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Gene trapping identifies transiently induced survival genes during
programmed cell death
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Abstract

Background: The existence of a constitutively expressed machinery for death in individual cells
has led to the notion that survival factors repress this machinery and, if such factors are
unavailable, cells die by default. In many cells, however, mRNA and protein synthesis inhibitors
induce apoptosis, suggesting that in some cases transcriptional activity might actually impede cell
death. To identify transcriptional mechanisms that interfere with cell death and survival, we
combined gene trap mutagenesis with site-specific recombination (Cre/loxP system) to isolate
genes from cells undergoing apoptosis by growth factor deprivation.

Results: From an integration library consisting of approximately 2 x 106 unique proviral
integrations obtained by infecting the interleukin-3 (IL-3)-dependent hematopoietic cell line -
FLOXIL3 - with U3Cre gene trap virus, we have isolated 125 individual clones that converted to
factor independence upon IL-3 withdrawal. Of 102 cellular sequences adjacent to U3Cre
integration sites, 17% belonged to known genes, 11% matched single expressed sequence tags
(ESTs) or full cDNAs with unknown function and 72% had no match within the public databases.
Most of the known genes recovered in this analysis encoded proteins with survival functions. 

Conclusions: We have shown that hematopoietic cells undergoing apoptosis after withdrawal of IL-3
activate survival genes that impede cell death. This results in reduced apoptosis and improved survival
of cells treated with a transient apoptotic stimulus. Thus, apoptosis in hematopoietic cells is the end
result of a conflict between death and survival signals, rather than a simple death by default.
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Results
A majority of gene trap sequence tags recovered
following IL-3 withdrawal correspond to unknown
genes
���	�����BC8�4���������
������������������� �������������!

�

��1�	���� � E 1 3&% "��,"�� 
�������� ������������� 2(5�� -�

����� ���������3E'� �������"���������� ��������������� ��� !�����

����
�������� "
��� 8��4� -������-��*� .���"���� ��,"�����

��F���������#4.���������������������?��������
���,"����������

)+$+�A� -���� ��������� !��	� 3&E� ������� � � �������� =.6� ��

Figure 1
Identification of transiently expressed genes by gene trap mutagenesis and site-specific recombination. (a) U3Cre gene trap
activation from integrations in genes induced by IL-3 withdrawal excises the Tkneo fusion gene, which is flanked by loxP sites
from the reporter plasmid pgklxTkneoIL3. This places the IL-3 cDNA immediately downstream of the pgk promoter and
enables its expression. This converts FLOXIL3 cells to factor independence. Cre, cre recombinase; Pol II, RNA polymerase II;
pgk, phosphoglycerate kinase promoter; lx, loxP target sequence for Cre recombinase; Tkneo, HSV-thymidine-
kinase/neomycin-phosphotransferase fusion gene; pA, bovine growth hormone polyadenylation sequence; IL-3, murine
interleukin-3 cDNA. (b) Selection strategy for genes induced by IL-3 withdrawal. U3Cre-infected FLOXIL3 cells were first
selected in G418 to eliminate integrations into constitutively expressed genes. The G418-resistant cells were then plated into
semisolid (agar) cultures in the absence of IL-3. Autonomous colonies were picked and expanded for further analysis.
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Most genes induced by IL-3 withdrawal exhibit cell-
protective functions
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Figure 2
Classes of gene trap sequence tags recovered from FLOXIL3 following IL-3 withdrawal. KIAs and fis are full-length cDNAs
with unknown functions.
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Figure 3
Genes induced by IL-3 withdrawal. (a) Gene trap position in previously characterized genes. GTSTs were either obtained by
5�RACE or inverse genomic PCR. Exon/intron boundaries were either available from the databases or were determined by
RT-PCR reactions using mRNA from FDCP1 cells and exon-specific primers. (b) Northern blot analysis of cellular genes
induced by IL-3 withdrawal. Polyadenylated RNAs (5 �g per lane) extracted from FDCP1 cells at various intervals following
IL-3 withdrawal were fractionated on formaldehyde-agarose gels, blotted onto nylon filters and hybridized to 32P -labeled
gene- or exon (NET1)-specific probes. Blots were normalized with a 32P-labeled L32 probe. h, hours without IL-3.
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Mouse cDNA expression arrays reveal differential
expression of cell death and survival genes following
IL-3 withdrawal
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Table 1

Summary of previously characterized genes disrupted by gene trap mutagenesis

Gene for Type of protein Function Accession number

Net1A GEF for Rho-family GTPases DH-domain containing oncogene AJ010045

PEM2 GEF for Rho-family GTPases DH-domain containing oncogene AJ250425
(KIAA0424)

