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Cellular quiescence is characterized not only by reduced mitotic and metabolic activity but also by altered gene
expression. Growing evidence suggests that quiescence is not merely a basal state but is regulated by active mechanisms.
To understand the molecular programme that governs reversible cell cycle exit, we focused on quiescence-related gene
expression in a culture model of myogenic cell arrest and activation. Here we report the identiﬁcation of quiescenceinduced genes using a gene-trap strategy. Using a retroviral vector, we generated a library of gene traps in C2C12
myoblasts that were screened for arrest-induced insertions by live cell sorting (FACS-gal). Several independent genetrap lines revealed arrest-dependent induction of βgal activity, conﬁrming the efﬁcacy of the FACS screen. The locus
of integration was identiﬁed in 15 lines. In three lines, insertion occurred in genes previously implicated in the control
of quiescence, i.e. EMSY – a BRCA2-interacting protein, p8/com1– a p300HAT-binding protein and MLL5 – a SET
domain protein. Our results demonstrate that expression of chromatin modulatory genes is induced in G0, providing
support to the notion that this reversibly arrested state is actively regulated.
[Sambasivan R, Pavlath G K and Dhawan J 2008 A gene-trap strategy identiﬁes quiescence-induced genes in synchronized myoblasts; J. Biosci.
33 27–44]

1.

Introduction

Mounting evidence suggests that cell cycle exit into G0
is under active transcriptional control, and not merely a
basal state resulting from an absence of growth-promoting
signals (Yusuf and Fruman 2003). Myogenic differentiation
involves irreversible withdrawal of committed myoblasts
from the cell cycle followed by the sequential activation
of tissue-speciﬁc genes (Nadal-Ginard 1978; Andres
and Walsh 1996). The balance between proliferation and
differentiation is controlled by events in early G1 (Clegg
et al 1987). Molecular cross-talk between ubiquitous cell
Keywords.

cycle regulators and muscle-speciﬁc transcription factors
of the basic helix–loop–helix family is known to initiate
differentiation (Wei and Paterson 2001) and the mechanisms
by which irreversible arrest is maintained in differentiated
muscle cells are well understood (Olson 1992; Lassar et al
1994). By contrast, little is known about the mechanism
by which reversible growth arrest occurs in satellite cells,
the quiescent myogenic progenitor cells found in adult
muscle (Seale and Rudnicki 2000; Dhawan and Rando
2005), but must involve an uncoupling of cell cycle exit
and differentiation. Genes induced speciﬁcally during
reversible growth arrest may control the process by which
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this separation of the two programmes occurs. Moreover,
increasing evidence suggests that quiescence is not merely a
basal metabolic state, but is actively regulated. Therefore, we
sought to identify genes that are induced during reversible
growth arrest in muscle cells.
Cultured mouse myoblasts of the C2C12 cell line (Yaffe
and Saxel 1977; Blau et al 1983) have been widely used
to model myogenic differentiation in culture (Olson 1992;
Lassar et al 1994) and for molecular analysis, which led to
the identiﬁcation of key muscle regulators such as MyoD
(Davis et al 1987). Mitogen deprivation of asynchronous
C2C12 cultures triggers irreversible cell cycle arrest,
fusion and differentiation into multinucleated myotubes
(Andres and Walsh 1996; Blau et al 1983). By contrast,
during suspension culture, myoblasts exit the cell cycle in
an undifferentiated state despite the presence of saturating
concentrations of growth factors (Milasincic et al 1996;
Sachidanandan et al 2002). Importantly, this anchoragedependent arrest is synchronously reversed upon restoration
of the surface contacts. Reversibly arrested C2C12 myoblasts
model several aspects of satellite cells (Milasincic et al
1996; Sachidanandan et al 2002). First, myoblasts arrest in
G0, as evidenced by the absence of DNA synthesis, a 2C
DNA content and suppression of growth-associated genes.
Second, expression of MyoD and Myf5 is suppressed and
differentiation-dependent genes such as myogenin, myosin
and muscle creatine kinase are not induced. Third, arrested
myoblasts are synchronously activated out of G0; they
sequentially express MyoD and Myf5 in G1 and enter the S
phase. Finally, in addition to the myogenic regulators, several
genes implicated in satellite cell (SC) arrest (Beauchamp et
al 2000), commitment (Seale et al 2000) and activation
(Cornelison and Wold 1997; Dhawan and Rando 2005) are
regulated appropriately during reversible arrest in culture.
Taken together, these ﬁndings indicate that reversible
arrest in culture involves the regulation of some key genes
implicated in satellite cell function in vivo (Sachidanandan et
al 2002; Dhawan and Rando 2005).
To understand the control of entry into and exit from G0,
we employed a gene-trap screen using a retroviral vector
to identify genes that may be induced during arrest. Gene
traps are created by random insertions of a retroviral vector
containing a promoterless reporter gene into the target
genome, and allow efﬁcient detection of transcriptionally
active loci because of splice acceptor (SA) sequences
engineered upstream of the reporter (Gossler et al 1989;
Friedrich and Soriano 1991; Reddy et al 1991; Skarnes et al
1992; Voss et al 1998). Reporter expression can occur even
if the insertions occur within introns, by splicing to upstream
exons. Gene traps are also mutagenic and, therefore, when
applied to embryonic stem (ES) cells, this strategy has been
successfully used for large-scale functional analysis of the
mouse genome (Friedrich and Soriano 1991; Skarnes et al
J. Biosci. 33(1), March 2008

1992; Voss et al 1998; Hansen et al 2003). Gene trapping
has been applied to identify differentially expressed genes
in cell lines (Gogos et al 1996; Lih et al 1996), and has
some advantages when compared with other approaches
such as differential display-polymerase chain reaction
(PCR) or microarrays. Since insertion occurs essentially
at random, genes expressed at very low levels can also be
identiﬁed. Differential display, though sensitive, is generally
biased towards abundant transcripts. In addition, gene-trap
insertions may result in loss-of-function phenotypes for
haplo-insufﬁcient genes. Reporter expression in gene-trap
lines also allows the activity of the locus to be followed in
different conditions.
Here we describe a gene-trap screen using live cell sorting
to identify quiescence-induced genes in synchronized C2C12
myoblasts. Our ﬁndings suggest that as in ES cells, most
insertional events occur in the 5′ regions of transcriptional
units. In three gene-trap myoblast lines, expression of the
reporter transcript and of the endogenous mRNA were found
to be induced during synchronization in G0. All three genes
(MLL5, p8/com1, EMSY) have been previously implicated
in growth control. Thus, quiescence-induced genes with
potential growth regulatory activities were identiﬁed using
the gene-trap strategy.
Our results suggest that reversible G0 arrest in myoblasts
is associated with the induction of gene expression, lending
support to the notion that quiescence is an actively regulated
state.
2.

