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The tumor susceptibility gene 101 (Tsg101) was originally discovered in a screen for potential tumor suppressors using insertional mutagenesis in immortalized
fibroblasts. To investigate essential functions of this
gene in cell growth and neoplastic transformation, we
derived primary mouse embryonic fibroblasts from
Tsg101 conditional knockout mice. Expression of Cre
recombinase from a retroviral vector efficiently downregulated Tsg101. The deletion of Tsg101 caused growth
arrest and cell death but did not result in increased
proliferation and cellular transformation. Inactivation
of p53 had no influence on the deleterious phenotype,
but Tsg101ⴚ/ⴚ cells were rescued through expression of
exogenous Tsg101. Fluorescence-activated cell sorting,
proliferation assays, and Western blot analysis of crucial regulators of the cell cycle revealed that Tsg101
deficiency resulted in growth arrest at the G1/S transition through inactivation of cyclin-dependent kinase 2.
As a consequence, DNA replication was not initiated in
Tsg101-deficient cells. Our results clearly demonstrate
that Tsg101 is not a primary tumor suppressor in mouse
embryonic fibroblasts. However, the protein is crucial
for cell proliferation and cell survival.

Tumor susceptibility gene 101 (Tsg101) was originally identified as a tumor suppressor gene that causes transformation of
NIH3T3 cells when this gene is inactivated by a random antisense strategy (1). Cloning and sequencing of the human
TSG101 cDNA revealed that the mouse and human genes
encode proteins with 94% similarity (2). The similarity is even
higher because both the mouse and human cDNAs encode 10
additional amino acids at the N terminus that are entirely
conserved. Implications for a significant role of human TSG101
in tumor formation came from mapping of the gene locus to
chromosome 11 p15.1-p15.2. This genomic region is known to
be associated with a loss of heterozygosity in several human
tumor types (3, 4). However, rearrangements and somatic mutations within the TSG101 gene locus could not be identified
(5). Aberrant splice variants are found frequently in different
tumor types, suggesting a role for TSG101 in cellular transformation (5–9). Cloning and sequencing of the human and the
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mouse Tsg101 gene structure later showed that many of the
previously described aberrant transcripts were in fact alternative splice forms generated solely by exon skipping (10). The
significance of these Tsg101 splice forms in cell function and
tumorgenesis remains elusive.
Several reports show that Tsg101 may influence cell cycle
control. Tsg101 is mainly localized in the cytoplasm, but upon
cell cycle progression it can be found in the nucleus and the
mitotic spindle. Depletion of Tsg101 by specific antibodies results in cell cycle arrest (11). Interestingly, strong overexpression of Tsg101 in vitro also leads to the inhibition of cell
division and cell death, suggesting that the amount of Tsg101
within a cell is critical for its function (11, 12). Tsg101 has
several conserved protein domains that can exhibit cell cycle
regulatory functions. The C-terminal coiled-coil domain of
Tg101 was predicted to interact with the cell growth regulating
protein stathmin (13), and this region of Tsg101 is also involved
in a potential co-repressor activity (14, 15). Furthermore, a
proline-rich domain in Tsg101 was found to act as an activation
domain in transcriptional regulation (1). The N-terminal region of Tsg101 is similar to a domain found in inactive forms of
ubiquitin-conjugating enzymes, proteins that can serve as dominant negative regulators of cell cycle control (16, 17). This
domain is suggested to interact directly with the key cell cycle
regulator Mdm2, thereby stabilizing the protein (18). The cyclindependent kinase inhibitor p21waf1/cip1 was also identified as a
potential binding partner for Tsg101 (19) although the exact
interacting region between Tsg101 and p21waf1/cip1 has not
been determined.
Analysis of the murine Tsg101 gene promoter revealed features of a housekeeping gene (10). In mice, mRNA transcripts
were identified in all embryonic and adult tissues examined,
even as early as embryonic 1-cell and 2-cell stages. Based on
these findings we hypothesized that deletion of Tsg101 using a
conventional knockout approach would result in embryonic
lethality (10). This assumption was confirmed recently in a
mouse model that carries a deletion of exons 8 and 9 (21).
Therefore, we have chosen the Cre-loxP strategy to study the
loss-of-function of Tsg101 during proliferation and differentiation in vivo and in vitro. In this report, we show that Tsg101 is
an essential factor for cell growth, cell cycle regulation, and cell
survival. Tsg101-deficient cells arrest and die during G1/S
transition. The cell cycle arrest is caused by inactivation of
cyclin-dependent kinases (cdk) 2. We also demonstrate that
p53 is not a mediator of cell death in Tsg101-deficient cells.
Furthermore, the Tsg101 null mutation does not result in neoplastic transformation suggesting that Tsg101 is not a primary
tumor suppressor gene.
MATERIALS AND METHODS

