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Primary fibroblasts respond to activated H-RAS'!2 by
undergoing premature arrest, which resembles replica-
tive senescencel. This irreversible ‘fail-safe mechanism’
requires p19%F, p53 and the Retinoblastoma (Rb) family:
upon their disruption, RAS"!2-expressing cells fail to
undergo senescence and continue to proliferate!~’.
Similarly, co-expression of oncogenes such as ¢c-MYC or
E1A rescues RAS'%-induced senescence. To identify
novel genes that allow escape from RAS''2-induced
senescence, we designed an unbiased, retroviral comple-
mentary DNA library screen. We report on the identifica-
tion of DRIL1, the human orthologue of the mouse Bright
and Drosophila dead ringer transcriptional regulators.
DRIL1 renders primary murine fibroblasts unresponsive to
RAS'2-induced  anti-proliferative  signalling by
pl9*RF/p53/p21°PL, as well as by pl6™*42, In this way,
DRIL1 not only rescues RAS'!2-induced senescence but
also causes these fibroblasts to become highly onco-
genic. Furthermore, DRIL1 immortalizes mouse fibroblasts,
in the presence of high levels of p16™¥4a, Immortalization
by DRIL1, whose product binds the pRB-controlled tran-
scription factor E2F1 (ref. 8), is correlated with induction of
E2F1 activity. Correspondingly, DRIL1 induces the E2F1
target Cyclin E1, overexpression of which is sufficient to
trigger escape from senescence. Thus, DRIL1 disrupts cel-
lular protection against RAS'*2-induced proliferation down-
stream of the p19°*F/p53 pathway.

senescence, which occurs upon explantation of primary cells

and is unrelated to the ‘senescence crisis’ that is caused by
telomere loss. To identify novel genes that allow a bypass of RASY!2-
induced senescence, we designed an unbiased, functional genetic
screen. After retrovirus-mediated expression of RASY'?, more than
99.9% of a primary mouse embryo fibroblast (MEF) population
underwent premature senescence, but a few cells escaped (most
likely because of endogenous mutations) and continued to prolif-
erate. To reduce this ‘background’ in the screen, we generated con-
ditionally immortalized MEFs, co-expressing a temperature-sensi-
tive simian virus 40 (SV40) large T mutant’ and RASY"2. These
‘BTR’ cells proliferated indefinitely at 32 °C but became senescent
at 39.5 °C owing to both the rapid disappearance of large T antigen
(A.S., T.B,, E.YK,, G.Q.D. and R.B., unpublished observations) and
the presence of RASY'?. Indeed, the number of background colonies

RASV”—induced premature senescence resembles replicative
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was greatly reduced by using this system (Fig. 1a).

We screened a replication-deficient high-complexity retroviral
complementary DNA library, prepared from JEG3 human chorion
carcinoma cells, which yielded [200 colonies (see Methods for
details). DNA sequencing of two independent proviral inserts iso-
lated from rescued colonies revealed that they originated from the
same human gene, DRILI (ref. 10). The murine orthologue of
DRILI, Bright, encodes a B-cell transcription factor that binds to
the matrix-associated region (MAR) of the IgH locus''. The prod-
uct of the Drosophila orthologue of DRILI, dead ringer (dri)'?, is a
potent transcriptional repressor required for the recruitment of
Groucho to Dorsal®.

Retroviral expression of epitope-tagged DRILI confirmed that it
conferred a transformed phenotype on BTR cells at the non-per-
missive temperature (Fig. 1b, upper panel). The same was observed
for its murine orthologue, Bright, which has 80% amino acid iden-
tity overall, excluding the possibility that human DRILI acts as a
dominant-negative in murine cells (data not shown). The senes-
cence bypass became most apparent 2-3 weeks after infection,
when the control cells had become completely senescent and the
DRILI-expressing cells proliferated rapidly (not shown).
Importantly, primary MEFs, too, were rescued from RASY!-
induced senescence by DRIL1 (Fig. 1c), morphologically trans-
formed (Fig. 1b, lower panel) and no longer contact-inhibited
(Fig. 1d). Moreover, MEFs co-expressing DRIL1/RAS"? efficiently

