
in the transcriptome when HMF3A cells undergo senescence and then compared them with those observed upon
replicative senescence in primary human mammary fibroblasts. In addition to DUSP1 and known p53 and E2F targets, a
number of genes such as PHLDA1, NR4A3, and a novel splice variant of STAC were implicated in senescence. Their role
in senescence was then analyzed by RNA silencing followed by microarray analysis. In silico promoter analysis of all
differential genes predicted that nuclear factor-kB and C/EBP transcription factors are activated upon senescence, and we
confirmed this by electrophoretic mobility shift assay. The results suggest a putative signaling network for cellular

senescence.

INTRODUCTION

Fibroblasts isolated from normal human tissue have a lim-
ited replicative potential in vitro. After a certain number of
divisions, they become “senescent” and are irreversibly ar-
rested with a characteristic enlarged and irregular morphol-
ogy (Bayreuther et al., 1988). Senescence also can be prema-
turely induced by DNA damage (Robles and Adami, 1998),
oxidative stress (Chen et al., 1998), and some oncogenes
(Serrano et al., 1997). Progressive shortening of the telomeres
or changes in telomeric structure are thought to trigger
replicative senescence in human cells (Allsopp ef al., 1992;
Masutomi et al., 2003). Although some studies have found
that the catalytic subunit of human telomerase (hTERT)
alone can apparently immortalize several different types of
somatic cells (Bodnar et al., 1998), by itself it was not suffi-
cient to immortalize adult human mammary fibroblasts
(O’'Hare et al., 2001). Similar findings have been shown for
human epithelial cells (Kiyono ef al., 1998), myoblasts (Di
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Donna et al., 2003), and melanocytes (Sviderskaya et al.,
2003).

The simian virus 40 (SV40) large tumor antigen (LT) was
required in addition to hTERT to immortalize human mam-
mary fibroblasts (O’Hare ef al., 2001). LT is a viral oncopro-
tein that binds and inhibits the activity of several proteins,
including p53 and Rb (Ali and DeCaprio, 2001). Rb and its
family members p107 and p130 affect the activation of the
E2F family of transcription factors (DeGregori, 2002). How-
ever, inhibition of Rb and p53 is insufficient for the immor-
talization ability of LT, even in rodent cells that do not
require hTERT (Powell et al., 1999; Sachsenmeier and Pipas,
2001).

Senescence involves proteins such as Rb, p53, and the
kinase p38 (Davis et al., 2003; Iwasa et al., 2003). However,
p53 and Rb also are involved in nonpermanent arrest such
as that induced upon growth factor deprivation (Itahana et
al., 2002), and it is not yet clear what differentiates the
irreversible and reversible processes of cell cycle arrest.

The advent of DNA microarrays has allowed for a sys-
tematic examination of the effects on the transcriptome of a
number of diverse conditions such as starvation (Iyer ef al.,
1999), stress (Park et al., 2002), immortalization with onco-
genes (Schwarze et al., 2002), telomerase inhibition (Damm et
al., 2001), and serial passaging of cells through to replicative
senescence (Shelton et al., 1999; Zhang et al., 2003). Others
have used microarrays to identify the targets of transcription
factors such as p53 and E2F (Ishida ef al., 2001; Wang et al.,
2001). Currently, a major challenge is to identify the roles of
the induced and/or repressed genes and to decipher the
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signaling networks that regulate the different groups of
genes in cellular processes such as senescence.

By using a combination of mathematical modeling and
experimental perturbation of selected genes, it is hoped that
the architecture of the cellular gene regulatory networks can
be deciphered (Tegner ef al., 2003). Microarray studies have
been used in conjunction with gene deletions in yeast (Wag-
ner, 2002) in an attempt to do this. Another approach has
been to examine the upstream sequences of genes coregu-
lated in microarray studies to find common transcription
factor binding sites (Tavazoie et al., 1999). The discovery that
short 20-mer double-stranded RNA oligonucleotides can
target mRNA for degradation in a gene-specific manner
(Elbashir et al., 2001) provides a way of studying the contri-
butions of a gene to a particular process. This is further
facilitated by the availability of vectors that allow for per-
manent production of the double-strand RNAs within the
cell (Brummelkamp et al., 2002b).

Cellular senescence is commonly studied by the serial
cultivation of primary cells. However, studies with human
cells are complicated by the genetic and epigenetic variation
that can exist between different donors as well as phenotypic
differences between cells in the original isolates. Further-
more, in such cultures there can be growth-arrested cells in
early passages and dividing cells toward the later passages,
and this proliferative heterogeneity may mask small
changes in gene expression. To overcome some of these
problems, we have a developed a cell system in which cells
can be induced to undergo senescence synchronously. This
was done by retrovirally introducing hTERT and a temper-
ature-sensitive non-DNA binding mutant (U19tsA58) of
SV40 LT into adult human mammary fibroblasts (O'Hare et
al., 2001).

Four fibroblast lines (HMF3A, B, C, and D) were created
from the same pool of donor cells, differing only in the order
and timing of the sequential transductions. The phenotypes
of the lines have been examined at intervals during 3 yr of
continuous culture. Each has been longitudinally profiled
for biological parameters that included morphology, tem-
perature sensitivity, growth rates, growth factor and serum
dependence, sensitivity to apoptosis, and anchorage-inde-
pendent growth. An in depth analysis of their karyotypes
was carried out concurrently (Fauth et al., 2004). In this
context, the line HMF3A was the most “normal” of the lines
in terms of overall phenotypic stability, remaining strin-
gently temperature sensitive and showing no signs of trans-
formation in >300 population doublings postexplantation.

Here, we present a study of the gene expression changes
that occur upon senescence in HMF3A cells and how they
relate to those seen in primary cells serially passaged
through to senescence and in cells reversibly arrested by
serum deprivation. Furthermore, using RNA interference
(RNAi), we examine the role in senescence of several genes
identified in the study. We also investigated in silico the
proportional occurrence of known transcription factor bind-
ing sites in the coregulated genes, to determine whether this
approach can be used to ultimately build a computational
model of cellular senescence.