Construction of Retroviral Expression Vectors—The Tsg101 cDNA (a
kind gift of Dr. Cohen, Stanford University) was amplified by PCR,
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cloned into the pJ3H vector in-frame with the hemagglutinin (HA) tag,
and sequenced. This vector was cut with SalI, blunted, and cut again
with EcoRI to release the tagged Tsg101 cDNA. This fragment was
cloned directionally into the blunted BamHI and sticky EcoRI sites of
the retroviral vector pBabe-puro. A pBabe-GFP retroviral vector was
cloned by releasing the puromycin coding sequence with HindIII and
ClaI from pBabe-puro and replacing it with the enhanced green fluorescent protein cDNA, which was amplified by PCR from pEGFP-N1
(Clontech, Inc.). To generate a retroviral vector expressing the HAtagged Tsg101 protein and the GFP marker from the same construct,
we exchanged the entire SV40-puro cassette (SalI-NheI fragment) of
the pBabe-HA-Tsg101-puro vector with the SV40-EGFP cassette from
the pBabe-GFP plasmid. The Cre coding sequence from vector pBS185
(a kind gift of Dr. Sauer, NIDDK, to Dr. Hennighausen, NIDDK) was
cloned as an XhoI-MluI(blunt) fragment into the EcoRV-XhoI sites of
pZero (Invitrogen). The pBabe-Cre-puro retroviral vector was constructed by subcloning the Cre recombinase cDNA as an XhoI(blunt)EcoRI fragment into the BamHI(blunt) and EcoRI sites of pBabe-puro.
We have used the helper-free 293⌽ packaging cell line (a kind gift of
Dr. Ouellette, University of Nebraska Medical Center) to generate
replication deficient viral particles of our pBabe derivatives. Human
papilloma E6 retrovirus was a kind gift of Dr. Sgagias, University of
Nebraska Medical Center.
Cell Culture—The construction of the Tsg101fl/fl targeting construct
and the production of transgenic animals will be described elsewhere.2
Mouse embryonic fibroblasts (MEFs) from 14.5-day-old Tsg101fl/fl,
Tsg101⫹/⫹, or Tsg101fl/flp53⫺/⫺ embryos were explanted and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 2 mM glutamine, 0.1 mM nonessential amino acids,
10 g/ml gentamycin, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen). For retroviral infection, cells at passage 2– 4 were
plated at a density of 3– 4 ⫻ 105 cells per 10-cm culture dish. Infection
with retroviral vectors was performed in the presence of 10 g/ml
Polybrene (Sigma). Forty-eight hours later, cells were selected in complete medium containing 7 g/ml puromycin (Sigma). Immortalized
Tsg101fl/fl cells were obtained from primary MEFs through application
of a 3T3 protocol.
Fluorescence-activated Cell Sorting Analysis and Cell Proliferation
Assays—For flow cytometry analysis, 1–2 ⫻ 106 cells were harvested at
various time points after puromycin selection, pelleted, and washed
with 1⫻ phosphate-buffered saline. Cells were fixed in ice-cold 70%
ethanol for 30 min, washed again in phosphate-buffered saline, and
stained with propidium iodide as described previously (22). Stained
cells were analyzed with FACScalibur (BD Biosciences). The software
packages CELLquest (BD Biosciences) and Modfit LT (Verity) were
used for data acquisition and data analysis, respectively. To determine
the proliferative capacity, cells were incubated for 1 h with 5-bromo-2deoxyuridine (BrdUrd) labeling reagent, fixed in ethanol/acetic acid,
and incorporated BrdUrd was visualized by immunohistochemistry according to the manufacturer’s protocol (Amersham Biosciences). The
percentage of BrdUrd-positive cells was estimated by counting 1000
cells of two slides of each genotype. Staining for chromatin-tethered
proliferating cellular nuclear antigen (PCNA) was performed as described previously (23). Fluorescein isothiocyanate-labeled PCNA antibody (PC-10, Santa Cruz Biotechnology) was used at a 1:700 dilution.
Cells were counterstained with 4,6-diamidino-2-phenylindole, and 1000
cells per coverslip were counted to estimate the percentage of cells that
contain DNA bound PCNA protein. MTT growth assay was performed
as described earlier (24). MTT was obtained from Sigma. Of each cell
type 2 ⫻ 104 cells were seeded in triplicate in 96-well microtiter plates.
Absorbance was measured at 570 nm with an Elx 808 (Bio-Tek Instruments) enzyme-linked immunosorbent assay reader.
Southern Hybridization and Northern Blot Analysis—MEFs from
15-cm culture dishes infected with pBabe-Cre or pBabe were pelleted
and digested at 56 °C in 100 l of cell lysis buffer (50 mM Tris, pH 8.0,
50 mM EDTA, 100 mM NaCl, 1% SDS, 500 g/ml proteinase K). The
genomic DNA was phenol/chloroform extracted, and 15 g was digested
1
The abbreviations used are: HA, hemagglutinin; GFP, green fluorescent protein; MEFs, mouse embryonic fibroblasts; BrdUrd, 5-bromo2-deoxyuridine; PCNA, proliferating cellular nuclear antigen; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; FACS,
fluorescence-activated cell sorting; CKI, cyclin-dependent kinase inhibitor; cdk, cyclin-dependent kinases; MMTV, mouse mammary tumor
virus.
2
K.-U. Wagner, A. Krempler, Y. Qi, K. Park, M. D. Henry, A. A.
Triplett, G. Riedlinger, E. B. Rucker III, and L. Henninghausen, submitted for publication.
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with XbaI at 37 °C overnight. The DNA was separated on a 0.5%
agarose gel, blotted onto a nylon membrane (GeneScreen Plus,
PerkinElmer Life Sciences), and probed with the 32P-labeled 3⬘ internal
probe. Membranes were washed and exposed for 6 h to a Kodak X-Omat
AR film.
Twenty micrograms of total RNA, which was isolated from cell pellets of two 15-cm culture dishes as described previously (10), was
separated on a 1.5% formaldehyde gel and transferred to a GeneScreen
Plus membrane. Tsg101 transcripts were detected by probing the membranes with 32P-labeled full-length mouse Tsg101 cDNA.
Reverse Transcriptase-PCR of p53—Total RNA was isolated from cell
pellets of two T75 culture flasks as described previously (10). Reverse
transcription was performed with the Superscript II RT system (Invitrogen) using poly(dT) (18) as a primer. Primers p53fwd 5⬘-ATGACTGCCATGGAGGAGTCAC-3⬘ and p53rev 5⬘-GCAGAGGCAGTCAGTCTGAGTC-3⬘ were then used to amplify the 1166-bp region of the p53
cDNA. PCR products were gel-purified and sequenced in both directions
on a Beckman-Spinco CEQ2000XL automated sequencer.
Western Blot Analysis and cdk2 Kinase Assay—Cell pellets were
lysed on ice for 30 min in 1⫻ phosphate-buffered saline, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl
fluoride, 0.4 units/ml aprotinin, 1 mM NaF, 0.1 mM sodium orthovandate. Protein was quantified using a Bradford assay (Pierce). Twenty to
fifty micrograms of protein per lane was resolved by SDS-PAGE and
blotted onto polyvinylidene fluoride membranes (Invitrogen). The membranes were blocked for 1 h in 1⫻ TBS, 0.05% Tween 20, and 5% dry
milk. Subsequently, membranes were incubated with primary antibodies in blocking buffer at 4 °C overnight, washed three times for 15 min
in washing buffer (1⫻ TBS, 0.05% Tween 20), and incubated for 1 h at
room temperature with horseradish peroxidase-conjugated secondary
antibodies in blocking buffer. Membranes were washed again three
times in washing buffer and once for 15 min in 1⫻ TBS without Tween
20. Protein bands were detected using the ECL chemiluminescence kit
for Western blot analysis (Amersham Biosciences) according to the
manufacturer’s instructions. Membranes were stripped using 0.2 M
NaOH for consecutive detection of various proteins. The following antibodies were used: ␣-ActB (I-19), ␣-Tsg101 (C-2), ␣-cyclin E (M-20),
␣-cyclin B1 (M-20), ␣-cyclin A (C-19), and ␣-p27 (F-8) from Santa Cruz
Biotechnology as well as ␣-p21 (SX118) from Pharmingen and ␣-p19ARF
(Ab-1) from Oncogene at a 1:1000 dilution. The ␣-cyclin D1 antibody
(1:3000 final dilution) was a kind gift from Dr. Diehl (University of
Pennsylvania). Horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology and used at a 1:1000
dilution. Cdk2 kinase assay was performed using standard procedures
and cdk2 (M-2) antibody from Santa Cruz Biotechnology. Histone H1 (1
g/l) and protein A were purchased from Sigma.
RESULTS