Table 1' MEFs co-expressing DRIL1,/RAS"*? are oncogenic

Cells Tumour induction Latency period (days)
HADRIL1 0/4 -
HA-DRIL1/RAS"12| 6/6 10
HA-DRIL1/RAS"12-|| 6/6 10
RASY12/p19ARF~~ 4/4 7

Nude, athymic mice were injected subcutaneously in both flanks with 106 MEFs express-
ing cDNAs as indicated. Two independent clones of DRIL1/RASY2 cells were analysed.
Results are numbers of tumours per injection, 2 weeks after injection. DRILI-expressing
MEFs did not form tumours after 3 months.
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Figure 1 DRIL1 bypasses normal and Ras"'%-induced senescence in primary
mouse fibroblasts. a, Functional screen system. Premature senescence of ‘tsT’
MEFs (of BALB/c genetic background) that express a temperature-sensitive mutant
of SV40 large T antigen (LT) were used to generate a cell population stably express-
ing Ras"? (BTR cells). These cells proliferate rapidly at the permissive temperature
(32 °C) but undergo premature senescence at the restrictive temperature (39.5 °C).
b, DRIL1-dependent morphological transformation of BTR cells and MEFs, in the
context of RAS12. BTR cells (upper panel) or normal, primary MEFs (of OLA genetic
background; lower panel) were infected with retroviruses expressing either no insert
or HA-DRIL1. After 2 d, the BTR cells were shifted to the non-permissive tempera-
ture. Two weeks later, the BTRs and MEFs were photographed at x40 magnifica-
tion. ¢, DRIL1 bypasses RAS"'%induced senescence. Normal, primary MEFs (of OLA
genetic background) at passage 3 were (co-infected with retroviruses, as indicated.
At 2 d after infection, successfully infected cells were selected for 5 d for the
expression of specific selectable markers encoded by the retroviruses (puromycin
and/or hygromycin) and used in a proliferation curve. The proliferation curve was
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initiated when the MEFs were at passage 5, which is close to the end of their nor-
mal life span. For each sample, duplicate data points were collected.

d, DRILI1/RAS"2-expressing fibroblasts fail to undergo contact-inhibition. MEFs were
infected and selected as in ¢ and used for a focus formation assay. The cells were
left and refed on tissue culture plates for 3 weeks, then fixed and stained with crys-
tal violet. e, DRIL1/RAS"?-expressing fibroblasts proliferate independently of
anchorage. MEFs were infected and selected as in ¢ and seeded into soft agar.
Adenovirus El-transformed human embryonal kidney (HEK 293) cells served as a
positive control. After 2 weeks, foci were photographed at x40 magnification.

f, DRIL1 and c-Myc cooperate in accelerating proliferation. MEFs were infected,
selected and used in a proliferation curve, as in ¢. g, DRIL1 reduces sensitivity to c-
myc-induced apoptosis. MEFs were infected and selected as in ¢. They were then
maintained in medium with a reduced serum concentration, as indicated. Cells were
photographed at x40 magnification 1 week later. h, DRIL1 bypasses spontaneous
senescence. MEFs (of OLA genetic background) were infected, selected and used
in a proliferation curve, as in c.
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Figure 2 DRIL1 bypasses Ras''?-induced senescence with intact
p16™K4a /p19ARF /p53 /p21°P! signalling. a, Primary MEFs (of OLA genetic back-
ground) at passage 3 were (co-)infected with retroviruses, as indicated. At 8 and
16 days after infection (a.i.), cell extracts were prepared and equal amounts were
used for western blotting with the indicated antibodies. HA-DRIL1 (indicated by an
arrow) runs slightly below a background band. b, Passage 4 wild-type MEFs and
passage 20 stable DRIL1-expressing MEF clones (in either the absence or the pres-
ence of RASY? or c-MYC) were treated with cis-platin (CP; 50 uM). Cell extracts
were prepared 16 h later and subjected to western blotting, with the indicated anti-
bodies. Cdk4 served as a loading control.

grew anchorage-independently, a hallmark in vitro of oncogenic
transformation (Fig. le). Indeed, two independent clones of MEFs
expressing DRILI/RAS"", but not of MEFs expressing only DRILI,
formed tumours in nude mice within 2 weeks, with only a slightly
longer latency than RAS"?-expressing pI9ARF”~ MEFs (Table 1).
This raises the possibility that DRILI, on overexpression, might act
as an oncogene also in humans. Preliminary experiments indicate
that DRILI protein is relatively highly expressed in a number of
human colon tumour cell lines (D.S.P., S.D. and R.B., unpublished
observations), but it remains to be determined whether this also
occurs in primary lesions.