PIP5K type I � Serine-threonine phosphokinase Cell survival NM_008847

PIP5K type I �/Tjp3 Serine-threonine phosphokinase Cell survival AB006916

p38-G4 DNA-binding protein Cell cycle regulated protein associated with proliferation X84789

YB-1 Transcription factor Represses Fas transcription, activates MDR1 transcription M60419

IL-12 receptor Cytokine receptor Inhibits Fas/FasL signal transduction NM_008353

VMAT-2 Vesicular monoamine transporter Sequesters neuro-toxins in synaptic vesicles L23205

AlkB Enzyme Protects DNA against alkylation NM_006020

Rec8 Enzyme DNA double-strand break repair AF006264

Mre11/Rad50 Enzyme DNA double-strand break repair NM_009012

ICAM-4 Cell-surface molecule Mediates intercellular adhesion AF296282
NM_001544

Nitrilase Enzyme Nitrogen metabolism, tumor suppression NM_012049

Myosin I-� Structural Cell mobility AY007255
X99638

Hexokinase Enzyme Glycolysis JO5277
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Apoptotic prestimulation improves survival in the
absence of IL-3
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Figure 4
Differential gene expression in FDCP1 cells after IL-3 withdrawal. (a) Comparative Atlas array hybridization with cDNA
probes derived from FDCP1 cells after 0 h (left) and 2 h (right) of IL-3 deprivation. Filters were scanned with a
PhosphoImager (Molecular Dynamics) and analyzed with the AtlasImage 1.5 software. (b) Relative changes in gene expression
on a log scale. 1, no regulation; > 1, upregulation; < 1, downregulation. Note that the apparent downregulation of Bcl-2 could
not be confirmed on northern blots. Induction of c-kit and Chop10 (asterisked) was observed only on arrays hybridized to
cDNA recovered from cells after 8 h of factor deprivation. (c) Northern blot analysis of transcripts identified as differentially
expressed by the AtlasImage 1.5 software. Poly(A)+ RNA (2.5 �g) prepared after 0, 2, 4, 6 and 8 h of IL-3 deprivation was
fractionated on formaldehyde gels, blotted onto nylon filters and hybridized with 32P-labeled gene-specific probes. 
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Figure 5
Improved survival of FDCP1 cells following apoptotic prestimulation. (a) Colony formation in soft agar. One thousand
FDCP1 cells were seeded into agar cultures as previously described [9]. After incubation for 0, 1, 2 and 4 h, IL-3 was added at
the indicated concentrations. Colonies were counted in duplicate after incubating for 7 days. Results were derived from two
independent experiments. (b) Frequency of apoptotic cells. 1 x 106 cells were deprived of IL-3 for 1 and 2 h, respectively.
After re-adding IL-3 for 4 h, cells were washed and incubated without IL-3. After 6, 9 and 12 h factor deprivation, the cells
were stained with annexin and the frequency of apoptotic cells was estimated by flow cytometry. Results were derived from
two independent experiments.

4 h

2 h

1 h

0 h

0

100

200

300

400

0.8 1.6 3.2

C
o
lo
n
ie
s

IL-3 (ng/ml) IL-3 (ng/ml)

0

100

200

300

400

0.8 1.6 3.2

C
o
lo
n
ie
s

5

7

9

11

13

15

17

19

21

23

9 12
5

7

9

11

13

15

17

19

21

23

6

Time (h) Time (h)

9 126

P
e
rc
e
n
t
a
p
o
p
to
ti
c
c
e
lls

P
e
rc
e
n
t
a
p
o
p
to
ti
c
c
e
lls

2 h

1 h

0 h

Experiment 1

Experiment 1 Experiment 2

Experiment 2(a)

(b)



	��������� *� �� ��	
�������� � ������ 
��
������� �!