Cre Recombinase Expressed from a Retroviral Vector Efficiently Deletes the Tsg101 Locus—We generated conditional
knockout mice to delete the first coding exon and part of the
Tsg101 promoter through Cre-mediated recombination (Fig.
1A). A detailed description of the construction and the phenotypes of the knockout mice will be published elsewhere.2 Initially, we tested the efficiency of Cre-mediated recombination
at the floxed Tsg101 locus. We hypothesized that the deletion of
exon 1 and the promoter region would efficiently inhibit transcription and translation of Tsg101. For this purpose, we established primary embryonic fibroblast cultures (MEFs) from
the conditional knockout mice, and infected them with a retroviral vector expressing Cre recombinase (pBabe-Cre). The unmodified retroviral vector (pBabe) served as a negative control.
Infected cells were selected by adding puromycin to the growth
medium. Cells were harvested 3 to 4 days after infection to
isolate DNA, RNA, and total protein. Cre-infected cells showed
a single 2.1-kb XbaI fragment in Southern blots, indicating
complete recombination of the targeted locus (Fig. 1B). This
leads to undetectable levels of Tsg101 mRNA and protein in
these cells (Fig. 1, C and D). In contrast, high levels of Tsg101
were observed in controls. Interestingly, the originally described NIH3T3 Tsg101 knockout cell line (SL6) (1), which was
intended to serve as a negative control, showed a significant
amount of Tsg101 protein, suggesting that the conventional
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FIG. 1. Cre-mediated excision and transcriptional down-regulation of the Tsg101 gene in MEFs, which were derived from
Tsg101fl/fl embryos. A, diagram of the Cre-mediated deletion of the
Tsg101 gene. X, XbaI. B, verification of the recombination event by XbaI
Southern analysis in Tsg101fl/fl cells (pBabe or pBabe-Cre) as illustrated in A. DNA from a tail biopsy of a Tsg101 heterozygous knockout
animal served as a positive control (⫹/⫺). The null allele was generated
previously by transmitting the floxed allele through the female germline of MMTV-Cre (line A) transgenic mice (Footnote 2). The 2.1-kb XbaI
fragment represents the recombined Tsg101 null allele. Both the wild
type and unrecombined floxed allele are represented by a 2.7-kb XbaI
restriction fragment. C, Northern blot analysis. Tsg101 mRNA was
almost undetectable in Tsg101fl/fl MEFs expressing Cre recombinase
(pBabe-Cre), whereas the infection with a control virus had no effect on
Tsg101 transcription (pBabe). D, Western blot analysis. Tsg101 protein
was almost undetectable in MEFs expressing Cre recombinase (pBabeCre). The infection with a retroviral control vector (pBabe) had no
significant effect on Tsg101 translation or its stability compared with
untreated control cells (no virus). The SL6 cell line and its parental
NIH3T3 cell line (1) were used as negative and positive controls for
Tsg101 protein expression. SL6 cells still express significant amounts of
the Tsg101 protein. ␤-Actin (ActB) served as a loading control.