DRILLI also collaborated strongly with c-Myc in accelerating prolif-
eration (Fig. 1f), correlating with a reduced tendency to undergo cell
death after prolonged serum deprivation (Fig. 1g). In contrast to MEFs
co-expressing DRILI/RAS''?, however, these cells remained contact-
inhibited and failed to grow independently of anchoring (Fig. 1d, e).

Importantly, DRILI expression was sufficient to allow also pri-
mary MEFs to escape from spontaneous senescence (Fig. 1h; see
also Fig. 1b, lower panel, and Fig. 4a, b). We have been culturing
various lines of DRILI-expressing MEFs for over three months,
without any signs of either a decrease in proliferative rate or an
onset of senescence (data not shown; see also below).

RASY"?-induced senescence requires an intact pI9ARF locus®>.
RAS" expression alone in wild-type MEFs led to an induction of
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Figure 3 DRIL1-mediated bypass of spontaneous and Ras'*?-induced senes-
cence is correlated with the induction of cyclin E1. a, b, BTR cells (a) or nor-
mal, primary MEFs (b) were infected with, and selected for expression of, retro-
viruses expressing either no insert or HA-DRILI. After 2 d, the BTR cells were shift-
ed to, and further maintained at, the non-permissive temperature. Both BTRs and
MEFs were subjected to a 3T3-like protocol, in which they were split twice a week.
At the indicated passage numbers after infection (pass. a.i.), cell extracts were pre-
pared and subjected to western blotting with the indicated antibodies. ¢, MEFs
were (co-infected with retroviruses, as indicated. At 10 days after infection, cell
extracts were prepared and subjected to western blotting with the indicated anti-
bodies. The samples within each panel were analysed on the same gel but are rep-
resented in this way to permit a better comparison of the different time points.
Actin served as a loading control for all blots.

p192% which persisted for up to at least 16 d after infection
(Fig. 2a) but reproducibly declined to baseline levels thereafter
(data not shown). Clearly, co-expression of DRILI did not interfere
at all with this transient RAS"'>-dependent induction of p19*FF,
Likewise, late-passage DRILI-expressing and DRILI/RAS"*-
expressing MEF clones produced levels of p19*** that were similar
to those in wild-type MEFs and thus had not selected against p19**
expression (Fig. 2b). This is in striking contrast to the BMI1 and
TBX2 proteins, which bypass senescence by downregulating p19***
(ref. 14). Moreover, all DRILI-expressing cells expressed high levels
of the other INK4a locus-encoded regulator of senescence, p16™k
(Fig. 2b). Thus, none of the DRILI-expressing cell populations had
lost the expression of pI19**F (or p16™K*) during the course of the
senescence bypass and immortalization, in contrast with normal
fibroblasts, which undergo spontaneous immortalization?.
Furthermore, DRIL1 did not prevent the induction of
P19 /p53/p21°! by another ‘mitogenic, stress-inducing protein’,
c-Myc (ref. 15), in both short-term and long-term experiments
(Fig. 2a, b), despite the rapid proliferation of these cells (see Fig. 1f).