MATERIALS AND METHODS

Antibodies

Antibodies used were IL-18, MKP-1, ID1, p21, p107, p130, GADD34, G-CSF,
MEIS2, C/EBPa (C-18), C/EBPy (E-19), and C/EBPB (H-7) (Santa Cruz Bio-
technology, Santa Cruz, CA); BUB1B (Exalpha Biologicals, Maynard, MA),
HMGB2 (BD Biosciences PharMingen, San Diego, CA); and LT and p53
(PAb416 and 421(Harlow et al., 1981). Double-stranded oligonucleotides with
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binding site for nuclear factor-«B (NF-«B), AP-1 (both from Promega, Madi-
son, WI), and Myc and C/EBP (Santa Cruz Biotechnology) were used in
electrophoretic mobility shift assay (EMSA). Reverse transcription-polymer-
ase chain reaction (RT-PCR), Western blotting, and EMSA were performed as
published previously (Lassar et al., 1991; Benvenuti et al., 2002). The RT
reactions were checked by PCR with primers for glyceraldehydes-3-phos-
phate dehydrogenase to check that levels were equal. Image] (http://rsb.in-
fo.nih.gov/ij/) was used for densitometry.

Retroviral Generation of Cell Cultures

Generation of the HMF3A culture from primary breast fibroblasts was de-
scribed previously (O'Hare et al., 2001). The same primary fibroblasts were
infected with the hTERT retrovirus in the pBabeHygro vector (at passage 4)
and with the wild-type U19 LT in the pZipNeoSV(X)1 vector (at passage 6) to
produce the HME3Dwt cells.

Annealed 64mer-DNA oligonucleotides (Sigma-Genosys, Haverhill, United
Kingdom) were ligated into pSUPERretro as described previously (Brum-
melkamp et al., 2002b). The regions targeted for silencing were GATGTTCTCT-
TGCCACTTG-STACB, CTACGAACTCAAGCCTTCC-NR4A3, CGACATCAA-
CATCCTGCGC-GADD45A, CACCACTGGTTTCCCGAAA-BTG2, AGTTACCA-
GGGCCCTTGAT-BTG3, TCCTGCCCTTTCTGTACCT-DUSP1, and GTGITG-
CATCCTCACCGAG-PHLDAL.

HMF3A, HMFE3Dwt, and the cultures derived from them were routinely
cultured at 33°C, 5% CO, in DMEM supplemented with 10% (vol/vol) fetal
calf serum (FCS) and antibiotics. For the experiments presented here, cells
were used between passages 19 and 63. Quiescence of HMF3A cells was
achieved by washing twice in phosphate-buffered saline and incubating them
in DMEM with 0.25% (vol/vol) FCS for 1 wk at which time they were
confluent. For neutralizing transforming growth factor-8 (TGF-), anti-TGF-$
antibody (0.5 pug/ml; R&D Systems Europe, Oxford, United Kingdom) was
added to fresh medium every 3 d.

RNA Extraction and cDNA Microarrays

RNA was extracted using TRIzol reagent (Invitrogen, Paisley, Scotland) as per
the manufacturer’s instructions. cONA was labeled with either Cy3 or Cy5 as
per Sanger protocol 5 (www.sanger.ac.uk/Projects/Microarrays/arraylab/
methods.shtml). The labeled cDNA was hybridized to Hver 1.1.1,1.2.1 or 1.3.1
DNA microarrays (Wellcome Trust Sanger Institute, Cambridge, United
Kingdom) as per Sanger protocol 6.1 or 6.2. Reciprocal (flip-fluor) labelings
were always performed. These arrays have just under 10 000 DNA elements
(because some genes are represented by two or more different elements,
~6000 different genes are represented). At least four arrays were hybridized
for each comparison with at least two biological replicates (except where
primary cells were directly compared with immortalized cells). The two
channels were normalized by Lowess normalization by using GeneSpring
version 5 (Silicon Genetics, Redwood City, CA). Raw and normalized data are
deposited in the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/). Lists of regulated genes were made using SAM (Tusher et al.,
2001). Unless otherwise stated a delta N value was chosen so that the median
number of false positives was ~5% of the total number of significant genes.
Except for the RNAI lists, gene lists from SAM were filtered to have cut-off
average ratios greater than 1.3, and thus the reported level of false positives
are actually overstated. Gene clustering was performed using standard cor-
relation in GeneSpring version 6.

EnsMART was used to convert Sanger clone IDs to GenBank accession
numbers, and EZ-retrieve (Zhang et al., 2002) was used to detect the propor-
tion of binding sites for the different transcription factors in the region 750 bp
upstream and 250 bp downstream of the transcription start site. Duplicate
genes were removed from these lists before submission to EZ-retrieve. Unless
otherwise stated a cut-off score of 85 was used when searching for transcrip-
tion factor binding sites. Accession numbers for the mouse and rat homo-
logues for these genes also were obtained via EnsMART and submitted to
EZ-retrieve.

RESULTS AND DISCUSSION

LT Inactivation in Conditionally Immortalized Cells

HMEF3A cells cease proliferating by 4 d at 39°C, and after 7 d
the cells are irreversibly arrested. We directly compared the
gene expression profiles of cells at 33°C and cells shifted to
39°C for 7 d (10 arrays, 3 biological replicates; Figure 1). To
eliminate genes that change in response to the temperature
shift, we compared the profiles of HMF3Dwt cells at 33°C
and those shifted up to 39°C for 7 d (4 arrays, 2 biological
replicates; Figure 1). Because HMF3Dwt cells were immor-
talized with wild-type U19 LT antigen, they proliferate at
both temperatures. They actually proliferated slightly faster
at 39°C, but upon shift up to 39°C from 33°C they showed an
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Figure 1. Outline of the experimental conditions used for microarray comparisons. Primary breast fibroblasts (HMF3) were either
immortalized with the catalytic subunit of human telomerase (hTERT) and wild-type LT antigen (LTwt), conditionally immortalized with
hTERT and temperature-sensitive LT antigen (LTts), or passaged through to senescence. The HME3Dwt cells have LTwt and continue to
proliferate when cultured at 39°C. The HMF3A cells have LTts and become senescent after 7 d at 39°C. RNAIi lines were created by

introducing pSUPER vector constructs into HMF3A lines.

increase in p21 and other genes associated with growth
inhibition (Supplemental Table 1). Because some of these
genes, such as p21 regulate cell proliferation (Lodygin ef al.,
2002), only those genes whose change in expression upon
temperature shift in HMF3Dwt cells was 0.77-fold or greater
than their change in HMF3A cells (for up-regulated genes)
or 1.3-fold or less (for down-regulated genes) were excluded
from the list.

