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Myoblast ~ myogenic differentiation — tumor necrosis
factor (TNF) — myoD - myogenin

The presence of TNF and other inflammatory cytokines and their
receptors is detected during embryonic development, but our knowl-
edge about the role of these proteins in differentiation and develop-
ment is very limited. TNF modulates the synthesis and activity of a
number of transcriptional proteins that regulate the activity of tissue
specific genes, therefore it may play a role in normal development.
Since its synthesis is upregulated by stress and infections, it may also
participate in the induction of pathological developmental processes
and malformation. We investigated the effect of TNF in an in vitro dif-
ferentiation system using C2 myoblasts. This inflammatory cytokine
exerted a positive effect on the early steps of the process: it enhanced
the proliferation and aggregation of myoblast cells. In contrast, TNF
strongly inhibited the expression of those myogenic transcription fac-
tors (myoD and myogenin), which are known to be responsible for
upregulated activity of muscle specific genes (like the genes of the
myofilament proteins), and blocked the synthesis of mMRNAs of myo-
genic differentiation markers (like skeletal «-actin, myosin heavy and
light chains). As a result, these cells did not synthesize myofilament
proteins and the organization of myofilaments did not take place in
TNF-treated myoblasts.

Abbreviations: DMEM Dulbecco’s modified Eagle medium. — EGF
Epidermal growth factor. — FGF Fibroblast growth factor. — MRF
Myogenic regulatory factor. — PBS Phosphate-buffered salt solu-
tion. — RVC Ribonucleoside vanadyl complex. — TGF Transforming
growth factor. — TNF Tumor necrosis factor «.

U Dr. Erné Duda. Institwte of Biochemistry, MTA Biological
Research Center, Temesvari krt. 62, P. O. Box 521, H-6701 Szeged/
Hungary.

Introduction

TNF is a pluripotent cytokine produced mostly by activated
macrophages, but a number of other cell types can also syn-
thesize it. The best known function of TNF is the coordination
of the defensive forces of the immune system against invading
pathogens. It plays a key role in killing cells infected by vi-
ruses, intracellular parasites or cells undergoing malignant
transformation.

The presence of TNF and its membrane-bound precursor
form was detected during fetal and neonatal development of
mice [34], both in embryos [24] and in culture fluids during in
vitro fertilization [33]. Mouse blastocysts express the 55 kDa
receptor of TNF [26] and both receptor types have been identi-
fied in mouse embryos [13, 17]. The importance of TNF activ-
ity during development was indicated by experiments where
repeated injections of neutralizing antibodies to TNF into
pregnant mice resulted in growth retardation of the fetus [19].
The normal development of TNF or TNF receptor null mutant
mice does not contradict this observation, as the activity of
other members of the TNF family of proteins might provide
sufficient backup for the lost activity.

TNF's role during embryonic development could parallel its
roles in the immune system and during inflammation: it can
influence the proliferation and differentiation of cells (as a cell
type-specific growth and differentiation factor). determine
survival or elimination of cells (inducing programmed cell
death through its 55 kDa receptor) and can participate in the
remodelling of tissues (as an inducer of both collagenases and
extracellular matrix proteins). Although TNF influences the
synthesis and/or activity of a number of important ubiquitous
and tissue-specific transcription factors, which control devel-
opmental changes in different tissues. its role in embryonic
development and differentiation is mostly unknown.

Proper development of a multicellular organism is ex-
tremely complex, the realization of the program requires pre-
cise” spatial and temporal control of cell proliteration and
coordinate expression of a large number of different genes.



392 K. Szalay, Z. Rézga, E. Duda

EJCB

Relatively simple in vitro differentiation svstems were estab-
lished, which can help us to study fragments of the complex
problem of development.

The culture of C2 myoblast cells. where proliferating myo-
blasts fuse into myotubes is a well characterized, in vitro dif-
ferentiation system. In this system morphological changes are
accompanicd by well characterized changes in the regulation
of a number of tissue specific genes. like members of the actin
and myosin gene families [36].