In addition to pl19*%, p53 is also required for RASY"*-induced
senescence'. We therefore determined whether DRILI (either in the
presence or in the absence of mutant RAS) interfered with the basal
levels, the regulation and/or the function of p53 and one of its tran-
scriptional targets, p21°*1. The basal level of p21¢*!, and to a smaller
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Figure 4 DRIL1-induced E2F1-cyclin-E1 signalling contributes to senes-
cence bypass. a, b, Cyclin D1 is not required for DRIL1-dependent senescence
bypass. Either wild-type or Cyclin D17~ MEFs, derived from littermates (of C57/BL6
genetic background), were infected with retroviruses, as indicated. They were then
used both in a colony formation assay (a) and in a proliferation curve, as described
in Fig. 1c. (b). The E1A-nfected cells in a were fixed and stained 9 d after infection,
and the remaining cells at 16 d after infection. ¢, Passage 1 MEFs (of OLA genetic
background) were infected with the indicated retroviruses, selected and used either
in proliferation curves (left-hand panel), as described in Fig. 1c, or in a colony-for-
mation assay (right-hand panel). d, Two independent populations of passage-16
cyclin El-immortalized MEFs, as well as low-passage wild-type MEFs, were treated
with cis-platin (50 uM). Cell extracts were prepared 16 h later and equal amounts
were subjected to western blotting with the indicated antibodies. e, Cell extracts

extent that of p53, was markedly upregulated in MEFs expressing
DRILI/RASY? (which proliferate rapidly; see Fig. 1c) relative to
young control MEFs (Fig. 2b). This occurred in spite of normal
Pp19A¥F levels, which can be explained by a combination of the slight
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were prepared from two independent, cyclin E1l-immortalized MEF clones at differ-
ent passages, as indicated. Equal amounts of cell extract were subjected to west-
ern blotting with the indicated antibodies. Because retrovirally transduced cyclin E1
is of human origin (and was detected here with a human-specific antibody), it is
impossible to determine its level of expression relative to endogenous mouse cyclin
E1. Cdk4 served as a loading control. f, Independent 3T3 cell pools, stably
expressing either empty vector or DRIL1, as indicated, were electroporated with an
E2F-responsive firefly luciferase reporter plasmid (carrying six synthetic E2F1 con-
sensus sites), as well as increasing amounts (0, 10 or 50 ng) of expression plas-
mids encoding E2F1 and its heterodimeric partner DP1. Represented is the activa-
tion of the reporter, relative to a co-introduced cytomegalovirus (CMV)-Renilla
luciferase internal control, and normalized to the reporter activity in the absence of
E2F1 + DP1. Averages from two independent experiments are shown.

induction of p21°"*! by DRILI and the induction of p21¢*! by RASY!2
in a partly p19**-independent manner'®. Apparently, DRIL1, in the
context of RAS'?, renders cells unresponsive to elevated levels of
p21¢®L Next, we treated two independent late-passage
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DRILI-expressing and DRIL1/RAS"">-expressing MEF clones with
the DNA-damaging drug cis-platin and monitored the activation of
p53 and p21¢"'. This led to a significant induction of p53 in all
clones, irrespective of DRILI expression (Fig. 2b). Moreover, p53
was functional and active in these cells, as judged by the concomi-
tant increase in p21°™! levels (Fig. 2b). Similar observations were
made for treatment with ionizing radiation and for 3T3 cells stably
expressing DRILI (data not shown). Taken together, these results
demonstrate that DRIL1 bypasses both normal and RASY!%-
induced senescence without interfering with the (up)regulation of
four critical senescence regulators, p194%, p53, p21°! and p16™K4,
indicating that DRIL1 acts downstream (or independent) of them
during the immortalization of mouse fibroblasts in culture. Thus,
remarkably, DRILI-expressing cells and Rb-family-deficient cells’
share two important properties: on the one hand they show the
normal signalling responses after expression of RASY'%; on the
other, they fail to show the normal biological response in that
instead of undergoing replicative arrest, they continue to prolifer-
ate. These data raise the possibility that DRILI interferes with pRB-
dependent signalling.