antisense approach did not entirely inhibit translation of this
protein (Fig. 1D). The results demonstrate that both floxed
alleles in the MEFs were successfully converted into null alleles in the presence of Cre recombinase. Subsequently, this
leads to a complete depletion of Tsg101 protein in these cells.
Tsg101 Deficiency Results in Growth Arrest and Cell Death
but Not in Neoplastic Transformation—It was reported previously that the functional inhibition of Tsg101 in immortalized
fibroblasts leads to accelerated growth and instant neoplastic
transformation (1). Therefore, we hypothesized that the homozygous deletion of Tsg101 in MEFs from conditional knockout mice should result in transformation and the generation of
Tsg101-deficient tumor cell lines. Tsg101fl/fl MEFs and their
wild type controls (Tsg101⫹/⫹) were infected with pBabe-Cre
and grown for a prolonged period in the presence of puromycin.
In contrast to the previous report, the conditional deletion of

FIG. 2. Reduced cell growth and cell death associated with
Tsg101 deficiency. A: i, untreated Tsg101fl/fl MEFs in culture. ii, 24 h
after infection with a retroviral vector expressing Cre recombinase.
iii-v, 3, 5, and 7 days after infection with a Cre vector and selection with
puromycin. vi, MEFs derived from wild type embryos (Tsg101⫹/⫹) were
infected with the same Cre expressing viral vector and selected for 7
days with puromycin. Low level expression of Cre recombinase and
selection with puromycin did not result in significant growth inhibition
in wild type control cells. B, growth curves of pBabe and pBabe-Creinfected Tsg101fl/fl and Tsg101⫹/⫹ MEFs as determined by MTT color
assay. The A570 nm values corresponding to cell numbers for Tsg101
knockout cells in the assay decreased, whereas cell numbers in the
controls increased within 4 days. Error bars correspond to standard
deviations.

the Tsg101 gene was deleterious (Fig. 2A). As determined by
MTT growth assay, cell numbers in Tsg101fl/fl MEFs infected
with Cre recombinase rapidly declined within 7 days after
introduction of the virus (Fig. 2B). After prolonged incubation
(⬎10 days) very few surviving Tsg101fl/fl cells were observed.
Clonal expansion of these cells revealed that they had acquired
puromycin resistance without expressing Cre recombinase. A
recombined Tsg101 null allele was not detected by PCR in
these clones.3 Wild type (Tsg101⫹/⫹) MEFs infected with the
same Cre retroviral vector and selected with puromycin only
exhibited slight growth retardation within the first days of
selection and resumed normal cell growth thereafter (Fig. 2, A
and B). This suggests that a low-level expression of Cre from
the retroviral vector did not inhibit cell growth in our experimental setting. Therefore, toxicity of Cre recombinase can be
excluded as a possible factor for the deleterious phenotype
caused by Tsg101 deficiency in the conditional knockout model.
Growth Inhibition and Cell Death Are Caused Solely by
Tsg101 Deficiency—Besides cytotoxicity of Cre recombinase, it
was feasible to hypothesize that the deleterious phenotype in
Tsg101-deficient MEFs was caused by an unintentional inhibition of genes on chromosome 7 in proximity to the Tsg101 locus.
It is known that the insertion of the phosphoglycerine kinase3
A. Krempler, M. D. Henry, A. A. Triplett, and K.-U. Wagner, unpublished observation.
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FIG. 3. Restoration of cell proliferation and survival of cells
lacking the endogenous Tsg101 gene through expression of a
HA-tagged Tsg101 protein from a retroviral vector. A, experimental design. Homozygous floxed MEFs were simultaneously infected with
retroviral vectors expressing Cre recombinase (puromycin resistance)
and an HA-tagged mouse Tsg101 protein (GFP selection marker). B and
C, puromycin-resistant clones expressing the green fluorescent protein
were isolated, expanded, and subjected to Western analysis. D, Western
blot analysis of Tsg101 and ␤-actin (ActB) as loading control on puromycin and GFP positive clones (numbers 1, 3, 6, 7, 9, and 10). C1,
control cells expressing Tsg101 from the endogenous locus. The HAtagged Tsg101 protein is slightly larger than the wild type protein. E,
XbaI Southern blot analysis to verify the presence of two Tsg101 knockout alleles on the genomic level. C1, control cells with two floxed alleles;
C2, Tsg101fl/fl controls infected with pBabe-Cre. Two selected clones
numbered 6 and 10 completely lack endogenous Tsg101 expression.