We also performed several further comparisons on the
arrays (indicated schematically in Figure 1). We first com-
pared our model system to primary fibroblast senescence
achieved through serially passaging cells until they cease
proliferating. The primary fibroblasts (HMF3) from which
HME3A and HMF3Dwt were derived (O'Hare et al., 2001)
were serially passaged twice through to senescence to yield
two independent sets of RNA. A third set of RNA was
prepared by passaging fibroblasts from a different female
donor (F1068) through to senescence. The donor of HMF3
was 20 years of age, whereas the donor of F1068 was 26. For
these experiments, the early passage proliferating cells were
directly compared with senescent cells, and the three differ-
ent sets of RNA were hybridized to four arrays each (GEO
accession no. GSE687). To see how similar the primary cells
were to HMF3A, HME3A cells at 33°C were directly com-

Vol. 16, February 2005

pared with the early passage-proliferating primary donor
fibroblasts.

In regard to the changes after 7 d at 39°C, to determine
which changes were occurring first, we compared HMF3A
cells at 33°C to cells shifted to 39°C for 2 d. To determine
which expression changes were not reversed when LT was
reactivated, HMF3A at 33°C were compared with HMF3A
cells shifted to 39°C for 7 d and then shifted back to 33°C for
3 d or 7 d. Furthermore, as a comparison with the irrevers-
ible process of senescence, we sought to identify genes that
changed upon reversible growth arrest, quiescence. Thus,
changes that occurred when HME3A cells were grown to
confluence and starved also were determined (2 biological
replicate, 6 arrays; GEO accession no. GSE688).

These further comparisons provided a wealth of data on
the changes that occur with primary cell senescence (Sup-
plemental Table 2), reversible growth arrest (Supplemental
Table 3), immortalization (Supplemental Table 4), 2-d inac-
tivation of LT (Supplemental Table 5), and reactivation of LT
(Supplemental Table 6). Here, we focus on the genes that
change after LT inactivation for 7 d. We were able to divide
the list of the genes that change in response to LT inactiva-
tion after 7 d into several different groups (Supplemental
Figures 1 and 2 and Supplemental Table 7). The differences
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between proliferating primary and proliferating immortal-
ized (HMF3A) cells are referred to as changes upon immor-
talization. The list generated here (Supplemental Table 4) is
meant to be mainly used to see how genes that changed
when LT was inactivated behaved when LT/hTERT was
first introduced. It is interesting to compare the differences
between primary cells and serially passaged senescent cells
(Supplemental Table 2) and between primary cells and
HME3A cells (Supplemental Table 4), to see which changes
occurred even in the presence of LT/hTERT. The difference
in the temperature that the primary (37°C) and HMF3A
(33°C) cells were cultured at also can be taken into account
by examining the genes whose expression changed in the
temperature-insensitive model (Supplemental Table 1).

Changes in Primary Fibroblast Senescence

Gene expression changes in common between primary cell
senescence and LT inactivation (Supplemental Figures 1 and
2) include DUSP1, RGS3, NR4A3, growth arrest-specific
(GAS) 6, PLOD2 and neprilysin (MME), and IGFBP4 (all
up-regulated), and FOXM1, nuclear ribonucleoprotein Al
(HNRPAT), HMG17L1, CDC25B, CENPF, regulator of cyto-
kinesis (PRC1), and ubiquitin-conjugating enzyme 2C
(UBE2C) (all down-regulated). Genes that changed in pri-
mary cell senescence but not the model system include the
metallothioneins, which were up-regulated. For all three
clones of SERPINB2 and of AKR1B1, significant up-regula-
tion was seen later than 7 d (Supplemental Table 6). Like-
wise, collagen 6A3 (COL6A3), collagen proteinase enhancer
(COLCE), osteoblast-specific factor-2 (OSF2), and MGP were
all significantly down-regulated in primary cells and only at
a later time in HMF3A cells.

A large number of the changes detected in the model
system (such as up-regulation of p21 [CDKN1A], BTG2, and
collagenase MMP2 and down-regulation of MEST and cyclin
A2 [CCNAZ2]) were not significant in the primary cells but
have previously been found to change upon serial passaging
of primary cells to senescence (Shelton et al., 1999; Lodygin
et al., 2002; Schwarze et al., 2002). Many more changes were
detected using the model system, partly due of course to the
greater number of replicates. However, it also was clear that
results obtained from the model system were more bio-
logically reproducible, most likely to be due to the asynchro-
nous nature of the growth arrest in serially passaged pri-
mary cells and that this added to the increased significance
of the results. The proliferating primary fibroblasts used in
this study were from adult tissue and had already under-
gone several divisions. The use of cells from different donors
also added to the heterogeneity of the response. This high-
lights the importance of developing an inducible model
system in which changes can be detected with greater sen-
sitivity and which is then reproducible enough to be used to
examine the importance of these changes.