Materials and methods
2.1

Cell culture

C2C12 myoblasts (Yaffe and Saxel 1977; Blau et al 1983)
were obtained from H Blau (Stanford University) and a
subclone A2 generated in our laboratory (Sachidanandan et
al 2002) was used in all the experiments. Myoblasts were
maintained in growth medium (GM; DMEM supplemented
with 20% FBS and antibiotics).
Differentiation was induced in cultures at ~80%
conﬂuence after washing with PBS and incubating in
differentiation medium (DM: DMEM with 2% horse serum)
replaced daily for 3 days. Multinucleated myotubes appear
after 24 h in DM and peak at 3–5 days. The fusion index
was determined on day 3 by counting the percentage of total
nuclei contained in myotubes of >2 nuclei.
Suspension culture of myoblasts was as described
(Milasincic et al 1996; Sachidanandan et al 2002). Brieﬂy,
subconﬂuent cultures were harvested using trypsin and
cultured as a single cell suspension at a density of 105 cells/
ml in DMEM medium containing 1.3% methyl cellulose,
20% FBS, 10 mM HEPES and antibiotics. After 48 h, when
>98% of cells entered G0, suspended cells were harvested
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by dilution with PBS and centrifugation. Synchronized cells
were reactivated into the cell cycle by replating at a density
of 4 x 105 cells per 60 mm dish in GM and harvested at 6–24
h after activation. Under these conditions, myoblasts enter
G0 by 36–48 h after suspension culture and upon replating,
rapidly and synchronously undergo a G0–G1 transition to
enter G1 ~6 h after reattachment; S phase peaks at around
20–24 h.
2.2

Retrovirus production

φNX ecotropic retrovirus producer cells (Achacoso
and Nolan, unpublished; gift of Garry Nolan, Stanford
University) were cultured in DMEM + 10% FBS. Stocks
of the ROSA-βgalactosidase (βgal) virus (Friedrich and
Soriano 1991; gift of P Soriano, Hutchinson Cancer
Center) were generated by transient transfection of
φNXE producers according to protocols available at http:
//www.stanford.edu/group/nolan/retroviral_systems/
retsys.html. Brieﬂy, φNXE cells were plated in collagencoated dishes and were transfected when 90% conﬂuent
with the pROSA βgal retroviral plasmid using lipofectamine
2000 (Invitrogen). ROSA-βgal virus supernatant was
collected between 24 and 48 h after transfection, and titred
as described below.
Transduction of C2C12 cells with ROSA-βgal virus was
carried out using the spin-infection method (Kotani et al
1994; Springer and Blau 1997). Brieﬂy, C2C12 myoblasts
were plated in 6-well dishes (4 x 104 cells/well) 12 h prior to
infection. Infection was effected by centrifugation at 1000 g
for 30 min in the presence of an infection cocktail containing
viral stock (at a multiplicity of infection [MOI] of 0.25) and
polybrene (8 µg/ml) diluted in GM. After centrifugation,
the dishes were returned to the incubator and cells were fed
with fresh GM the next day. After 48 h, infected cells were
harvested for analysis. X-gal staining of the target cells (see
below) was used to assess the efﬁciency of infection.
2.3

Determination of viral titre

C2C12 cells were transduced with serial dilutions of ROSAβgal viral stock and 48 h later were trypsinized and plated
in media containing G418 (500 µg/ml). After 8–9 days,
G418-resistant colonies were visualized by staining with
methylene blue and counted. The viral titre (colony forming
units [CFU]/ml) was calculated as the number of G418resistant colonies/V x R x F (V is the volume of viral stock
used for infection, R is the replication factor or the estimated
number of population doublings between the time of
infection and the beginning of drug selection [48 h], and F is
the fraction of infected cells plated for selection). Viral titres
obtained (2–5 x 105 CFU/ml) were sufﬁcient for subsequent
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gene-trap experiments, which were performed at a low MOI.
Helper assays were performed by exposing naïve myoblasts
to supernatant from transduced myoblasts, followed by Xgal staining; no helper virus was detected.
Live cell sorting of βgal expressing myoblasts using
FACS-gal was performed as described (Fiering et al 1991).
Brieﬂy, transduced myoblasts (adherent or suspension
cultures) were harvested, resuspended in staining buffer
containing DMEM, 4% serum, 10 mM HEPES (pH 7.4)
and 3 mM chloroquine, and incubated for 20 min at 37°C.
The βgal substrate ﬂuorescein di-β-D-galactopyranoside
(FDG; 1 mM ﬁnal) was loaded into cells by hypotonic
shock and terminated in 1 min by dilution of the cell
suspension with cold staining buffer. FDG hydrolysis (2.5
h on ice) was stopped by the addition of 1 mM phenyl
ethyl thiogalactoside (PETG), a competitive inhibitor of
the βgal enzyme. Negative controls included (i) unstained
cells and (ii) cells simultaneously treated with PETG (a
competitive inhibitor of βgal) and FDG (to estimate the
frequency of false-positives and to set gates for sorting).
Fluorescein-positive or -negative cells were sorted using a
FACS Vantage cell sorter (Becton-Dickenson). Forward and
side scatter gates were set using unstained cells. Propidium
iodide was added before sorting to eliminate dead cells from
the analysis. Following the actual cell sorting, the selected
cell population was re-analysed by FACS to establish the
efﬁciency of sorting. CelQuest software (Becton-Dickenson)
was used for data acquisition and analysis.
2.4

Southern blot analysis

Genomic DNA was isolated using a modiﬁcation of a
common method (Blin and Stafford 1996). Restriction
digestion, electrophoresis and hybridization were as per
standard protocols (Sambrook et al 1989).
2.5

Northern blot analysis

Northern blots were performed as described (Sachidanandan
et al 2002). Hybridization signals were detected using Fuji
BAS-1800 Phosphor Imager, and L-Process and Image
Gauge programs (Fuji) were used to quantify backgroundsubtracted signals. For all endogenous “trapped” genes except
MACF1, the template for probe preparation was obtained
by reverse transcriptase (RT)-PCR. Primers were designed
based on the cDNA sequence reported in the Ensembl mouse
genome database. For MACF1, a 3.5 kb cDNA from clone#
H3127F12, from the NIA 15K mouse cDNA clone set (Kargul
et al 2001) was used as the template for random priming.
All sequences chosen as probes were screened by BLAST
analysis against the Ensembl mouse genome database to
conﬁrm their speciﬁcity to the genes of interest.
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2.6

Inverse PCR

3.