neomycin cassette can alter the transcriptional regulation of
other loci in the vicinity of the insertion site (25). Therefore, we
performed a rescue experiment to demonstrate that Tsg101
deficiency alone was the cause for the severe growth retardation and cell death in the conditional knockout model (Fig. 3A).
Tsg101fl/fl MEFs were infected simultaneously with two viral
vectors expressing Cre recombinase (pBabe-Cre) or the fulllength mouse Tsg101 cDNA (pBabe-HA-Tsg101-GFP). Individual puromycin-resistant clones were expanded and analyzed
for the presence of GFP, which correlated with expression of
exogenous Tsg101 (Fig. 3, B and C). Western blot analysis with
an anti-Tsg101 antibody verified the expression of exogenous
Tsg101 in all GFP-positive clones. Transgenic Tsg101 that was
fused to a HA tag had a slightly different mobility. This feature
was useful to distinguish the exogenous HA-tagged protein
from endogenous Tsg101. Endogenous Tsg101 was not detected
in these individual clones (Fig. 3D). Exogenous Tsg101 from a
transgenic vector is able to inhibit translation and stability of
the endogenous protein (26). To verify that these clones had
lost both endogenous Tsg101 alleles, we performed Southern
blot analysis on two selected clones (clone number 6, low expression; and number 10, high expression of HA-Tsg101). Both
clones showed a single 2.1-kb band indicating complete recombination of the endogenous Tsg101 locus (Fig. 3E). In summary,
the expression of the HA-tagged Tsg101 from a retroviral vector was able to revert the deleterious effects of the loss of both
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FIG. 4. Effects of Tsg101 deficiency on cell cycle progression.
A, fluorescence-activated cell sorting analysis of the DNA content. The
number of Tsg101-deficient cells (Tsg101fl/fl, pBabe-Cre) in S-phase is
significantly reduced compared to untreated cells (Tsg101fl/fl). Expression of Cre recombinase had no significant effect on cell cycle progression in wild type control MEFs (Tsg101⫹/⫹). B, percentages of cells in
different stages of the cell cycle over time. pBabe-Cre-infected
Tsg101fl/fl cells contained only a few cells in S-phase (bold). The distribution of cells in Tsg101 knockout cells resembled the numbers observed in serum-starved MEFs.

endogenous Tsg101 alleles. This rescue experiment suggests
the deleterious phenotype was caused solely by Tsg101 deficiency. Therefore, inhibition of genes other than Tsg101 can be
excluded as a possible cause for growth inhibition and cell
death in the Tsg101 conditional knockout model.
Loss of Tsg101 Affects Cell Cycle Progression—Tsg101 deficiency in the conditional knockout model resulted in the perturbation of cell growth and in cell death. Because it was
suggested earlier that this gene plays a role in cell growth (11,
18, 21), we hypothesized that Tsg101 deficiency leads to cell
cycle arrest at one of the major checkpoints before cell death is
initiated. We examined Tsg101fl/fl MEFs expressing Cre recombinase and their controls (pBabe-Cre Tsg101⫹/⫹ and
Tsg101fl/fl) using fluorescence-activated cell sorting (FACS)
analysis of the DNA content (Fig. 4, A and B). Tsg101-deficient
cultures contained significantly fewer cells in S-phase (3.5% in
the knockouts versus 15.9 and 16.5% in the controls). This
reduction in the number of cells in S-phase persisted for at
least 4 days (Fig. 4B). Moreover, the low number of replicating
cells was comparable with the percentage of S-phase cells in
serum-starved MEFs, which are normally arrested in G1/G0 of
the cell cycle. Neither the retroviral transfer nor the expression
of Cre had an effect on cell cycle progression in the controls.
To address whether Tsg101-deficient cells enter S-phase and
proceed through DNA replication, we examined the incorporation of BrdUrd. Tsg101-deficient cells exhibited a dramatic
reduction in BrdUrd incorporation (Fig. 5A). Whereas 23 to
26% of the nuclei were labeled in the controls, only 5% of the
Tsg101 knockout cells had incorporated BrdUrd. In addition,
the intensity of the BrdUrd staining in most of these Tsg101⫺/⫺
cells was lower than in the controls, indicating incomplete
replication of the genome. Successful initiation of DNA replication requires the assembly of several proteins at the DNA
replication fork prior to binding of DNA polymerase. One of the
key proteins in these complexes is PCNA, which recruits DNA-
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FIG. 5. Analysis of cell proliferation in Tsg101-deficient MEFs.
A, BrdUrd labeling of untreated Tsg101fl/fl cells (no virus) as well as
Tsg101fl/fl cells infected with the pBabe control vector or pBabe-Cre.
The arrow points to one of the few BrdUrd-labeled cells in the Tsg101
knockout MEFs. B, immunocytochemistry of DNA-bound PCNA protein
using a fluorescein isothiocyanate (FITC)-labeled antibody against
PCNA in Tsg101fl/fl controls and Tsg101fl/fl MEFs expressing Cre recombinase. DNA bound PCNA was virtually absent from the Tsg101
knockout MEFs. 4,6-Diamidino-2-phenylindole (DAPI) staining was
used to visualize nuclei of Tsg101-deficient cells and their controls.