Changes Associated with the Introduction of LT into
Primary Cells

In the case of some of these genes, changes in RNA levels
upon immortalization (and LT expression) preceded the
opposite change observed upon inactivation of LT. An ex-
amination of the profile of CDKN1A reveals that its expres-
sion actually significantly decreases upon immortalization
(Supplemental Table 4) and then increases upon inactivation
of LT at 2 and 7 d. Other 7 d, up-regulated genes whose
expression was decreased upon immortalization include
quiescin (QSCN®), translocon-associated protein delta sub-
unit (SSR4), and thioredoxin interacting protein (TXNIP)
(Supplemental Figure 1C).
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Conversely PRC1, FOXM1, TK1, and HMGB2 were up-
regulated by immortalization and down-regulated with LT
inactivation (Supplemental Figure 2C). Many of the down-
regulated genes, such as PRC1, UBE2C, ANKT, HMGB2,
Aurora-IPL1-related kinase (STK15), KIAAO0101, uracil-
DNA glycosylase (UNG), KNSL4, CCNA2, SYNGR2, NEK2,
and CDC25C have been identified by microarray and other
studies as being under the control of E2F1 and/or 4 (Ishida
et al., 2001; Ren et al., 2002; Stanelle et al., 2002; Weinmann et
al., 2002). However, they may not necessarily have been
direct transcriptional targets in some of these studies.

Changes Associated with LT Inactivation

Some of the changes are consistent with reversal at 39°C of
known effects of LT binding of p53 and pRb. An inspection
of the genes up-regulated after 2 d of LT inactivation reveals
that some of the gene expression changes observed after 7 d
inactivation had already occurred by 2 d (Supplemental
Figure 1C) and suggests that p53 had been activated. Known
p53-responsive genes, including PIGPC1, CDKN1A, BTG2,
PIG3, and CYFIP2 (Kannan et al., 2001; Mirza et al., 2003),
were already increased. The p53 protein is unstable, and
although LT inactivates its transcriptional activity, it also
protects it from degradation. Western blotting revealed that
both LT and p53 had decreased after a 2-d shift up (Figure
2A), indicating that p53 had been released by LT and was
free to activate transcription of responsive genes.

Likewise, many of the known and putative E2F targets
down-regulated after 7 d also were down-regulated after 2 d
(Supplemental Figure 2C), indicating that Rb had been re-
leased from LT and was free to sequester the E2F transcrip-
tion factors. Furthermore, dephosphorylation of Rb (and
hence activation) could be seen by 2 d (Figure 2A). However,
the protein levels of Rb and family members p107 and p130
also decreased with LT inactivation (Figure 2A), which is
consistent with their known regulation by E2F at the tran-
scriptional level (DeGregori, 2002).

Many of the putative p53 and E2F targets could be respon-
sible for the growth arrest. Up-regulation of p21 or BTG2 has
been shown to halt the cell cycle as has inhibition of
HMGB2, PRC1, or FOXM1 (Tirone, 2001). A cell lacking
genes involved in cytokinesis or DNA synthesis also will be
unlikely to proliferate. Increased expression levels of many
of the down-regulated genes (such as those regulated by
E2F) are associated with particular stages of the cell cycle
such as mitosis and as such would not be expressed upon
quiescence. Because LT inactivates p53 and Rb, the results
obtained from quiescence of HMF3A cells are somewhat
unexpected. However, several of the proposed E2F-regu-
lated genes (including STK15 and UBE2C) were down-reg-
ulated (Supplemental Figure 2B). This may be due to an
Rb-independent effect on E2F. Although the decrease in the
level of the cell cycle-associated genes may explain the lack
of proliferation, it does not reveal what makes senescence
irreversible or what distinguishes senescence from quies-
cence at the molecular level.

Changes That Occur with Reactivation of LT

In this model system, when LT is reactivated by returning
the cells to 33°C, some cells undergo apoptosis, whereas
others do not proliferate. Interestingly, the expression pro-
files of HME3A cells shifted back to 33°C after 7 d at 39°C
reveal that many cell cycle-associated genes were no longer
down-regulated. Also, p53 targets such as p21 and BTG2 are
no longer up-regulated. In fact, many of the changes that
occur upon LT inactivation do not remain “detectably”
changed when the cells are switched back to 33°C for 7 d

Molecular Biology of the Cell
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(Supplemental Figure 2A) even though the cells do not
divide.

Therefore, the genes that remain unchanged when LT
antigen is reactivated are particularly interesting. These in-
clude DUSP1, DUSP4, DUSP5, STAT1, BIRC3 and 2 (inhib-
itor of apoptosis protein 1 and 2), PRNP (prion protein),
SOX9, BTG3, TSC22, GADD45A, and PPP1R15A (GADD34)
and NR4A3 (Supplemental Figure 1E) and the down-regu-
lated CALM3 (calmodulin 3), DPYSL3 (ULIP protein), PTMS
(parathymosin), and MEIS2 (Supplemental Figure 2E). Some
of the up-regulated genes such as TSC22 are TGF-B induc-
ible. However addition of a pan-neutralizing anti-TGF-3
antibody did not make a detectable difference to the gene
expression profile or affect cell proliferation when cells were
shifted back to 33°C for 3 d (our unpublished data).

Western blots confirmed that increased expression of
DUSP1 (MKP-1), PPP1R15A (GADD34), IL1B, CSE3, and
CDKN1A upon LT-inactivation led to increased protein lev-
els (Figure 2A). The levels of several proteins such as CSF3,
p53, meis2, and MKP-1 were different in HMF3A and
HME3Dwt cells at 33°C (Figure 2A). These differences were
reproducible, and microarray comparisons (our unpub-
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103 1.03 1.10 119 082

lished data) between other lines derived from the HMF3
primary cells such as HMF3B, HMF3C, and HMF3D
(O'Hare et al., 2001) show that there are differences between
these cells at the gene expression level. A comparison of the
gene profiles of these lines and how they relate to the phe-
notypes of the lines is underway, but due to space limita-
tions is not discussed here.

As predicted, MEIS2, 1d1, HMGB2, and BUB1B were
down-regulated (Figure 2A). Interestingly the level of
HMGB2 did not increase once LT was reactivated as pre-
dicted by the arrays. The level of p130 also failed to return to
that seen in unshifted cells, in contrast to p107 (Figure 2A).
As mentioned below (Figure 3A), RT-PCR results for
HMGB?2 indicate that there was some increase in HMGB2
RNA when cells were returned to 33°C, and so the lack of an
increase in protein may be the result of regulation at the
level of translation.