Genomic DNA (1 µg) was restriction digested with
Taq1 (or other frequently used cutting enzymes) for 4 h, and
the resultant fragments subjected to ligation (overnight with
T4 DNA ligase, NEB) at low DNA concentration (5 ng/µl); 1
µl of the ligation reaction mixture was used for primary PCR
with nested primers. The primers used were
A3′supF:CTTGGGGTGGTGCCCATCAGGGTGCCCC
AAGGACCTGAAATG and
B3′supF:GCGACATTTCACAATGCAACCTCGCTT
CTGTTCGCGCGCTTCTGC. Secondary reactions were
carried out using 2 µl of a 1:50 dilution of the primary
reaction as template.
2.7

βgal assays

A chemiluminescent assay for βgal enzyme activity using 50
µl of cell lysate was performed using a kit (Roche) as per the
manufacturer’s instructions. For X-gal staining, cells were
ﬁxed with 4% paraformaldehyde and 0.25% glutaraldehyde
in phosphate buffer (pH 7.2) and stained with X-gal (1 mg/
ml) diluted in staining solution (5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6, 2 mM MgCl2 in PBS) for 2 h to overnight.

Results

C2C12 myoblasts can be synchronized in G0 by culture
in non-adherent conditions (Milasincic et al 1996;
Sachidanandan et al 2002). To identify and isolate genes
that are activated during entry into the quiescent state, we
used a gene-trap strategy combined with a FACSbased screen for arrest-induced gene-trap events. Ordinarily,
gene traps can be directly selected using a vector in
which the gene-trap reporter is a drug selection marker
(such as ROSA-βgeo) (Friedrich and Soriano 1991;
Gogos et al 1996). However, neither retrovirus-mediated
gene transfer nor drug selection is efﬁcient in growtharrested cells, because retroviruses (other than lentiviruses)
do not infect quiescent cells and selection by drug resistance
is based on providing a growth advantage to engineered
cells. Therefore, two experimental approaches were taken.
First, we adopted a strategy where a gene-trap population
was screened sequentially for arrest-induced and growthsuppressed events, and individual trap events were
manually cloned (ﬁgure 1A). Second, arrest-induced events
were isolated directly by single-cell sorting (ﬁgure 1B).
Myoblasts enter quiescence when cultured in suspension,
and return to the cell cycle synchronously following
replating (ﬁgure 1C).

Table 1. Sequential FACS-gal screen for arrest-induced and growth-suppressed gene-trap events. C2C12 cells were transduced with the
pROSA-ßgal retrovirus at an MOI of 0.1, viral integrants selected in G418 and screened by FACS as described in ﬁgure 1A. Sequential
sorting to eliminate cells expressing the reporter gene during active proliferation and enrichment for arrest-induced and growthsuppressed activation of the reporter gene generated a pool of gene-trap myoblasts from which clones were isolated for molecular
analysis of the trapped loci. Figure 2 shows the FACS proﬁles of this experiment.
% of cells in population prior to sort
% βgal
negative

% True βgal
positive*

Population
represented by
positives

Purity of
Fate of selected
ﬁnal sorted
cells
population**

GT not expressed
in growing cells
Not GT (intergenic)

1.2

Gene traps
expressed in
growing cells

99.9% βgal
negative

Arrested in G0,
used in sort # 2

74.8

GT not expressed
in arrested cells
Not GT

6.0

GT induced in
arrested cells

Not
determined

Expanded, rearrested, used in
sort # 3

Positive sort to enrich
arrest-induced genes

47.3

GT not expressed
in arrested cells

44.2

GT induced in
arrested cells

94.4% βgal
positive

Activated, used
in sort # 4

Negative sort against
genes activated in
proliferation

45.0

GT suppressed in
growing cells

52.0

GT induced
in arrest and
not suppressed
growing cells

95% βgal
negative

Expanded,
clones isolated

Sort #

Objective

1

Negative sort against
genes expressed in
proliferation

97.4

2

Positive sort for
arrest-induced genes

3
4

Population
represented by
negatives

*[% true βgal positives] =[% of βgal* cells in FDG-stained sample(total βgal *)] minus [% of βgal* cells in FDG+PETG sample
(false positives)]. Note: A higher frequency of false positives was routinely observed in cells from suspension culture and may reﬂect
increased lysosomal βgal activity in stressed/arrested cells.
**No post-sort analysis was done since there were too few cells.
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positive cell sorting for βgal reporter activity

3.2
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Negative sorting to eliminate gene traps expressed in
growing cells

Selected ROSA-βgal-infected myoblasts (5 x 106 G418
resistant cells) were negatively sorted (ﬁgure 2-1; table
1). βgal-negative cells (97.4%), were collected for further
analysis. In order to assess the efﬁciency of sorting, all cells
that ﬂuoresced in the positive range were also collected
separately, cultured for 24 h and re-analysed by FACSgal. The property of false-positive cells that causes them

To isolate G0-induced and proliferation-suppressed genes,
we used alternating rounds of negative and positive selection
as outlined in ﬁgure 1A. Proliferating C2C12 myoblasts
were infected with ROSA-βgal virus, selected in G418
and resistant cells sorted on the basis of βgal expression
(table 1; ﬁgure 2).

(A)
b.
Select integrants

c. Sort for
β gal negative
cells by FACS

Genes ON in
growing cells
(not of interest)
1. Genes OFF in
growing cells
2. Not traps

a. Transduce myoblasts
βgal virus
with ROSAβ
at low MOI

d. Induce G0 arrest

g. Enrich
traps induced
during arrest

e. Sort for
β gal positive
pool by FACS
Genes turned ON in
quiescent cells

2nd round of
sorting
f. Expand

h. Activate to reenter
the cell cycle
i. Sort for
β gal negative
cells by FACS
Genes turned on in
quiescent cells AND
suppressed in growing
cells

Figure 1A. For caption, see page No. 32.
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b. Sort for β gal
negative cells

(B)

Genes ON in
growing cells
a. Transduce myoblasts
with ROSA β gal virus
at low MOI

c. Arrest without
selection of infected
cells

1. Not infected
2. Trapped
Genes OFF in
growing cells
3. Not traps

d. Sort for β
gal Positive
cells
1. Not infected
2. Genes OFF in
arrested cells
3. Not traps

Genes turned ON in
quiescent cells
e. Collect single β gal
positive cells

f. Expand individual clones
Eliminate false positives
Analyze trapped loci

(C)

50
45
40
% S phase

35
30
25
20
15
10
5
0
G
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A

R6

R24

Figure 1. Schematic representation of FACS screens used
to isolate quiescence-induced genes. (A) Sequential screen for
gene traps representing arrest-induced and growth-suppressed
genes (see table 1 and ﬁgure 2). (B) Direct screen for gene traps
representing arrest-induced genes (see table 2 and ﬁgure 3). (C)
Suspension culture leads to G0 arrest as revealed by the absence
of BrdU incorporation. Asynchronously growing myoblasts (G)
were held in suspension for 48 h to achieve arrest (A) followed
by replating for 6 or 24 h (R6, R24). At each time point cells were
pulsed with BrdU for 15 min and cells in S phase detected by
immunoﬂuorescence (mean + SD, n=3).
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Figure 2. Isolation of arrest-induced, growth-suppressed gene traps by sequential cell sorting. Flow cytometric analyses of data acquired
prior to and after cell sorting are shown in this ﬁgure. Cells were stained with FDG in the presence (“control”) or absence (“stained”) of
PETG. Prior to sorting, the ﬂuorescence range for βgal-positive cells was determined by comparison with the negative control, in order to
deﬁne gates for sorting. The X-axis represents ﬂuorescence of ﬂuorescein (measure of βgal activity) and the Y-axis represents cell counts.
The horizontal bars on the histograms delineate the regions chosen for setting “sorting gates”. Post-sort analysis was used to assess the
efﬁciency of sorting. (1) Elimination of proliferation-speciﬁc trap events. (2) Control assessing sort efﬁciency. (3) Sort for arrest-induced
trap events. (4) Enrichment of βgal-positive cells (P1 and P2 did not differ in βgal activity).
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to ﬂuoresce brightly is not inherited (Fiering et al 1991).
Consistent with this report, ~50% of the βgal-positive cells
that were expanded overnight now scored as βgal-negative
(data not shown).
3.3