"����-�� ������ -���� ����������� -����� "����������� ���

������� L��
���������!������������������������*�8�������������

������������� ����� ���

����� -����� ����� ���� ����"
��

�����	� ������ 2;5�� ���� .��<��1=� �

������ ����-�� �������

	���� !��� ������ ���"���� � � �
���!��� ����������� ���	"��*� ��

	���� ���"����� � ������ ���� �1
������� ��� �� ��	
����� � ���

�
������ � �����������	������� -�� �������� ����� ���� ��	�����

������!���������
�	"��������������������
���!�������	�����

����� 
�������� �� ��"��� ������������ !��� !"��������� ����

���� ���� ��� ���� 
��������	��� ���*� ��� F"����� � � ���� �	���

!�������� �!� ����	�������� ���������� �!���� ���-��� !�����

��
��������� ?����� ���� 3E9��!�E 1 3&% ���&*&&%HA� 2(5������ 

����������� ��!��������

������-�������������������� ����	�

����� � �
���!��� !��� ���"����� � ������ ���"���� �"����� 
���

���		��� ����� �����*� ���������� �� ���� 	�F���� � �!� �����

"
���"������ � � 8��4�-������-���-���� �����������-���� ����

�����������"������*������"��������-�����	�������������@7�

���� ��� ���� ��!!��������� � �1
������� ������ ���������� -���

���� �-�� 	������� -���� ,"���� ��!!�����*� +�"��� -���� ���

�1��
����� �!���� ���� 	����� ����� �!� ���� ������ ���
�� ��

����������� ��-������������ ���������
�	"���������*������

��������� ����	����� ���
���������� ���������� ��� ��������

���
� �

������ ��� ���"���� � � 8��4� -������-���� �

�����

�������"����� � �1
������� ��� ����� ��-����"������ ��� ����

���� �� ���� ��������� ������� ���
������� � ?���"��� 4�9A*

$�������!�������	� ��1
������������!!������*�����������������

�������������� �"�������������������� �E'H��!���������	�*

��� ��� � ������ ������ -���� ���"���� ��� ���� ���� �� ?�����

��������� ����� 8��4� ����
����� ��"����������������!������

���
��� ������� "�@� ���� .��
3&A� ������ ������� � !��	� ��

"����"������ ������ � -��� "������ *� $������� ���������� ����

���

���� ��� �

����� ��� �@7�� � �����I������ ���� ��� ����

��-���������� ��1
������������*�+������������������
�������

�� ��������� !��� ���������� ���"������������"������ �������� �

�������������������� ��� ����
��������!�
����1������������ �

������	67����������"�F���������
������������
����������"���

����*�+�������������������������������������"�����������!��

���� !"��������� ���� ���� �!� ���� 	�		������ ����	��� ����

���

���� �!!������� � ��	
��	����� �@7�������� �����������

����"����� �@7�� ���� ��� -����� ���� "������ ��� �������"���

���-���� ��������
������� ���<��� 
������������
������

�����������������1
�������*�

8�����	���!��
�
��������@.=3��������

������ �
������������

������� �������� 	�������	�� ����� �
������ ��� ��������
������

�����*� �������� ��� 	���� ������ ���!������ ���-���� 
���"������

�����
�
���������������������������"��
������������������ �� 

-���� ����������I��� 
�������� ?!��� �1�	
���� :���E� !�	�� 

	�	������ ���
����A�� ������ ��� ����������� ��������� !��� �����

����
������� ���"������� �!� �
�
������ ��
����� �!� �������� ���

�����������-���������������"����� ��1
�������
�������������

�
�
������
�������� 2E&�935*�+����� ��������
������� ���"������

�!� �
�
������ �� ������ ������ � "����-�� �� ���� ����� � ��� ���!��

����"�� �
���!���� � ��� ���� �
�
������ 
������*� +��� ������� � �!

�"��� ���"������� ��� �!� ������������� ��������� ��� ��� � ��"��


������� ���"����� �������� !��� 
���
������� ��������
������

���<�����������������������"��*�

����� ������ ������!���� ��� ����� ��"� � ������� ����� 
���������

���<���
����"�������!"�������*�8�������-������������������������

�1
���	����� ���������� ����� ����� ���-�� �"��� !"�������� ��

	��������I�� ��� ������ �1
����� ��� �
�
������ 
�����	"������*

���������� �� ������ ���������� ���	"������� �1�������� �	
�����

�"������� ���� ���"���� �
�
������ ��� �� ���-��� !������ ��
�����

�������	���*�8����������� ������	������ ��
����������
����	�

��������-����� �����	���
��������������������������������

��� ���	��� 	�����*� 8�� ������ �� ������� �"�������� 
������ �!

�����	������"����
��!�"������������������"���,"���������	��

������� 29E5*� +�"��� ���"������ �!� ������
�
������ ����� �1
����

����� 
����� ��� �� ������� ���	"�"�� ���	�� ��� ������ ���� ���������

��,"����� !��� ����� ���	"�"�� ��� ��� �!!������*� +���� 
�������� ��

�������������!�� �	�������	����������
�������"�-����������

�!��������1
�������� ������������ �����
�
���������	"������*�

8�� �"		�� �� ���� 
������� �1
���	����� ����� ���-�� ����

��	���
������� ������ "���������� �
�
������ � � 8��4� -����

���-��� ��������� �"������� ������ ����� ��� �	
���� ����� �����*

+�����"�������������
�
�����������	���
�����������������������

���"����!������!��������-���������������"����������������������

���������	
���������� ���!�"��*

Materials and methods
Amplification and cloning of upstream sequences
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Mouse cDNA expression arrays and northern blot
hybridizations
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