Some genes such as GADD45A, CEBPG, and PPP1R15A
were regulated in opposite directions in quiescence and
senescence. Increases in p53 targets were not detected, al-
though p53 has previously been shown to be activated upon
starvation (Itahana et al., 2002). Such behavior is not typical
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Figure 3. Differences in the RNAI lines. RT-PCR was used to determine the effectiveness of the stable RNAi vectors against BTG2, BTG3,
NR4A3, and PHLDA1. (A) HME3A cells containing the various p-SUPER vectors were shifted to 39°C for 7 d, and 3A-BTG2i cells also were
shifted back to 33°C for 7 d. (B) The protein levels for MKP-1 (product of the DUSP1 gene) and IL-1B were examined for the various RNAi
cultures after the cells were shifted to 39°C for 7 d. (C) The DNA binding activity of AP-1 was measured by EMSA after 7 d of LT inactivation
in the DUSP1i and control cells. A cold competition (cc) control sample was used to assess the specificity of the band. (D) Staining of cells
shifted to 39°C for 2 wk and then either shifted back to 33°C for 2 wk (back to 33°C) or left at 39°C for another 2 wk (39°C) was performed
for 3A-STACBI, 3A-PHLDALII, and control cells. (E) Comparison of the structure of STAC and the splice variant STACB. RT-PCR were
performed with various primer combinations (1-6). If STACP has the same transcription start site as STAC, it would code for a shorter protein
with the sequence given here, with the underlined area indicating where it would be different from STAC. For RNAi, a target sequence (+)
was used that was only in STACR. The resulting cells (39*) did have less STACB mRNA than control cells, when compared after shifting of
both cells to 39°C for 7 d. RT-PCR were performed three times with different RNA lysates. In addition to this samples were taken at three
different times to ensure that the reaction was in the linear amplification stage. Westerns were performed at least twice by using different
lysates. EMSA were performed three times by using different lysates.
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Table 1. Percentage of up- and down-regulated genes with one or more transcription factor matrices present in the region —750 and +250
bp of the transcription start site, as obtained from EZ-Retrieve, by using a cut-off of 85 for matrix matching

Human Mouse
2d 7d Back to 33C 2d 7d Back to 33C
Up Down Up Down Up Down Up Down Up Down Up Down

M00051 NEF-kap 28 20 21 16 16 17 9 21 15 17 17 11
MO00052 NF-kap 24 14 27 18 28 20 35 33 27 18 26 24
M00054 NF-kap 37 24 39 23 32 29 34 33 31 22 38 31
MO00053 c-Rel 52 47 49 52 46 38 50 53 45 50 49 48
MO00116 C/EBPa 24 14 30 21 30 17 19 21 31 21 28 22
MO00117 C/EBPb 13 15 24 19 32 20 12 18 20 17 24 18
M00001 MyoD 32 32 27 33 30 33 32 24 26 31 26 27
MO00002 E47 24 11 17 15 19 18 24 15 21 17 20 20
M00203 GATA-X 30 37 38 38 42 42 44 39 44 38 53 44
MO00131 HNE-3b 37 38 37 34 42 47 45 39 47 32 50 46
MO00087 k-2 69 69 69 72 70 68 72 65 67 75 75 74
MO00063 IRE-2 5 11 10 13 5 14 7 3 9 13 9 7
M00173 AP-1 43 37 43 33 42 39 54 33 43 36 40 37
MO00162 Oct-1 20 18 25 15 24 26 22 27 24 15 19 33
M00096 Pbx-1 32 31 31 34 33 32 35 39 35 33 39 35
MO00042 Sox-5 28 21 29 26 25 23 19 33 29 27 22 22
M00032 c-Ets- 58 71 62 71 66 74 62 80 60 71 69 57
MO00059 YY1 18 16 16 17 16 18 15 21 18 15 14 16
M00073 deltaE 66 71 58 68 68 72 74 65 66 67 65 77
MO00113 CREB 24 31 29 23 29 20 27 56 28 25 31 18
M00003 v-Myb 7 14 14 13 12 9 14 24 15 12 13 22
MO00055 N-Myc 18 28 21 28 28 18 35 39 29 27 34 27
M00024 E2F 0 5 0 3 0 2 0 0 0 2 0 0
MO00050 E2F 58 75 57 64 60 63 49 74 51 63 52 55
M00108 NRE-2 28 39 22 30 23 21 22 27 20 31 31 22
MO00007 Elk-1 3 10 8 7 6 6 5 6 5 8 10 5
M00025 Elk-1 28 46 26 33 27 23 22 39 27 33 34 16
cut off 90
M00053 c-Rel 26 16 28 14 23 14
MO00025 Elk-1 11 18 6 13 6 9
M00032 c-Ets- 24 39 22 28 25 20
MO00050 E2F 9 19 10 17 15 12

The same analysis was performed for the mouse homologues of the changed genes.

of quiescence in normal cells and is likely to be due to LT
inhibiting p53 in HMF3A cells. The increase of other genes
such as PRNP and DUSP6 implies they are coregulated by
another factor that also may be activated by LT inactivation.

Searching for Patterns in the Promoter Elements for
Coregulated Genes

Transcription factors not only bind unique DNA sequences but
also have a degree of nonspecificity in their sequence recogni-
tion. Thus, whether a transcription factor binding site exists in
a promoter sequence cannot simply be determined by search-
ing for an exact sequence. Instead, matrices are used that give
the different nucleotides various weightings depending on
their importance for transcription factor binding. A collection
of these matrices exists in the TRANSFAC database (http://
www.gene-regulation.com/pub/databases.html#transfac). A
transcription factor matrix provides a score on how well a
sequence (usually 5-20 base pairs long) matches a binding site.
The relative occurrences in the lists of up- and down-regulated
genes of a set of transcription factors (TRANSFAC matrices)
was compared (Table 1 and Supplemental Table 8). We re-
peated the analysis using just the sequence upstream of the
promoter (Supplemental Table 8) and observed similar pat-
terns as when using the up- and downstream sequence. Many
transcription factor motifs such as those for GATA-X, Pbx-1,
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and YY1 occurred in approximately equal proportions for the
up- and down-regulated genes (Table 1).