Induction of quiescence and positive sorting for
quiescence-activated trap

To isolate arrest-induced gene-trap events, the βgal-negative
population obtained from the ﬁrst round of sorting was
expanded overnight (~one population doubling) and
suspended in methyl cellulose medium for 48 h to induce
growth arrest. If arrest-inducible genes had been trapped
in the original population, they should now activate βgal
expression. The top 0.2% of the ﬂuorescent population (i.e.
those with the highest βgal activity, ~104 cells) was FACSgal sorted and expanded for analysis (ﬁgure 2[2]).
3.4

Expansion of sorted cells and enrichment after
second round of quiescence

To enrich for arrest-induced trap events, the βgal-positive
population was cultured for 8 days to expand it to sufﬁcient
numbers (~5 x 106 cells), suspension-arrested and live-sorted
again for βgal-positive cells. The top 2% of ﬂuorescent cells
(~105 cells) were collected for further analysis and represent
an enriched, arrest-induced, βgal-positive pool (ﬁgure 2[3]).
3.5 Activation into cell cycle and negative sorting for
growth-suppressed events
To obtain gene traps that were not only induced by entry
into G0 but also suppressed by return to the cell cycle, the
enriched βgal-positive population was cultured for 5 days
to obtain ~ 4 x106 cells. This time, βgal-negative myoblasts
(~2 x105 cells) that had downregulated reporter expression
during the period of asynchronous growth were selected
(ﬁgure 2[4]), expanded for 4 days and then plated at low
density for isolation of individual clones. Using ring cloning,
54 individual clones (gtQ1–gtQ54) were isolated from this
gene-trap population for further analysis.
3.6

Direct cell sorting for arrest-induced trap events

In the sorting scheme described above, due to intermittent
culturing of cells, many doublings of the original gene-trap
events would have occurred. To minimize the presence of
siblings, we used a second strategy that omitted the initial
drug selection and the ﬁnal two rounds of sorting, and
directly sorted for quiescence-induced events (table 2;
ﬁgure 3).
J. Biosci. 33(1), March 2008

Proliferating C2C12 cells were infected with ROSAβgal virus at a low MOI (0.25). βgal-negative cells (98.5%)
were sorted and immediately placed in suspension culture
for 48 h to induce quiescence. Then, true βgal-positive
cells (2.5%) were isolated by FACS. One hundred clones
isolated from this experiment were given the preﬁx gt25 to
distinguish them from the gtQ clones obtained from the ﬁrst
experiment.
Since this strategy did not include steps to eliminate
false-positives, an initial screen was performed to exclude
non-trap events. All 100 clones were expanded individually
and analysed by northern blots using a βgal probe to
identify clones that expressed βgal fusion transcripts
during quiescence. Only 14/100 clones expressed a
gene-trap fusion transcript upon growth arrest (data not
shown), and 9 of these clones were carried forward in
the analysis. By contrast, 14 of 18 clones analysed from
experiment 1 expressed the gene-trap transcript during
growth arrest. Thus, in both screening strategies, clones
were obtained that expressed the fusion transcript in an
arrest-induced manner.
3.7

βgal enzyme activity in individual gene-trap clones
is arrest inducible

To investigate whether βgal reporter enzyme activity
in the isolated clones was arrest inducible, cell lysates
were prepared from growing, suspension-arrested and
differentiated cultures of 9 gene-trap clones and βgal
enzyme activity measured using a chemiluminescent assay
(ﬁgure 4A). Uninfected control cells showed no measurable
βgal activity. However, all 9 gene-trap lines showed
detectable, arrest-inducible reporter activity when compared
with asynchronous cultures of the respective clones. Only
3/9 clones showed appreciable reporter activity in the
differentiated condition, suggesting that in 6/9 clones tested,
induction of the trapped gene occurred in G0 arrest but not
during post-mitotic differentiation. To further conﬁrm the
arrest induction of βgal activity, some clones were analysed
histochemically in asynchronous, arrested and differentiated
conditions. X-gal staining of a representative clone is shown
in ﬁgure 4B. Taken together, these observations suggest that
the FACS-based screen was sufﬁciently stringent to yield
arrest-induced gene-trap events.
3.8

Molecular analysis of C2C12 gene-trap lines

3.8.1 Elimination of clones with multiple proviral insertions:
To detect the provirus in each clone, genomic Southern blot
analysis was carried out (ﬁgure 5). The high frequency of
multiple insertion events observed (table 3) was unexpected:
given that infections were performed at a low MOI (0.25), the
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Table 2. Direct FACS-gal selection of arrest-induced genes by single-cell sorting. C2C12 cells were transduced at an MOI of 0.25 and
directly subjected to sorting without any drug selection for virally infected cells, to eliminate those cells that expressed the reporter gene
during active proliferation. Cells that activated the integrated retroviral reporter genes during arrest were selected by FACS and sorted
into individual wells for expansion and molecular analysis. Figure 3 shows the FACS proﬁles of this experiment
Sort #