To identify DRILI target(s), other than the candidates discussed
above, during the bypass of normal and RAS"?>-induced senes-
cence, we made a comprehensive expression analysis of various
cell-cycle-regulatory proteins in three experimental systems. First,
we used the BTR cells in which we had identified DRILI in the
functional screen. Of many proteins analysed, two, cyclins D1 and
E1, were found to be specifically upregulated by DRIL1 during con-
tinued proliferation at the nonpermissive temperature (Fig. 3a).
Second, during DRIL1-mediated immortalization of MEFs, we
found a gradual upregulation of both cyclin E1 levels (but no marked
effects on cyclin D1 abundance (Fig. 3b)) and cyclin El-associated
kinase activity (data not shown). Importantly, the induction of cyclin
El in DRILI-expressing MEFs occurred at about passage 9 (Fig. 3b).
This was well correlated with the moment that the control MEFs
underwent senescence, whereas the DRILI-expressing fibroblasts
continued to proliferate without delay (Fig. 1h). Third, in short-term
co-infection experiments, the upregulation of cyclin E1 by c-Myc
and E1A, and to a smaller extent by RASY'?, was enhanced by DRIL1
(Fig. 3¢). Apparently, DRIL1 can also upregulate cyclin E1 in cells in
which RASY?-induced senescence is blocked. Taken together, these
observations indicate that these cyclins are candidate proteins for
either being required for or contributing to the DRIL1-mediated
senescence bypass.

To determine whether cyclin D1 represents an essential media-
tor of DRIL1 immortalization, we infected either wild-type or
Cyclin D17~ MEFs with DRILI-encoding retroviruses and moni-
tored their proliferative potential. As with adenovirus E1A (which
immortalizes cells downstream of cyclin D1, by sequestering pRB-
family proteins), we observed an identical senescence-bypassing
capacity of DRIL1, whether cyclin D1 was present or absent, in two
independent assays (Fig. 4a, b). Thus, DRIL1 bypasses the senes-
cence of primary fibroblasts in a cyclin D1-independent manner,
which is consistent with our observation that DRILI-expressing
MEFs are not sensitive to high levels of p16™¥ (Fig. 2b).