Two matrices (M00024 and M00050) can be used for E2F.
The first matrix is more stringent and occurs with lower
frequency. A greater proportion of down-regulated genes
after 2 or 7 d, than up-regulated genes, had at least one
match to M00050. This pattern was clearer when a greater
matrice cut-off (90) was used (Table 1) or when the criterion
was altered to include a promoter containing two or more
matches (Supplemental Table 8). A similar pattern was seen
for the corresponding mouse homologues. This suggests
that this relatively simple approach could indicate changes
in the activity of transcription factors.

Up-regulated genes were more likely to have binding sites
for NF-«B (7 d), C/EBP« (7 d), or E47 (2 d) than the down-
regulated genes. We therefore examined changes in DNA
binding activity for NF-«B and C/EBP by EMSA. Increased
DNA binding activity after LT inactivation was confirmed
for NF-«B and C/EBP (Figure 2B). LT inactivation increased
the intensity of the multiple bands typically seen in EMSA
for NF-«B due to the presence of different dimer combina-
tions. The specific band for C/EBP was supershifted by
antibodies against C/EBPa and C/EBPf but not C/EBPY.
Whereas C/EBPa is present, its levels do not increase,
whereas those of C/EBPB do increase (Figure 2B). C/EBPy
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protein expression could not be detected with the antibody
used (our unpublished data), even though the C/EBPy RNA
(CEBPG) does increase with LT inactivation and stays in-
creased upon reactivation of LT (Supplemental Figure 1E).
Due to the lack of a positive control, it cannot be determined
whether the lack of C/EBPYy protein (and supershift) is real
or a result of poor antibody binding. Overexpression of
either C/EBPa or B or both can induce differentiation
and/or growth arrest in different cell types (Parkin et al.,
2002). C/EBP and NF-«B coregulate many genes involved in
the immune response, and C/EBP/NF-«B composite ele-
ments were found in IL1B and CSF3 (Shelest et al., 2002), two
of the genes for which protein up-regulation was confirmed
here. Increased NF-«B activity also is associated with pro-
tection from apoptosis and when activated with p53 may
help the cell favor growth arrest over apoptosis (Heinrichs
and Deppert, 2003).

The possibility that E47 was activated was not followed
up. Activation of E47 along with that of its family members
is associated with differentiation, and it has been shown that
Id-1 negatively modulates E47 family members (Liu et al.,
2002). The down-regulation of Id-1 protein levels upon LT
inactivation was confirmed (Figure 2A), and this down-
regulation has previously been associated with senescence
(Sikder et al., 2003).

A smaller proportion of the genes up-regulated after 2 or
7 d of LT inactivation have binding sites for N-Myc, than
those down-regulated. However, this pattern was not seen
in the mouse homologues. EMSA results show that a protein
binds to the consensus Myc site but that its DNA binding
activity does not change upon LT inactivation (Figure 2B).

The matrices for Elk-1 (especially the less stringent
MO00025) were similar to that for Nrf-2 (M00108), and a
greater proportion of genes down-regulated after 2 d at 39°C
have these matrices for the region studied in both the human
genes and their mouse homologues (Table 1). Both proteins
are members of the Ets family of transcription factors and
bind similar sequences. Both are activated by extracellular
signal-regulated kinase (ERK) and p38. However, although
Elk is involved in the response of the cell to mitogens, Nrf2
plays a role in the stress response (Camps ef al., 2000; Zipper
and Mulcahy, 2000). Perhaps the best example of the redun-
dancy of many of the gene changes is the number of inhib-
itors for ERK that are induced upon inactivation of LT. This
included the direct inactivators DUSP1, 4, 5, and 6 and
PEA-15 and other proteins such as RGS3 that act further
upstream in the signaling pathway (Sun et al., 1994; Shi et al.,
2001).

PEA-15 inhibits the action of ERK on nuclear targets and
can promote its effects on cytoplasmic targets (Formstecher
et al., 2001). Elk-1 is constitutively bound to DNA with its
activity altered by phosphorylation and hence is not a good
target for EMSA. A transcriptional target of Elk-1 that is
involved in proliferation is c-Fos, which is a component of
the transcription factor dimer AP-1 (Kortenjann ef al., 1994).
Although no pattern was seen for AP-1 binding motifs, AP-1
DNA binding activity was found to decrease with the shift
to 39°C as presented below.

Thus, this approach does not always identify changes in
transcription factor activation or at least does not with the
matrices known at the present time. However, given the
simplicity of the approach it is relatively effective and pro-
vides hope that with further investigation and refinement of
both the matrices used and the statistical relevance of results
obtained, it can be a powerful tool in organizing microarray
results into signaling networks.
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Selective Silencing of Genes by RNA Interference

Although information can be obtained through in silico
promoter studies to construct models of the signaling net-
works involved, a complementary approach is to determine
the effects of particular gene expression changes. To this end,
the pSUPER-retro vector system (Brummelkamp et al.,
2002a) was used to selectively silence genes to determine
whether they had a role in the changes to the transcriptome
upon LT inactivation (GEO accession no. GSE690).

In determining whether the RNAi had successfully de-
creased the level of the target mRNA, an interesting effect
was noticed in that for all genes a decrease was only ob-
served with PCR primers that spanned the targeted region.
A primer set that amplified a part of the 3’ untranslated
region usually indicated an increased level of the partial
message. This effect also was reflected on the arrays that
largely contain probes that favor the 3’ ends of genes and do
not distinguish between full or partial RNAs. Thus, the
mRNA does seem only to be cleaved around the target
region and fragments of the mRNA remain. Possible biolog-
ical effects of these fragments are unclear.