Objective

1

Negative sort against
genes expressed in
proliferation

2

Positive sort for
arrest-induced genes

% of βgal
negative

Population represented
by negatives

% True βgal
positive*

98

Not infected/Not GT/
GT not expressed in
growing cells

90

Not infected/Not GT/
GT not expressed in
arrested cells

Population represented
by positives

Fate of cells

0.9

Gene traps expressed
in growing cells

Arrested, used in
sort # 2

2.6

GT expressed in
arrested cells

Single cell sorting
into 96-well dish

Figure 3. Isolation of arrest-induced gene traps by direct single-cell sorting. Flow cytometric analysis of C2C12 cells infected with ROSAβgal viruses (0.25 MoI), stained with FDG either in the presence (negative control) or absence (sort) of PETG. (1) βgal-negative cells were
sorted (98.5%). Post-sort analysis was carried out to assess the efﬁciency of sorting. (2) Cells obtained from the experiment described in (1) were
arrested by suspension culture and βgal-positive cells (12.6% including 4/5th false-positives) were sorted. In both panels, the X-axis represents
ﬂuorescence (βgal activity) and Y-axis represents cell number. The range of ﬂuorescence of βgal-positive cells (region on the histogram marked
by the bar) was determined with the help of a negative control. Gates for sorting were deﬁned in terms of this region (see table 2).
J. Biosci. 33(1), March 2008
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Figure 4. Arrest-induced reporter expression in selected GT clones. (A) βgal enzyme activity measured in cell lysates of asynchronously
growing (G), arrested (A) and differentiated cultures (D) of selected gene-trap clones from Experiment 1. Enzyme activity
(chemiluminescence) is normalized to the protein content (rlu/µg protein) and the fold difference from the activity observed in the growing
state was calculated for each clone. Values represent the mean of duplicate samples. No βgal activity was detected in untransduced parental
cells (not shown). (B) Subcellular localization of fusion protein in clone gt25C3. Staining for βgal enzyme using X-gal reveals arrestspeciﬁc appearance of reaction product only in arrested cells (b) and not in either proliferating (a) or differentiated cells (c). The fusion
protein appeared to be cytoplasmically localized at steady state (arrows).

majority of events should have been single-copy insertions.
Interestingly, despite the extended periods of expansion
Table 3. Copy number of retroviral integrations in gene-trap
line. Copy number was determined using Southern blot analysis
as shown in ﬁgure 3
Experiment #

Number of viral
integrations
1

2

>2

1

5/36

13/36

18/36

2

2/7

2/7

3/7
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included in Experiment 1, no siblings were detected among
the clones analysed.
Since the number of clones obtained with singlecopy insertion was low, two-copy integration lines were
also included for further analysis. The probability of
both insertions representing gene traps is low. In the
rare event of both insertions in a clone being traps of
active genes, either both were induced during quiescence
or one of them was silent, as these clones had passed the
preliminary FACS-gal expression-sorting screen. Further
molecular analysis would distinguish between these
possibilities.
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Figure 5. Identiﬁcation of gene trap clones with multiple viral insertions. (A) Schematic diagram of integrated ROSA-βgal provirus.
EcoRI sites are indicated; sites in DNA ﬂanking the provirus would vary among clones (indicated by asterisks). (B) Representative Southern
blot analysis of genomic DNA from 11 individual clones hybridized with a βgal probe to detect integrated proviral sequences. Lane U
contains genomic DNA from uninfected C2C12 cells. Clones with single-copy insertions are underlined.

Table 4. List of gene-trap clones and insertion loci. In 15 clones showing arrested-induced reporter expression, the locus of retroviral
integration was determined using IPCR of the genomic ﬂanks and BLAST analysis of the PCR product. Clones 1–3 were derived from
Experiment 2 (ﬁgure 1B, table 2) and clones 4–15 were derived from Experiment 1 (ﬁgure 1A, table 1)
#

Clone #

1

25A5

2
3

Number of
insertions

I-PCR product

Chr. #

Locus/Gene identity

Location

2

0.8 kb

7

EMSY

Intron 1

25B5

1

0.5 kb

4

MACF1/ACF7

Intron 54

25C3

2

0.6 kb

5

MLL5

Exon 1

4

Q3

2

1.3 kb

12

EST gene

Intron 1

5

Q4

2

1.1 kb

6

CRE-BP1

Intron 2

6

Q7

2

0.5 kb

18

Protocatherin 13

Intron 2

7

Q11

2

0.5 kb

6

γ-enolase (neural isoform)

Exon 1

8

Q15

2

0.8 kb

5

CLIP-50 (Restin family)

Intron 1

9

Q16

2

0.7 kb

11

EST gene

Intron 2

10

Q37

2

0.9 kb 0.7 kb

19 17

Catsper intergenic insertion

Intron 9 intergenic

11

Q39

2

0.9 kb 0.5 kb

73

P8/NuPrl intergenic insertion
(ﬂanked by ESTs)

Exon 2 intergenic

12

Q43

1

0.5 kb

2

TDE1 (82% identity)