polymerase ␦ (27). Tethering of PCNA to DNA is therefore an
excellent indicator for initiation of DNA replication. To test
whether the DNA replication complex was assembled at the
replication fork, we stained Tsg101-deficient and control cells
with fluorescein isothiocyanate-conjugated anti-PCNA antibody. Unbound PCNA was removed from the cells by an extraction technique (23). DNA bound PCNA was significantly
reduced in Tsg101⫺/⫺ cells. Less than 2% of all conditional
knockout cells contained DNA bound PCNA, whereas 14% of
the cells were labeled in the controls (Fig. 5B). These numbers
were consistent with the BrdUrd staining results and with the
FACS analysis shown in Fig. 4. Therefore, loss of Tsg101 in
primary fibroblasts results in cell cycle arrest late in G1 or at
the transition from G1 to S and subsequently prevents initiation of DNA replication.
Tsg101 Knockout Cells Exhibit Reduced cdk2 Activity—Cell
cycle progression is dependent on the sequential expression of
stage-specific cyclins and on the activity of their respective
cdks. Based on the FACS analysis, Tsg101 conditional knockout cells seemed to arrest at the G1 checkpoint or during G1/S
transition. Therefore, we predicted that the expression of major
cyclins, which are responsible for S-phase and G2/M transition,
were deregulated in the Tsg101-deficient cells. In accordance

FIG. 6. Analysis of cyclin expression and cdk2 activity. A, Western blot analysis of G1, G1/S, S, and M phase cyclins. The S and M phase
cyclins A2 and B1 were markedly down-regulated in Tsg101-deficient
cells. B, Northern blot showing the expression of cyclin A2. Cyclin A2
mRNA was not detectable in Tsg101-deficient cells. Equal loading of
RNA from Tsg101fl/fl and Cre-expressing Tsg101fl/fl cells was demonstrated by visualization of 28 S and 18 S RNA in the agarose gel used
for blotting. C, cdk2 kinase assay using histone H1 as a substrate.
Tsg101fl/fl MEFs infected with pBabe-Cre vector showed reduced cdk2
activity. Equal protein loading was confirmed by reprobing the blot with
the cdk2 antibody used for immunoprecipitation.

with the observed cell cycle arrest, the G1 and G1/S phase
cyclins D1 and E did not show any differences between pBabeCre infected Tsg101fl/fl MEFs and their controls. In contrast, S
and M phase cyclins (cyclins A and B) were markedly downregulated in the knockout cells (Fig. 6A). As verified by Northern blot, the down-regulation of cyclin A occurred on the transcriptional level and not through increased degradation of the
proteins (Fig. 6B).
As cyclin E expression was not altered in the Tsg101 knockout cells, it was feasible to hypothesize that an inactive cyclin
E-associated kinase could be the cause for the profound cell
cycle arrest in Tsg101⫺/⫺ cells. Cdk2 associates with cyclin E
and is activated shortly before entry into S phase (28, 29). To
study the activity of cdk2 in Tsg101 knockout cells, we performed a histone H1 kinase assay with immunoprecipitated
cdk2. The ability of cdk2 to phosphorylate histone H1 was
greatly impaired in pBabe-Cre-infected Tsg101fl/fl MEFs,
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FIG. 7. Analysis of cell cycle regulator expression. A, Western
blot analysis of Mdm2, p19ARF, and the main cdk inhibitory proteins
p21waf1/cip1 and p27Kip1. Blots were reprobed with ␤-actin (ActB) to
confirm protein loading. Expression of cdk inhibitory proteins was
largely unaffected in Tsg101 knockout cells.

whereas cdk2 from control lysates could strongly phosphorylate histone H1 (Fig. 6C). Therefore, the cell cycle arrest imposed by loss of Tsg101 cells is a consequence of reduced cdk2
kinase activity in our primary cells.
Functional Inhibition of p53 Does Not Rescue the Severe
Phenotype Caused by Tsg101 Deficiency—The activity of the
cyclin E-cdk2 complex is regulated by various mechanisms.
One of the negative regulators of this complex is p21waf1/cip1
(30). The expression of this cell cycle inhibitor is regulated by
p53 (31, 32). Therefore, we hypothesized that p53 and its downstream mediators are involved in cell cycle arrest and cell death
caused by Tsg101 deficiency. This preliminary assumption was
supported by recent findings that suggest a possible role of
Tsg101 in the stabilization Mdm2, which is a negative regulator of p53 (18). In addition, lack of Tsg101 was reported to
arrest cells through up-regulation of both the p53 protein and
p21waf1/cip1 mRNA (21). To support our hypothesis and to verify initial observations by Ruland and coworkers (21), we determined the protein levels of Mdm2, p21waf1/cip1, p27Kip1, and
p19ARF in Tsg101 conditional knockout cells (Fig. 7). Mdm2
protein levels were decreased in the knockout and the wild type
controls. Therefore, the expression of Cre recombinase itself
had a slightly negative effect on Mdm2 expression. However,
p21waf1/cip1 and p27Kip1 protein levels remained unaffected in
both the knockouts and controls. In addition, we did not observe a change in p19ARF protein levels in Tsg101-deficient
cells. P19ARF sequesters Mdm2 and it is therefore an important
upstream regulator of the p53 pathway (33). More importantly,
it was shown that wild type p53 negatively regulates p19ARF
expression through a negative feedback loop (34, 35). A significant up-regulation of p53 in response to Tsg101 deficiency
should have resulted in an up-regulation of p21waf1/cip1 (downstream of p53) and simultaneously a down-regulation of p19ARF
(upstream of p53) to release more Mdm2 that subsequently is
able to inhibit p53. Because neither the expression of upstream
nor downstream effectors of p53 signaling were altered in the
Tsg101 conditional knockouts, our findings did not support a
dominant role for the Mdm2/p53 feedback loop in growth inhibition and cell death as a consequence of Tsg101 deficiency.
To examine whether p53 was involved in the death of Tsg101
knockout cells, we studied the loss of Tsg101 in three different
cell lines with impaired p53 function (Fig. 8A). As mentioned
earlier, immortalization of primary cells is usually caused by
mutations and inactivation of key cell cycle regulators such as
p53. We immortalized Tsg101fl/fl MEFs following a 3T3 protocol. After the cells had overcome crisis we sequenced p53 reverse transcriptase-PCR products. Sequence analysis revealed
an A765C mutation that caused a E255D change in the highly