C2 cultures (and some other myogenic cell lines and pri-
mary cultures of myoblasts from muscle tissue) undergo many
of the steps characteristic of terminal myogenic differentiation
in vivo. Formation of multinucleated myotubes proceeds by
cell aggregation and union of their plasma membranes. Cell
fusion and the formation of myotubes lead to the accumula-
tion of muscle-specific transcripts and corresponding proteins
(7.

Myoblast differentiation is dependent on the expression of
certain mvogenic differentiation genes and affected by cell
interactions with the extracellular matrix [12, 20. 27). The
myogenic regulatory factor (MRF) genes are expressed only in
skeletal muscles. Induction of the expression of these genes
both in vivo and in vitro initiates the skeletal muscle-specific
differentiation program in a wide range of cell tvpes [8, 31].
Members of the MyoD gene family of proteins act in concert
with a variety of other ubiquitous (e.g. SP1. CTF. SRF) and
tissue-specific (e.g. MEF-2) transcription factors to regulate
myogenic promoters [25].

In C2 cells MyoD mRNA is found both before and after dif-
ferentiation. The reason why MyoD fails to activate myogenic
genes in growing myoblasts is, that active cyclin D1-Cdk 4
complexes. that drive the cell cycle. inhibit MyoD activity
[14]. Commitment to myogenesis is facilitated by autoactiva-
tion of the MyoD promoter by MvoD protein [30}. Myogenin
(Myf4 codes for the human homologue) is expressed in every
known muscle cell line and therefore may be the most critical
factor for the maintenance of the differentiated phenotype [2].
Serum components, basic FGF, TGF-§ and EGF. agents that
suppress differentiation of muscle cells in vitro, downregulate
the activity of the Myf4 gene [4. 15]). In proliferating myo-
blasts, myvogenin fails to be expressed and its synthesis starts
only at the onset of differentiation [3, 35].

Materials and methods

TNF and antibodies

The human TNF « gene was isolated from a human DNA library in our
laboratory (Téth. M.. 1983, unpublished). Mutants coding for TNF
molecules partially resistant to processing were produced and colonies
were selected which produced more membrane-bound than soluble
TNF.

Recombinant human TNF «a was purified to homogeneity from E.
coli cells overproducing the cytokine (Mai et al.. 1987. unpublished).
It had a specific activity of >20 U per ng protein and <0.05 ng endo-
toxin per mg protcin. Its purity — based on silver stained SDS gel elec-
trophoretic analyses — was over 95 percent.

Polyclonal rabbit and monoclonal mouse anti-TNF antibodies were
produced and affinity purified in our laboratory, according to conven-
tional methods.

Cell culture
C2 mouse myoblast cell line {36] clone 7 was a generous gift of Prof. P.
Amati (Univ. di Roma La Sapicnza. Rome/ltaly). Cells were main-

tained as undiffercntiated myoblast in Dulbecco’s modified Eagle's
medium (DMEM) purchased from SERVA (Hcidelberg/Germany)
supplemented with 10 % fctal calf serum (Inst. Jacques Boy. Reims/
France), 100 U/mi penicillin G and 100 ug/mi streptomyein. at 37°C.
Cell cultures were split every 2 or 3 days.

M9 cells are genetically modified Hela cells. produced in our labo-
ratory. Transformed with a DNA construct coding for a slightly modi-
fied human TNF protein, they overproduce the transmembrane form
of TNF. The mutant TNF is more resistant to proteolytic processing
than the wild-type cytokine and accumulates in the plasma membrane
of the producing cells. High-level expression of TNF is controlled by
SV40 and TNF promoter sequences in this construct. The cells are
grown in DMEM with 1 to 5% serum.

Preparation and staining of sections of cell
aggregates

C2/7 myoblast cells were grown in 24-well tissue culture plates. Cell
monolayers and aggregates were fixed in 4 % formaldehyde solution
for 1 h at 4°C. The fixed cultures were embedded in Tissue-Tek O.C.T.
compound (Miles Inc., Elkhart, IN/USA) and frozen by petroleum
ether cooled on a liquid nitrogen bath. Sections were cut at 15-20 um
in a cryostat, mounted on 0.4 % gelatine-coated glass slides and dried
overnight at 4°C. Sections were stained using chresyl violet or
hematoxylin-eosin technique.