Intron 1

13

Q48

1

0.5 kb

8

SULT-X1

Upstream

14

Q50

1

0.8 kb

6

EST gene

Exon 1

15

Q51

2

0.8 kb

7

EST gene

Intron 1
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Figure 6. Comparative expression analysis of fusion transcripts vs endogenous transcripts. (A) Fusion transcripts are quiescence-induced
in gene-trap clones. Northern blot analysis of total RNA isolated from asynchronously growing (G), G0 arrested (A), reactivated for 12 h
(R) and differentiated (D) cultures of 4 gene-trap clones. The gene-trap transcript is induced during arrest in all clones. V represents the viral
genomic transcript and F represents the gene-trap fusion transcript. [Note: The viral genomic transcript results from the promoter activity
of the 5′ LTR of the provirus. Since the βgal gene is in reverse orientation with respect to the 5′ LTR, the viral genomic RNA contains
the antisense sequence of βgal. Therefore, the transcriptional activity of the 5′ LTR does not contribute to βgal enzyme activity that is the
basis for the ﬂow cytometric screen.] Blots were also probed with histone H2B to assess the growth status of the cultures. rRNA is shown
as the loading control. (B) Expression in parental myoblasts of endogenous RNA of gene-trap loci identiﬁed in the clones shown in ﬁgure
6A. Northern blot analysis of C2C12 cells was used to follow the expression pattern of the cellular transcripts of the trapped genes EMSY,
p8, MACF1 and MLL5. Ribosomal RNA serves as the loading control. (C) Real-time RT-PCR analysis of MLL5 transcripts. RNA from
asynchronously growing (G), G0 arrested (A), and differentiated (D) muscle cells was analysed by real-time RT-PCR using primers to
amplify a 219 bp fragment of exons 1 and 2. Values represent normalized fold differences [2-(-∆∆Ct)] relative to a GAPDH control amplicon
and were generated from triplicate samples. Arrested cells show a 4-fold induction of MLL5 mRNA compared with growing cells, while
differentiated cells show a downregulation.
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3.8.2 Identiﬁcation of trapped genes in selected gene trap
lines: To identify the trapped loci in the gene-trap insertion
lines, we employed an inverse PCR (IPCR) strategy using
outwardly directed, nested primers that bind to the long
terminal repeat (LTR), to amplify the ﬂanking genomic
sequence. To exclude endogenous retroviruses as targets
for ampliﬁcation, one set of primers was designed to prime
from the bacterial supF gene engineered into the LTRs.
Sequencing and BLAST analysis of the sequence against the
Ensembl mouse genome database (http://www.ensembl.org)
revealed the identity of the trapped locus in 15/22 lines
analysed by inverse PCR (table 4).
3.8.3 Identiﬁcation of gene traps expressed speciﬁcally in
reversibly arrested cells: Although constitutively expressed
traps as well as proliferation-speciﬁc ones should have
been screened out by our FACS strategy, those that were
selected could be expressed during both reversible as well
as irreversible arrest (differentiation). Since our interest is
in genes expressed primarily in quiescent cells (G0) rather
than irreversibly arrested differentiated cells, we screened
14 selected lines for reversible arrest-speciﬁc expression of
the gene-trap reporter RNA.
Total RNA was isolated from asynchronously growing,
reversibly arrested, reactivated and differentiated cultures
of each of the 14 clones and analysed by northern blotting.
An endogenous marker of the S phase (c 2B) was used to
determine the growth status of the clones. In 13/14 clones
analysed there was clear induction of the reporter transcript
in arrested cultures when compared with growing cultures.
The data for 4 clones (25A5, 25B5, 25C3 and Q39) are
shown in ﬁgure 6A. As with the βgal enzyme assay, almost
all individual clones isolated either by the sequential
scheme or by direct sorting showed upregulation of the
βgal transcript, consistent with the reporter induction on
which the FACS selection was based. Hybridization with
a βgal probe yielded at least two bands in all gene-trap
clones – a 7 kb band corresponding to the viral genomic
transcript (G) and another band of variable size (>4.4 kb)
corresponding to the fusion transcript (F) expressed from
the trapped locus.
In clones gtQ39, gt25A5 and gt25C3, the fusion transcript
was ~4.5 kb (4.4 kb reporter RNA containing βgal and neo,
plus ~100 b representing the trapped exon). In addition, in
clone 25B5, a larger fusion transcript (~14 kb) was seen,
appending ~10 kb to the reporter transcript.
In many clones, the fusion transcript showed continued
expression in reactivated cells (labelled R in ﬁgure 6A, 12 h
after release from arrest or mid-late G1), though the levels
were reduced. This may reﬂect continued transcriptional
activity in G1 or the long half-life of βgal mRNA. Only 3/10
clones in which expression was analysed in the myotubes
expressed reporter during differentiation as well, though not
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as much as in G0 (not shown). Thus, most clones showed
preferential expression of the fusion transcript during G0
arrest and not differentiation.
3.8.4 Analysis of endogenous transcript expression in
gene-trap clones: βgal expression in the gene-trap clones
should report the transcriptional activity of the endogenous
gene. However, endogenous gene expression might also be
regulated post-transcriptionally. Owing to the differences
in their cis-sequence elements, reporter transcripts may not
be under similar post-transcriptional control as the cellular
RNA. To investigate if the pattern of reporter expression
faithfully reﬂected that of the locus of integration, we
analysed the endogenous transcripts of EMSY (gt25A5),
p8 (gtQ39), MACF1 (gt25B5) and MLL5 (gt25C3) (ﬁgure
4B). Total RNA isolated from growing, arrested, reactivated
and differentiated cultures of untransduced parental C2C12
myoblasts was used to analyse the endogenous expression of
these loci using gene-speciﬁc probes.
All 4 genes analysed represent those that potentially
play a role in arrest. Human EMSY was identiﬁed as a
protein that binds to BRCA2 (a gene mutated in familial
breast and ovarian cancer, reviewed in Black 1994), within
the region deleted in tumours (Hughes-Davis et al 2003).
EMSY represses the transcriptional activity of BRCA2
and is implicated in repair of DNA damage and chromatin
regulation (Hughes-Davis et al 2003). To detect the mouse
EMSY homologue RNA, a probe corresponding to 300–520
nucleotides of the predicted 3.34 kb transcript was used. This
sequence is a part of the coding region and corresponds to
a portion of the highly conserved EMSY N-terminus (ENT)
domain. However, in C2C12 cells, 3 EMSY transcripts
were detected: a predominant species at ~4.7 kb that was
abundantly expressed in all conditions, a band at ~7 kb that
was expressed in both arrested and differentiated cultures,
and a small transcript at ~500b. The smallest and the largest
of the transcripts were not detectable in proliferating muscle
cells.
p8 is a widely expressed stress-responsive gene
that encodes a p300 HAT-binding protein and has been
implicated in growth control (Vasseur et al 2002). For p8,
a single transcript of expected size (0.7 kb) was detected
using a probe containing 147–550 nt corresponding to the
coding + 3′ untranslated region (UTR) of mouse p8. p8
transcripts were detectable in growing myoblasts and mildly
induced in G0 but markedly upregulated in reactivated
myoblasts.
MACF1 belongs to actin cross-linking family 7 (ACF7)
and possesses both actin and microtubule-binding domains
(Bernier et al 1996; Leung et al 1999; Karakesisoglou et
al 2000; Kodama et al 2003). Members of ACF7 integrate
microtubule–microﬁlament dynamics, which are required
for cell polarity and motility (Karakesisoglou et al 2000).
J. Biosci. 33(1), March 2008

Ramkumar Sambasivan, Grace K Pavlath and Jyotsna Dhawan

40

The MACF1 gene is widely expressed and encodes multiple
transcripts 14–17 kb in length (Kodama et al 2003). A 3.5
kb cDNA probe speciﬁc to MACFI detected 3 transcripts
(14–17 kb) in C2C12 myoblasts. Growing and arrested
myoblasts expressed the ~14 kb transcript at a very low basal
level. Reactivated cells not only upregulated this transcript
but also expressed higher molecular weight transcripts.
Differentiated cultures expressed high levels of two of the
transcripts and the overall MACF1 expression was highest
in the myotubes.
Mixed-lineage leukaemia gene-5 (MLL5) has been
implicated in negative regulation of the cell cycle (Deng et
al 2004). MLL5, a homologue of Drosophila trithorax, may
regulate transcription through protein–protein interactions
mediated by PHD (zinc ﬁnger motif) and SET (conserved
in Suvar, Enhancer of Zeste and Trithorax) domains
(Emerling et al 2002). To follow the expression of the MLL5
homologue, an RT-PCR product of ~1 kb representing
nucleotides 665–1717 of the predicted 2.1 kb transcript
was used as a probe. The probe hybridized to 4 different
transcripts (>5 kb, ~3.5 kb and a doublet of ~2 kb). Only
one of these transcripts (~2 kb RNA) was expressed
speciﬁcally in quiescent cells, while others were
constitutively expressed. The arrest-induced ~2 kb transcript
matches the size of the MLL5 transcript predicted by the
Ensembl database (ENSMUSG00000029004). However,
the human MLL5 gene (ENSG00000005483) predicts a
6.5 kb transcript that has been detected in multiple tissues
(Emerling et al 2002).
To conﬁrm the differential expression of MLL5, we
employed real-time RT-PCR analysis using primers
to amplify a 219 bp fragment in exons 1 and 2 of the
arrest-induced 2 kb transcript from parental C2C12 cells.
Figure 6C shows a ~4-fold increase in MLL5 mRNA in
arrested myoblasts compared to proliferating cells, while
differentiated cells showed downregulation, conﬁrming
that MLL5 is differentially regulated between reversible and
irreversible arrest.
Thus, for 3 out of 4 gene-trap insertions analysed, at least
one endogenous transcript correlated with the gene-trap
reporter and showed increased expression during reversible
arrest.
4.