FIG. 8. Cell death in Tsg101-deficient cells with impaired p53
function. A, different strategies used to obtain p53-deficient Tsg101fl/fl
cells. In all three approaches (mutation of p53 through immortalization
of Tsg101fl/fl MEFs; infection of Tsg101fl/fl MEFs with human papilloma virus E6 virus; Tsg101fl/flp53⫺/⫺ MEFs) deletion of Tsg101 by
Cre-mediated recombination resulted in cell death. B, lack of proliferation and cell death in Tsg101⫺/⫺ p53-deficient cells. i-iv, 4 and 7 days
after pBabe-Cre infection and puromycin selection of Tsg101fl/fl/human
papilloma virus E6 and Tsg101fl/flp53⫺/⫺ MEFs. Both cell types underwent rapid cell death after deletion of Tsg101. C, Western blot analysis
of four surviving colonies in Tsg101fl/flp53⫺/⫺ cell cultures that were
infected with pBabe-Cre and selected with puromycin. The four samples
showed normal expression of Tsg101 when compared with a noninfected Tsg101fl/fl cell lysate (C).

conserved DNA binding domain of p53 leading to functional
inactivation of the protein.3 As a consequence, cells expressed
high levels of p53 but no p21waf1/cip1. Infection of this cell line
(Tsg101fl/fl-imm) with pBabe-Cre resulted in cell death within
a few days. Infection of these cells with pBabe had no effect on
cell growth. In a second experiment, primary Tsg101fl/fl MEFs
were transformed by a retroviral vector harboring the human
papilloma virus 16 protein E6, which is best known for mediating the rapid degradation of p53 (for review see Ref. 36).
After expansion, the MEF Tsg101fl/fl/human papilloma virus-E6 cell line was infected with pBabe-Cre. Again, cells underwent cell death within a few days (Fig. 8B), whereas cells
infected with pBabe continued proliferation. In a final experiment, Tsg101fl/fl mice were bred into a p53⫺/⫺ background.
MEFs obtained from Tsg101fl/flp53⫺/⫺ embryos were infected

43222

Conditional Knockout of Tsg101

with either pBabe-Cre or the control virus. Seven days after
infection only very few cells were left in the culture dish containing pBabe-Cre-infected MEFs (Fig. 8B). Continued incubation of these cultures resulted in clonal expansion of some
remaining cells. However, Western blot analysis on surviving
clones revealed that the cells had acquired puromycin resistance without deleting the floxed Tsg101 locus (Fig. 8C). In
conclusion, our results demonstrated that p53 did not control
cellular pathways leading to cell death in the conditional
Tsg101 knockout model.
DISCUSSION