We then introduced either D-type or E-type cyclins by retrovi-
ral transduction into primary MEFs and monitored whether the
deregulated expression of either allowed a bypass of senescence.
Deregulated expression of either CYCLIN DI or CYCLIN D2 did
not immortalize MEFs (Fig. 4c). By contrast, overexpression of
CYCLIN EI (Fig. 4e, left panel) prevented MEFs from undergoing
senescence, as shown for four independent MEF populations (Fig.
4c). We have cultured these cells for over 3 months without any
signs of senescence (data not shown; see below). Two independent
passage-14 CYCLIN El-expressing MEF populations showed nor-
mal expression of both pl9**F and pl6™ 4, relative to control
MEFs (Fig. 4e, left-hand panel). However, after prolonged cultur-
ing these cells gradually decreased their levels of p194*F and p16™K
(Fig. 4e, middle and right-hand panels), for a currently unknown
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reason. Importantly, downregulation of p194* and p16™ expres-
sion occurred after passage 14 (Fig. 4e), whereas the cells clearly
escaped from senescence at about passage 8 (Fig. 4c), making it
unlikely that these two events are functionally linked. The observa-
tion that CYCLIN El-expressing MEFs at passage 18 expressed
pl6™&4 but no longer p19*RF, suggests that this was not due to
genetic loss of the entire INK4a locus but instead suggests an epi-
genetic phenomenon. A similar observation has been made recent-
ly for immortalization of bone marrow-derived macrophages".
Moreover, when we exposed late-passage CYCLIN EI-expressing
MEFs to DNA damage, both clones induced high levels of p53,
which was functional because it induced p21¢"™! (Fig. 4d). In con-
clusion, overexpression of CYCLIN EI is sufficient to trigger escape
from senescence, at the least, without requiring the disruption of
p16™K4/p19AR /53 /p21€IP1 signalling. Our observation that cyclin
D1 is not required for DRILI to bypass senescence fits well with the
reported hierarchy of D- and E-type cyclins (where D precedes E in
phosphorylating pRB (ref. 18) and with the observed resistance of
DRILI cells to elevated levels of p16™*4 (which inhibits prolifera-
tion in an Rb-family-dependent manner). Collectively, these results
indicate strongly that cyclin E1 represents an important DRIL] tar-
get, which conceivably contributes to its immortalizing activity.
However, it is probably not the sole target, because DRILI is a tran-
scription factor that is expected to regulate a variety of genes. For
example, it remains to be determined whether cyclin E1 can also
interfere with c-Myc-induced cell death, as we observe for DRILI.
Consistent with the idea that cyclin E1 contributes to the effects of
DRILI1, overexpression of cyclin E1 collaborates with mutant RAS
in the oncogenic transformation of primary rodent cells, as well as
in tumorigenicity in mice'>?. Although overexpression might not
reflect the normal physiological role of cyclin El, the relevance of
our finding might become evident only during pathological situa-
tions, because the overexpression of CYCLIN EI has been observed
in, and might contribute to, the emergence of human tumours?'.
Deficiency in either p19** or p53, but also in the Rb family, leads
to a bypassing of both normal and RASY**-induced senescence®”?.
Moreover, the CYCLIN EI promoter is regulated by pRB/E2F1 (ref.
23), indicating that E2F1 might mediate the communication
between DRIL1 and Cyclin E1. Indeed, in two independent DRILI-
expressing 3T3 populations (which had identical cell cycle profiles
to their parental counterparts and expressed functional p53 (data
not shown)), E2F1 activated transcription to a markedly greater
extent than in control cells (Fig. 4f). These results show that in the
context of DRIL1, E2F1 has greater transcriptional activity, indicat-
ing that E2F1 is a prime candidate for involvement in the communi-
cation between DRIL1 and cyclin E1. Consistent with this view is the
previous isolation of DRILI as an E2F1-associated protein, and the
demonstration that it induces its transactivation potential through
direct binding?, providing a possible explanation for the increase in
cyclin E1 levels shown here. Moreover, our preliminary experiments
reveal that, in contrast with murine cells, DRILI induces premature
senescence in primary human cells (data not shown). Strikingly, this
property of DRILI is shared by E2F1 (ref. 24). Although E2F1, like
DRIL1, cooperates with mutant RAS in the transformation of pri-
mary rodent cells* as well as in skin tumour development in trans-
genic mice®, it induces premature senescence in primary human
cells?*. This observation is therefore also consistent with our view that
DRIL1 deregulates the pRB/E2F1 pathway, which apparently has dif-
ferent outcomes in murine and human cells. Finally, our findings are
in agreement with and extend previous reports indicating that either
cyclin E1 or E2F1 can bypass an ectopically induced p16™*4 arrest*?
and that cyclin E1-Cdk2 is pivotal in both c-Myc-dependent prolifer-
ation® and immortalization®. Taken together, our results indicate
strongly that DRIL1 bypasses senescence downstream of the
p19°%/p53 pathway by deregulating the p16™**//pRB/E2F1 pathway.
This notion is consistent with our earlier finding that genetic ablation
of multiple Rb-family members renders cells insensitive to (RAS'*-
induced) p19*%/p53 signalling”*. 0
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Methods

Retroviral cDNA screen

BTR cells were generated by infection of ‘tsT MEFs’ (of BALB/c origin; A.S., T.B., E.Y.K,, G.Q.D. and
R.B., unpublished observations) with RAS"'?-encoding retroviruses. These cells (7 X 10°), maintained
at the permissive temperature (32 °C), were infected twice with a high-complexity retrovirus cDNA
library prepared from human JEG3 chorion carcinoma cells, in the presence of 5 pig ml™
Polybrene(1,5-dimethyl-1,5-diazaundecamethylene polymethobromide; Sigma). At 2 d after infection,
the cells were split 1:3 and, after attachment to the cell-culture plates, were shifted to the restrictive
temperature (39.5 °C). Colonies started to appear after 7-10 d and were picked 2—3 weeks after infec-
tion. To discriminate between spontaneous colonies and colonies rescued by a retrovirally encoded
cDNA, we superinfected individually established primary clones with wild-type murine Moloney
leukaemia virus. Thus, proviral inserts were provided with the essential retroviral components such
that recombinant retroviruses were produced and secreted into the culture medium'. The cell-free
medium was subsequently used to infect fresh BTR cells, and another round of screening was per-
formed. From each primary clone, 5-10 secondary clones were isolated and analysed further by
Southern blotting with a provirus-specific ‘sup F* probe, polymerase chain reaction (PCR) with retro-
virus-specific primers, and DNA sequencing, to determine the number of proviral integrations and to
isolate and identify them respectively. After proviral mobilization of 20 primary clones with wild-type
Moloney virus, at least 5 also appeared positive in the second round of screening, indicating that the
biological activity was carried by a transferable element rather than being caused by an endogenous
mutation in the BTR fibroblasts.