Discussion

Our interest is to understand how quiescence is actively
enforced and how these mechanisms differ from those that
regulate permanent cell cycle arrest during differentiation.
Analysis of genes conditionally expressed during G0 may
yield insight into the biology of reversible arrest. To identify
such genes, a collection of retroviral gene-trap insertions
into chromosomal sites in C2C12 myoblasts was generated.
Those insertions that activated the promoterless reporter gene
J. Biosci. 33(1), March 2008

contained in the retrovirus were selected by live cell sorting,
individual clones that activated the reporter in a quiescencespeciﬁc manner were isolated, the locus of insertion in these
clones was identiﬁed and, in some cases, found to encode
genes implicated in growth arrest. In particular, 3 putative
tumour suppressor genes, EMSY, p8 and MLL5, were found
to be quiescence-induced.
4.1

More gene traps are detected in growth-arrested cells
than in proliferating cells

Using retroviral infection and differential cell sorting,
myoblasts that express gene-trap reporter (βgal) during
growth arrest were isolated. In Experiment 1, which involved
selection of infected cells by drug resistance, cells positive
for βgal activity in the proliferating state were eliminated.
These represent traps that are either constitutively expressed
or conditionally expressed during proliferation. Of the
βgal-negative cells, the majority do not represent gene
traps, i.e. the vector has integrated in the intergenic regions
of the genome (by far the larger target) and hence the reporter
gene would not be expressed. However, a proportion of
the βgal-negative cells could be gene traps that are
conditionally expressed during other states (example:
differentiation, reversible growth arrest, extrinsic signal
induction, stress activation, etc.). When G0 arrest
was induced in this βgal-negative population, 6% of
the population activated reporter gene expression. In
Experiment 2, where infected cells were not selected, 2.5%
cells activated reporter expression upon arrest, as against 1%
positive cells in the proliferating state (the decrease from
6% in Experiment 1 might reﬂect the presence of uninfected
cells in the population).
The observation that more gene traps are activated
during growth arrest than the sum of constitutive and
growth-speciﬁc traps, is counterintuitive if it is assumed
that all gene traps activated in suspension culture are a
direct consequence of quiescence. However, a proportion of
traps could be responding to the lack of adhesion-mediated
signalling in non-adherent conditions. Moreover, expression
of 50% of the arrest-inducible gene traps was not suppressed
by reactivation into the cell cycle or restoration of the
surface contacts. Thus, of the traps activated in suspended
myoblasts, many are responsive to other attributes of the
culture conditions and only a proportion is induced by
growth arrest per se.
4.2

Most gene traps induced in reversibly arrested cells
are not induced in differentiated muscle cells

Our interest is in genes speciﬁc to reversible arrest in the
undifferentiated state, and not those that may be induced

Gene trapping in reversibly arrested myoblasts
during irreversible arrest associated with differentiation.
Such G0-induced events were identiﬁed by secondary
screening of the FACS-selected clones by northern blot
analysis. Expression of the gene-trap transcript was also
monitored in asynchronous and reactivated cultures (G1released) of these clones. In all the 14 clones analysed, the
gene-trap reporter transcript was upregulated in G0 cells
when compared with growing cells, demonstrating that the
screening by ﬂow cytometry was successful.
Though clones obtained from Experiment 1 were also
selected for suppression of reporter expression upon reentry into the cell cycle >48 h after reactivation, in more
than half of the clones analysed from this experiment, the
reporter transcript is not completely downregulated at 12 h
after reactivation. Forty-eight hours after release from G0,
cells have passed through a synchronized cycle and returned
to asynchronous proliferation (Sachidanandan et al 2002).
However, at 12 h of reactivation, cells are still synchronized
in G1 and have not entered the S phase, as revealed by low
histone expression. Thus, these data are not inconsistent
with the observation that traps obtained from Experiment 1
are growth suppressed.
As discussed earlier, genes activated during suspension
culture could either be growth-arrest induced or induced
by loss of anchorage. Of the arrest-induced genes, some
could be speciﬁc to reversible arrest and others could be
common to both reversible and irreversible growth arrest
(differentiation). In most of the clones analysed, the reporter
transcript was induced only during reversible arrest and
not during differentiation, again suggesting that the FACS
screen based on arrest-induced and proliferation-suppressed
trap events was effective.
4.3

Many multicopy insertions despite low MOI used
for virus introduction

Viral infection of myoblasts was performed at a low MOI
(0.25) to increase the probability of single-copy integrations.
Conventionally, viral transduction involves stationary
incubation of the target cells with viral supernatant for
12–24 h. To increase the efﬁciency of transduction, more
recent methods routinely employ spinfection (Kotani
et al 1994; Springer and Blau 1997), wherein the cells
are centrifuged in the presence of viral supernatant. The
increased efﬁciency of this method may involve increased
chances of interaction between the virions and target cells.
One possibility was that spinfection could have increased
the effective titre and may have counteracted the purpose
of low MOI transductions. Moreover, a single infectious
unit might contain multiple viral particles and even a single
viral RNA genome could make more than one DNA copy in
the target cells resulting in multiple insertions at a low MOI
(Fan et al 1978).

4.4
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Gene trap insertions occur preferentially in the
5′ end of genes

The locus of insertion was identiﬁed in 15 individual GT
clones. βgal transcript expression in gene-trap insertions
occurs by virtue of the SA sequence splicing to upstream
exons of the trapped gene. Thus, the gene-trap reporter
mRNA is a fusion transcript, containing βgal reporter RNA
and a portion of the RNA transcribed from the exon(s) of
the trapped endogenous gene upstream of the insertion. The
size of the gene-trap RNA among different gene-trap clones
would vary depending on the length of the endogenous RNA
appended to it. However, retroviral insertions are reported
to occur preferentially at the 5′ end of the genes (Friedrich
and Soriano 1991; Hansen et al 2003). Moreover, the 5′ of
most exons tends to be shorter than internal exons and are
often <100 bases (Hawkins 1988). Consistent with these
reports, the gene-trap transcripts of almost all the clones,
except 25B5, were of similar size (at the level of resolution
of northern blot analysis). Sequence analysis of the insertion
loci revealed that all except two insertions occured in the
ﬁrst/second exon or in the ﬁrst/second intron. The exceptions
were trap clones 25B5 and Q37. In clone 25B5, the insertion
was in the 54th intron of the giant MACF1 gene (17 kb
mRNA) giving rise to a fusion transcript of approximately
14 kb, consistent with the expected size of a fusion transcript
containing exons 1–53. In clone Q37, the gene-trap insertion
was in the 9th intron of the Catsper gene. The size of the
fusion transcript formed in this clone was not determined.
In clone Q39, two bands were observed at ~7 kb and may
both represent viral genomic RNA. In this clone, one of the
two insertions is in the second exon of the p8 gene, which
is expected to append 262 bases (exons 1+2) to the reporter
transcript. The other insertion, as revealed by BLAST
analysis, is not within a transcriptional unit but likely in an
intergenic region, distantly ﬂanked by 2 ESTs.
4.5