We developed a conditional knockout model to investigate
the tumor suppressive function of the Tsg101 gene and its
involvement in cell cycle regulation. In this report, we used
Tsg101-deficient mouse embryonic fibroblasts to study the role
of this gene during cell growth and proliferation. We also
wanted to verify whether neoplastic transformation occurs as a
consequence of Tsg101 deficiency. In contrast to the report by
Li and Cohen (1), we were not able to establish tumorigenic cell
lines through deletion of Tsg101. Instead, we observed cell
cycle arrest and rapid cell death. These results suggested that
Tsg101 was not a primary tumor suppressor gene. Our observations in vitro were also verified recently in knockout mice
that lack Tsg101 completely or only in selected cell types.2
Neither haploinsufficiency of Tsg101 (Tsg101⫹/⫺ mice) nor the
Cre-mediated deletion of both alleles in mammary epithelial
cells (WAP-Cre Tsg101fl/fl) resulted in tumorigenesis by 24
months of age. Our findings were consistent with other reports
that suggest an essential role for Tsg101 in proliferation and
normal cell function. First, the microinjection of antibodies
against Tsg101 led to cell cycle arrest (11). Also, Tsg101⌬exon
8/9⫺/⫺ mutant mice exhibit a distinct proliferation defect in
embryonic tissues as determined by BrdUrd incorporation (21).
Recently, small interfering RNAs (38) were used to down-regulate Tsg101 expression to nearly undetectable levels in 293T
(39) and HeLa cells (40). Over a 72-h time course, Garrus and
coworkers (39) observed a growth reduction in Tsg101-depleted
cells. Moreover, introduction of Tsg101 small interfering RNAs
into human breast cancer cells (MCF-7) was highly toxic when
these cells were treated repeatedly for a longer period. Whereas
Tsg101-deficient MCF-7 cells die, transfection of other small
interfering RNA control vectors had little or no effect on the
growth of these cells.4 In summary, these observations suggest
that Tsg101 is important for the growth and survival of primary cells (e.g. MEFs and other embryonic cell types) as well as
immortalized and transformed cell lines (e.g. 293T and MCF-7
cells). Our further studies on transformed Tsg101fl/fl MEFs,
which were able to form tumors in nude mice, seemed to support this assumption. The Cre-mediated deletion of Tsg101 in
explanted tumor cells resulted in instant cell death.3
Using the conditional knockout model, we were able to demonstrate that the loss of Tsg101 arrests the cell cycle specifically at the G1/S transition and that the cause for the G1/S cell
cycle arrest in Tsg101⫺/⫺ cells is an inactive cdk2. The cyclindependent kinase 2 interacts directly with cyclin E and cyclin
A. The assembly of both complexes is essential for entry into
and progression through S phase (28, 29). Tsg101 knockout
cells contain normal levels of cyclin E but lack cyclin A on the
transcriptional and protein level. Cyclin A is normally upregulated during G1/S transition (41). The cell cycle-controlling
element in the cyclin A promoter associates with a multiprotein
complex that includes cyclin E/cdk2. Binding of cyclin E alone
to the cyclin A promoter is not sufficient for its activation. The
complex is dependent on an active kinase (42). Cyclin E and
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cdk2 were present at normal levels in the Tsg101 conditional
knockout cells. Therefore, the cyclin E-cdk2 complex might
have assembled at the cyclin A promoter, but they were probably not able to initiate transcription because of an inactive
cdk2. The mechanisms that were responsible for the inactivation of cdk2 in the Tsg101 conditional knockout cells need to be
identified. Recently, Oh and coworkers (19) reported that overexpression of Tsg101 from an adenoviral vector causes reduced
proliferation of primary keratinocytes through inactivation of
cdk2. The authors proposed a mechanism in which Tsg101 is
able to bind to and stabilize the major cdk2 inhibitors,
p21waf1/cip1 and p27Kip1, in terminally differentiating keratinocytes. However, this proposed mechanism is not straightforward because Tsg101 had no effect on the stability of
p21waf1/cip1 in proliferating cells (19). It is possible that the
mechanisms, which mediate growth arrest in Tsg101⫺/⫺ MEFs
and the Tsg101 overexpression model, are the same. However,
we did not observe a significant change in p27Kip1 and
p21waf1/cip1 protein levels in the conditional knockouts. Several
kinases and phosphatases determine the activity of cdk2 (43).
Whether any of these activating or inhibiting phosphorylations
are involved in the Tsg101-deficient phenotype is currently
being investigated.
Whereas Oh and coworkers (19) suggested a direct interaction of Tsg101 with p21waf1/cip1, others report an indirect effect
of Tsg101 on p21waf1/cip1 transcription via the Mdm2-p53 feedback loop (18, 21). Tsg101 possesses an inactive ubiquitinconjugated enzyme domain near the N terminus (17), encoded
by exons 1–5 (10). According to the proposed mechanism by Li
and coworkers (18), Tsg101 might act as a dominant negative
ubiquitin-conjugated enzyme that inhibits the degradation of
Mdm2 (18). The same group of investigators was able to verify
their findings in a Tsg101-deficient mouse model that carries a
deletion of exons 8 and 9 (21). This mutation, which apparently
results in down-regulation of the entire Tsg101 locus, causes
embryonic lethality around E5.5 to E6.5. This deleterious phenotype was mainly the result of a defect in proliferation in a
p53-dependent manner. Increased cell death was not reported
in this model. The p53 protein and p21waf1/cip1 mRNA were
up-regulated in the knockouts as determined by immunohistochemistry and PCR. In addition, Ruland and coworkers (21)
were able to partially rescue the conventional knockout
through introduction of a p53 null mutation into the
⌬
Tsg101 exon 8/9⫺/⫺ background. Double mutants were reported
to survive 2 to 3 days longer. Based on the proposed importance
of Tsg101 as a key regulator for Mdm2, this rescue seems to be
marginal compared with Mdm2/p53 double mutant mice
where a knockout of p53 completely rescued embryonic lethality caused by Mdm2 deficiency (20, 37). Theoretically, the direct interaction of Tsg101 with negative regulators of the cell
cycle such as p21waf1/cip1 or p27Kip1 (19) would provide a mechanism for tumor suppressive properties of Tsg101. As a positive
regulator of Mdm2, the model proposed by Li and coworkers
(18) would categorize Tsg101 as an oncogene and not as a
tumor suppressor. Using our conditional knockout model, we
attempted to verify the involvement of the Mdm2-p53 feedback
loop in mediating the cell cycle arrest caused by Tsg101 deficiency. Various upstream (p19ARF, p16Ink4a, and Mdm2) and
downstream (p21waf1/cip1 and p27Kip1) targets of p53 exhibited
no significant change in gene expression on the protein level in
the conditional knockout. Furthermore, neither the functional
inhibition of p53 nor the deletion of the p53 gene had a noticeable effect on the deleterious phenotype caused by Tsg101
deficiency. Our observations suggested that cell death caused
by a functional inhibition of Tsg101 was mediated through p53
independent mechanisms.

Conditional Knockout of Tsg101
Taken together, we demonstrated that Tsg101 was an important factor controlling cell cycle regulation and acting as a
cell survival factor. Without the Tsg101 protein cells arrest at
the G1/S boundary because of inactive cdk2. Subsequently, they
undergo massive and rapid cell death independent of functional
p53. In contrast to previous reports, Tsg101 was not a primary
tumor suppressor gene. It did not cause instant neoplastic
transformation in vitro or in vivo. Experiments are underway
to determine whether Tsg101 is a modifier for tumor progression in mouse models that are predisposed to cancer. If the
functional inhibition of Tsg101 is able to modify neoplastic
transformation, it is very likely that this gene exerts its function through p53 independent mechanisms.
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