PCR and construction of human and murine DRIL1 expression vectors

DNA sequencing of two PCR fragments, derived from two independent primary colonies (and con-
served in their respective secondary colonies), revealed that they encoded the same cDNA, hDRILI.
These cDNAs initiated at 162 and 173 base pairs, respectively, downstream of the reported translation
start site'®. In both cDNAs, use of the first subsequent in-frame ATG gives rise to a protein lacking its
amino-terminal 58 amino acids. To isolate a full-length cDNA, we performed a PCR on JEG3 cDNA
with primers specific for the 5" and 3' termini of the DRILI cDNA. The integrity of the PCR product
was confirmed by sequencing both strands. Both the original, cloned cDNA and the full-length cDNA
were identical to the published sequence', except for a carboxy-terminal stretch where Gly,Ser, in the
reported sequence (residues 599-608) was replaced by Gly,Ser,. The significance of this difference,
which maps to a non-conserved region, is unknown. The full-length cDNA was provided with a
haemagglutinin (HA)-epitope-encoding tag and cloned into (pBABE retroviral) expression vectors. To
isolate a full-length Bright cDNA, we performed PCR on a mouse-embryo cDNA library with primers
specific for its 5" and 3' termini and subsequently cloned the cDNA into a pBABE retroviral expression
vector.

Cell culture, retroviral infection and proliferation curves

MEFs of OLA genetic background (for either DRIL1 or Cyclin E1 proliferation curves) were isolated as
described previously” and maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum
(PAA Laboratories) and 0.1 mM 2-mercaptoethanol. Cyclin D17~ MEFs and MEFs derived from litter-
mates were kindly provided by Dr. P. Sicinski (Boston, Massachusetts) and of C57/Bl6 genetic back-
ground. Phoenix packaging cells were used to generate ecotropic retroviruses and the retroviral cDNA
library, as described'. MEFs were infected with filtered (pore size 0.45 pm) viral supernatant, supple-
mented with 4-8 pg ml™ Polybrene. In general, a single infection round of 6 h was sufficient to infect
at least 90% of the population.

For proliferation curves, passage-1-3 MEFs were infected in one to three sequential rounds with
PBABE retroviral vectors carrying selectable markers'; at 1 or 2 days after infection they were selected
with puromycin (1-3 pg ml™) or hygromycin (50 pug ml™) for at least 5 days. After confirmation that
all mock-infected cells were dead, the cells were seeded at a density of 1.5 X 10° cells per 5-cm plate
and subjected to a 3T3-like protocol, in which they were split twice a week. The proliferation curve was
initiated when the MEFs were at passage 5, which is close to the end of their normal lifespan. For each
sample, at least duplicate datapoints were collected.

Soft agar assays and tumour growth in mice
Cells were infected and selected briefly as described for the proliferation curves. Cells were used for
either assay 6 d after infection. To monitor the capacity of MEFs to grow in semi-solid medium in
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vitro, cells were transferred to 2 ml complete DMEM containing 0.4% low-gelling agarose (Sigma type
VII, catalogue no. A-4018). Then, 2.5 % 10* cells were seeded in duplicate into six-well plates contain-
ing a 2-ml layer of solidified 1% agar in complete medium. The number of foci was determined 2
weeks later. For analysis of the tumorigenic capacity of MEFs in vivo, athymic nude mice were injected
subcutaneously in each flank with 10° cells; mice were inspected weekly. Mice were killed at the time
that tumours reached a diameter of 10 mm.

Antibodies

The following antibodies were used for western blotting: M-156 for p16'¥¥%, C-19 for p21¢'", C-22 for
CDK4, H-295 for cyclin D1, C-19 for human cyclin E1, and C-11 for actin (all from Santa Cruz); Ab7
for p53 (from Calbiochem); R-562 for p19** and 12CA5 for HA (both from Abcam).
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