Identities of gene-trap loci reveal a variety of
functional classes

Our approach is not a high-throughput screen; practical
reasons limited the number of clones isolated and analysed,
and elimination of multiple insertion events further reduced
the number of genes identiﬁed. As the numbers were small,
it is not surprising that we did not ﬁnd common candidates
from the two different strategies. However, the p8 gene
identiﬁed here was also picked out in microarray analysis
of quiescent myoblasts (S Subramaniam and J Dhawan,
unpublished). Despite this limitation of numbers, the
products of genes identiﬁed from the reversible growth
arrest-speciﬁc traps fall into different functional classes, such
as cytoskeletal proteins (MACF1), cell adhesion molecules
(protocadherin 13), and transcription/chromatin modulators
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(EMSY, MLL5, p8). Genes such as tumour differentially
expressed1 (TDE1) have no assigned biochemical functions,
but are thought to play a role in growth control. SULT X1
is a putative cytosolic enzyme. Other genes such as CLIP
50, γ-enolase (neuronal isoform of the glycolytic enzyme),
cyclic AMP response element-binding protein (CRE-BP1)
(transcription factor) and the Catsper homologue (spermion channel) were identiﬁed from clones whose pattern of
reporter expression was not screened by northern analysis.
The identiﬁcation of genes such as MACF1, CLIP 50 and
protocadherin 13 that encode cytoskeletal/adhesion-related
proteins supports the surmise that many of the gene traps
are in genes activated as a result of deprivation of adhesion
in suspension culture. Finally, identiﬁcation of genes such
as MLL5, EMSY and p8, which have been implicated in
the negative regulation of proliferation, suggests that the
induction of genes in G0-synchronized myoblasts may
regulate reversible arrest.
4.6 Expression pattern of endogenous transcripts does
not always match that of the gene-trap reporter
In studies where transgenic lines of mice were generated
following gene trapping in ES cells, there was good
correspondence, in most cases, between the spatial and
temporal patterns of expression of the reporter and targeted
gene (Voss et al 1998; Stoykova et al 1998). However, in
a small proportion of GT lines, reporter expression was far
more restricted than endogenous gene expression (Skarnes
et al 1992; Voss et al 1998). The discrepancy observed in
these instances was attributed to alternative splicing or the
interruption of regulatory regions of the trapped genes by
vector integration. However, another possibility is that of
differential stability of reporter and cellular transcripts.
None of the genes we analysed completely matched the
expression pattern of the reporter. The possibility that lack
of concordance reﬂects a failure of the FACS sorting to
distinguish between true βgal expressers and false-positive
ones is unlikely since the reporter enzyme assay matched
the FACS analysis as well as reporter transcript expression
in most cases. Thus, in this screen, differences between
the pattern of expression of the fusion transcript and the
endogenous transcript are likely to arise from differences
in regulation.
If the gene-trap insertion had occurred within an exon
that is included in a conditionally expressed splice variant,
reporter expression would be restricted in its expression
to the condition where that splice variant is expressed.
However, other splice forms may not follow this expression
pattern. Multiple transcripts are observed in MACF1, MLL5
and EMSY. Other genes expressed only one transcript.
Among genes expressing multiple transcripts, only in the
case of MLL5 was the insertion found in the ﬁrst exon and
J. Biosci. 33(1), March 2008

an arrest-induced transcript detected. For both MACF1 and
EMSY, though the insertions are located in introns, since we
detected more transcripts than predicted, exon predictions in
the current mouse genome database may also be incomplete.
Thus, alternative splicing may contribute to the observed
results. Further, alterations in splicing patterns because of
the GT insertion cannot be ruled out.
Owing to the cis elements they contain, the half-life of the
endogenous transcripts may differ from that of the reporter
RNA. Thus, under conditions in which the promoter activity
is high, both the reporter and the cellular transcripts would
be detected, but when the promoter activity is very low or
basal, the endogenous RNA but not the reporter would be
detected.
Transcripts encoding MLL5, EMSY, CLIP 50 and p8
were expressed in proliferating myoblasts, whereas reporter
expression from the corresponding fusion transcripts was
absent or very low. All these genes as well as MACF1 were
expressed in differentiated myotubes. Two of these transcripts,
MACF1 and MLL5, have AU-rich elements (AREs) in their
3′ UTRs (4 copies and 1 copy, respectively). AREs are found
in the 3′ UTR of many short-lived transcripts that inﬂuence
their stability (Caput et al 1986; Shaw and Kamen 1986)
by allowing the binding of proteins such as AUF1 (Zhang
et al 1993), HuR (Myer et al 1997) or TTP (Carballo et
al 2000). Interestingly, in an earlier study, we found that
TTP expression was induced in synchronized myoblasts
(Sachidanandan et al 2002), and HuR binding is known to
stabilize ARE-containing mRNAs such as MyoD, Myogenin
and p21 during differentiation of C2C12 cells (Figueroa et
al 2003). Thus, the longer half-life of endogenous transcripts
could explain their presence in conditions where reporter is
not expressed. However, absence of endogenous RNA when
the reporter transcript is upregulated, as observed in MACF1
and SULT X1, needs the converse assumption, i.e. that the
endogenous RNA is unstable. This possibility is likely with
SULT X1, because the promoter activity as reported by
fusion transcript expression was high, but the abundance of
endogenous mRNA was low and it was barely detectable on
northern blots.
In addition, early studies on suspension culture of
ﬁbroblasts reported a global stabilization of mRNA during
suspension (Benecke et al 1980). Subsequent studies using
molecular analysis of individual transcripts (Sachidanandan
et al 2002; Dike and Farmer 1988; Dhawan and Farmer 1990;
this work) or microarray analysis (S Subramanium and J
Dhawan, unpublished) have not supported that interpretation,
since many genes are found to be downregulated in
suspension. However, there is still no molecular explanation
for the early observation, and it is formally possible that a
selective stabilization of a class of transcripts occurs. βgal
mRNA may contain cryptic sequences that respond to this
mechanism. Thus, all these factors could contribute to the

Gene trapping in reversibly arrested myoblasts
lack of correspondence observed between endogenous and
reporter gene expression.
In conclusion, gene trapping in C2C12 myoblasts showed
similarities and differences from previous reports in ES cells.
Despite some differences between the patterns of gene-trap
reporter and endogenous transcripts, genes that have been
implicated in the negative regulation of proliferation were
identiﬁed as arrest-induced. Strikingly, all 3 genes encode
proteins implicated not only in growth control but also in
chromatin architecture. Further analysis of these genes may
provide a framework for understanding the mechanism by
which reversible G0 arrest occurs and is distinguished from
the permanent arrest that accompanies differentiation.
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