BTG2

BTG2 (B-cell translocation gene-2) is a direct transcriptional
target of p53, and its expression has been shown to be
important in negatively regulating cell proliferation (Tirone,
2001). In our model system, its expression was repressed
upon immortalization of the cells and induced within 2 d of
LT inactivation. We wanted to use RNAIi to establish the
contribution of BTG2, if any, to the expression changes
observed in our model. The precise function of BTG2 is not
clear. It has been linked to Hoxb9 and the protein-arginine
methyltransferases PRMT1 and 2 (Tirone, 2001). Introduc-
tion of pPSUPER-BTG2 (or any of the other RNAi vectors) did
not affect the growth of HMEF3A cells at 33°C as expected
from the predicted absence or low level of BTG2 mRNA
present at 33°C. A partial decrease in the level of BTG2 at
39°C was observed by RT-PCR (Figure 3A). No effect on the
arrest seen upon LT inactivation was observed in the
HMF3A-BTG2i cells. Moreover, no effect of BTG2i was seen
on HMGB?2 expression (Figure 3A), even though BTG2 has
been suggested to regulate Rb activation (Tirone, 2001).

Direct array comparisons were performed between
HMEF3A-pSUPER and HMF3A-BTG2i after both cultures
were shifted to 39°C for 48 h. This time was chosen because
of the rapid induction of BTG2. The results from these arrays
suggest that in the absence of BTG2, some of the genes
normally induced at 39°C, such as CDNK1A, CSF3, RRAD,
and CRIP2, were further induced (Supplemental Table 9). A
culture of HMF3A-BTG3i cells was generated (Figure 3A),
but no effect on cell proliferation was observed. In this
model, the expression of BTG2 does not seem to be neces-
sary for the induction of senescence. However, it is possible
that a more complete abrogation of BTG2, BTG3, or all BTG
family members together would have a more perceivable
effect.

NR4A3

NR4A3 (MINOR) is an orphan nuclear receptor that has
been implicated in regulation of both cell proliferation and
death (Martinez-Gonzalez et al., 2003). Its expression is ele-
vated after serial passaging and in our model of senescence.
Nuclear receptors of the 4A subfamily are thought to act as
homo- and heterodimers regulating gene transcription by
binding the NGRI-B response element (Martinez-Gonzalez
et al., 2003). Reduction of the increase in expression of
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NR4A3 in HMF3A cells by RNA interference (HMF3A-
NR4A3i cells) at 39°C (Figure 3A) did not alter the cell arrest.
Direct comparisons between HMF3A-NF4A3i and HMF3A-
PSUPER cells were performed after cultures were shifted to
39°C for 7 d. As for BTG2, the absence of NR4A3 resulted in
higher expression of some of the induced genes (but not
necessarily the same ones), including IL1B, PRNP, and
PLAU (Supplemental Table 10). There was some indication
that the induction of GAS6 with LT inactivation was de-
creased in the absence of NR4A3 (Supplemental Table 10).
However, this effect also was observed in other lines. In a
more specific manner, the induction of the maternally im-
printed gene MEG3 also was decreased by the absence of
NR4A3 (Supplemental Table 10). MEG3 does not encode for
a protein but may regulate the transcription of DLK1, which
is involved in cell growth (Georges et al., 2003). If the mi-
croarray results are correct, this shows that the combination
of a model system, microarrays, and RNAi can be used to
reveal novel pathways. The most interesting result from this
study of NR4A3 is that its level is increased in senescence,
and this may have a role in senescence through affecting cell
growth via DLK1 and/or MEG3.

DUSP1

DUSP1 was found to be up-regulated in both models of
senescence, and the increase in the level of its protein
(MKP-1) was confirmed in HMF3A cells. MKP-1 inhibits
ERK (Sun et al., 1994). An increase in the protein levels of the
related protein MKP-2 has been linked to the decreased
nuclear ERK phosphorylation associated with senescence
(Torres et al., 2003). Western blots showed that the increase
in MKP-1 observed upon LT inactivation was inhibited in
HMF3A-DUSP1i (Figure 3B). When the DNA binding activ-
ity of AP-1 was examined in cells shifted to 39°C, a down-
regulation was observed in the control cells and this de-
crease was partly abrogated in the HMF3A-DUSP1i cells
(Figure 3C). This supports the suggestion of a pathway
whereby LT inactivation induces the expression of DUSP1,
such that ERK (and hence Elk-1 activity) is inhibited, c-Fos
protein is not produced and AP-1 activity decreases. Acti-
vation of the other mitogen-activated protein kinases, JNK
and p38, also may be affected, and they also are involved in
regulating AP-1 activity and protein levels.

No consistent effect on cell growth was observed in the
HMF3A-DUSP1i cells upon shift up to 39°C. As with the
other cell cultures, the lack of DUSP1 induction upon LT
inactivation led to some induced genes being induced even
more, including DUSP6 (Supplemental Table 11). However,
some of the genes expressed at a higher level in the DUSP1i
cells at 39°C went down with LT inactivation in normal
HME3A cells. Thus, the induction of DUSP1 combined with
LT inactivation could be responsible for the decrease in these
genes when LT is inactivated in HMF3A cells. These genes
included histone H3.3 (H3F3B), histone H1.0 (H1F0), phor-
bolin 3 (APOBEC3), stathmin (STMN1), HNRPU, and STK15
(Supplemental Table 11). Interestingly, H3F3B transcription
is positively regulated by AP-1 (Witt ef al., 1998). Some of the
other genes, including STK15, APOBEC3, and STMNI, have
putative Elk-1 binding sites in their promoters and so can be
tentatively linked to this pathway. Thus, DUSP1 seems to
play a role in the induction of senescence through inhibition
of AP-1 activity and the subsequent transcription of genes
involved in DNA replication.

PHLDA1

PHLDA1 (Pleckstrin homology-like domain, family A,
member 1, hs.82101, not currently in ENSEMBL) is a pleck-
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strin homology domain protein whose mRNA expression
increases with LT inactivation and remains up even when
LT is reactivated. It was identified as a regulator of Fas
expression upon activation of T lymphocyte hybridomas.
Although it was originally suggested to be a direct transcrip-
tional regulator, other evidence suggests that it controls
protein synthesis (Hinz et al., 2001). To examine its role in
senescence, HMF3A-PHLDA1i RNAI lines were created and
array comparisons were performed as for NR4A3i and
DUSP1i, that is, after 7 d of LT inactivation. Of all the
comparisons, PHLDAT gave results that were the most vari-
able between the different RNA isolates, with no genes
significantly regulated. The one clone suggested by SAM
analysis to be regulated differently in the PHLDA1 line was
IL1B, and the level of this protein was indeed shown to be
reduced in these cells at 39°C (Figure 3B). The most aberrant
RNA isolate was the second and if this is removed from the
analysis, more genes (all less abundant in the HMF3A-
PHLDAIi cells) changed significantly. These include
PHLDAI1 (Supplemental Table 12). Although the HMF3A-
PHLDAI cells did not continue to proliferate when shifted to
39°C, increased cell survival was observed when the cells
were returned to 33°C (Figure 3D). Constitutive expression
of PHLDAL1 has been associated with increased susceptibil-
ity to apoptosis (Neef et al., 2002). Thus, up-regulation of
PHLDAL in this system may be linked to the priming of the
cell for apoptosis upon reactivation of LT. This result em-
phasizes that changes in gene expression in cellular pro-
cesses such as senescence may not always be linked to the
most apparent phenotype, which in this case is the lack of
proliferation. On senescence, the cell may prime itself for
apoptosis to avoid the risk of uncontrolled proliferation in
the case of DNA modification. These results suggest that
PHLDAI1 may play a role in this process.

STAC

STAC codes for a cysteine-rich protein containing an SH3
domain and is predominantly expressed in neuronal cells
(Suzuki et al., 1996). There are five clones on the arrays that
have some homolo to STAC: 324920_A, 789211_A,
503572_A, 505118_B, and 470379_A. The first two do not
change in response to LT inactivation and seem to represent
the STAC gene in ENSEMBL (ENSG00000144681), whereas
the latter three increase in expression after 7 d at 39°C and
remain increased despite LT reactivation. Resequencing of
these three clones (Wellcome Trust Sanger Institute) as well
as the sequences from the original clone resource for
503572_A (AA131521) and 470379_A (AA031284) indicate
that they represent a variant that contains exon 2 of the
STAC gene and part of the intron between exons 2 and 3
(Figure 3E). Here, this STAC variant is called STACB.
RT-PCR using primers for exon 1 and the STACB unique
exon resulted in a product of the expected size; thus, it
seems that STACP contains exon 1, which contains the STAC
start codon. The predicted protein for STACB (Figure 3E)
only partly retains the protein kinase C binding motif and
does not have the SH3 motif.

The sequence for RNAi was designed to target only the
STACSB (it is located in the intron of STAC). RT-PCR shows a
reduction of the STAC message in the HMF3A-STACSi cells
(Figure 3E). The array results (done for a 7-d shift) from the
HMF3A-STACBi cells yielded the most significant changes.
The most significant result from the HMF3A-STACRi cells is
the exacerbation of the increase in a subgroup of the genes that
respond to LT inactivation, including GADD45A, DUSPS5,
BIRC3, CSF3, TSC22, SGK, and TNFAIP3 (Supplemental Table
13). This could be a compensatory effect and/or may indicate
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that STACP plays a functional role in dampening the induction
of these genes. However, the induction of genes such as
NDRG, PLOD2, SERPINH1, CREG, MME, and SSR4 was ab-
rogated in the HMF3A-STACRi cells. Although the HMF3A-
STACBi cells proliferated to the same extent as HMF3A-empty
vector cells at 33°C upon LT inactivation a greater level of cell
death was observed (Figure 3D). Further studies and confir-
mation of the gene expression changes with other techniques
are needed to determine the role of STACR in cell senescence.

The p53 pathway is activated in both apoptosis and se-
nescence, and as stated with PHLDA1, the senescent cells
may be primed for apoptosis. The results for STAC suggest
that it may be one of the genes that plays a role in protecting
the cell from apoptosis, either through its dampening of
genes such as GADD45A and BIRC3 or its putative induc-
tion of NDRG and/or CREG.

Higher false positive rates than normal have been used
here, particularly for the RNAi comparisons. Similarly, the
connections suggested by the presence of particular tran-
scription factor binding sites in promoter regions have high
error rates. However, in this type of analysis and modeling,
it is the identities and functions of groups of genes rather
than individual genes that are important. Consequently, as
long as the error rate is considered and the regulation of
important genes checked by other means, it is appropriate to
consider as much information as possible.

The ultimate goal of our studies is to model the signaling
and gene expression networks that regulate cellular senes-
cence. It is increasingly apparent that these sorts of models
will be highly complex and difficult, perhaps impossible, to
display on a two-dimensional page. We have started to build
a putative model by displaying down and up-regulated
genes and by using the patterns suggested by our RNAi
work, the literature, in silico promoter analysis, and alter-
native cell treatments such as quiescence, to loosely group
the genes. At the moment many of the proposed mecha-
nisms of regulation, such as the genes activated by C/EBP,
are only suggested by the presence of binding sites for
particular transcription factors that need to be confirmed
experimentally.

The microarray data from our experiments does reveal
great differences between the transcriptome of proliferating
HMEF3A and primary cells. However, it also shows that
many of the changes that occur in the HMF3A model of
senescence also occur in primary cell senescence and that the
reproducibility of a model inducible system is needed for
studies that seek not only to detect changes but to establish
the role of particular genes in those changes.

The results presented here highlight several features of
senescence: the importance of p53; the role of the Rb family
members (and perhaps ERK inactivation) in inducing down-
regulation of genes responsible for DNA synthesis, cytoki-
nesis, and other aspects of proliferation; the induction of
many genes that have overlapping functions (such as inhi-
bition of ERK); and the presence of negative feedback loops
that serve not only to stabilize the level of expression of
genes but also perhaps to allow the cell to compensate by
overexpressing other genes if a gene is not expressed as
normal. It also illustrates the result that genes may be acti-
vated under various conditions by perhaps different tran-
scription factors. For example PRNP, STC1, and WNT5A are
increased in both senescence and quiescence.

With the rapid advancement of programming tools to
manipulate data obtained from large-scale expression stud-
ies, patterns and trends in the signaling pathways should
become more apparent and the gene targets to perturb more
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identifiable, until the ultimate computational signaling
model is obtained.
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