Electron microscopy

For electron microscopy cell monolavers and aggregates were fixed
in phosphate-buffered 3% glutaraldehvde. postfixed in phosphate-
buffered 1% osmium-tetroxide, dehvdrated in graded series of etha-
nol, washed in propyvlene oxide, and finally embedded in TAABS812
(TAAB). Thin sections were stained with uranyl acetate and lead
citrate. Sections were investicated with a Philips CMI10 electron
microscope at 60 kV accelerating voltage.

[*H]Thymidine incorporation assay

The proliferation of myoblasts in the presence of TNF was monitored
by [*H]thymidine incorporation. Cells were plated at a density of 10°
cells/ml/well, using 24-well plastic culture dishes. Cells were allowed to
attach in DMEM with or without TNF (1000 U/ml). Fresh medium was
added on days 3 and 6 of culture, and experiments were terminated on
day 10. Cells were labeled with 10 uCi/ml [*H]thymidine (25 Ci/mmol.
Amersham) in a volume of 0.25 mi/well of culture medium for 2 h at
37°C. Then medium was removed. cells were washed and harvested in
0.3 ml of 1 % sodium laurylsulfate (SDS). disrupted by sonication (on
ice), precipitated onto nitrocellulose filter discs by 10 % trichloroacetic
acid (TCA) and washed repeatedly with TCA and finally with 70 %
ethanol. The amount of [*H]thymidine incorporated into DNA was
determined by liquid scintillation counting in a toluene-based scintilla-
tion fluid.

Plasmids and probes

Plasmids and probes used in this study are listed in Tab. L. /. The probe
for the mousc fast myosin light chain (MLClg) was composed of a
DNA fragment ranging from Hpal to BamHI and including all of
exon 1 and a portion of intron 1 of the mouse MLC/MLC3F gene
cloned in pSP6+4: pMLCl¢ {10]. 2. Plasmid MHC 2.2 was used as a
probe for the embryonic mouse myosin heavy chain (MHCemb). The
MHCemb sequence was cloned into pBR327 [32]. 3. The probe for the
mouse skeletal a-actin (tgx.ocin) Was isolated from a pBR322 deriva-
tive, pAM91-1 [22}. 4. pEMClIs was used as a probe for the mousc
myogenic regulatory factor. MyoD. AyvoD gene was inscrted into
pEMSV [11]. 5. We used a human myf+ sequence as a probe for myo-
genin. as this cDNA is highly homologous to the mousc myogenin
gene. Myf4 was cloned into Bluescript [2]. All thesc plasmids werce
kindly provided by Prof. P. Amati (Univ. di Roma La Sapienza. Rome/
Italy).
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Tab. I.  Molecular probes used in these studies.

Plasmid Vector Marker E. coli strain Restriction enzyme Fragment

size {bp)

MyoD pEMCIIS pEMSV Ap DH5u EcoRlI 2000
myfad pMyfa pBluescript Ap DHS5« EcoRlI 1300
myosin heavy-chain pMHC2.2 pBR327 Te JM109 Pstl 150
{embryonic) 320
myosin light-chain {fast) pMLC1¢ pSP64 Ap DH5a Hpal-BamHI 500
u-skeletal actin pAMI1-1 pBR322 Tc JM109 Pstl! 200

Ap Ampicillin. — Tc Tetracycline.

Transformation of E. coli

Cultures of E. coli (DH5a« or JM109) were grown at 37°C in YMG
medium, up to optical density of 0.48 at 600 nm. Cells were chilled on
ice for 10. min. centrifuged at 4000 rpm for 10 min at 4°C, and the pel-
let was resuspended in half of the original culture volume of a solution
containing 0.1 » MgCl: and 10 mym Tris-HCI, pH 8.0. After centrifuga-
tion at 4000 rpm for 10 min at 4°C the pellet was resuspended in 1/23
of the original volume in a solution containing 0.1 M CaCl,, 10 mum
Tris-HCL. pH 8.0 and 10 % glvcerol.

Up to 40 ng of plasmid DNA was incubated with 0.2 mi of compe-
tent E. coli cell mixture for 40 min on ice. then shocked in a water
bath. preheated to 42°C for 2 min. 0.8 ml of Luria-Bertani (LB)
medium was added to the tube, and after 1 h of incubation at 37°C in
a shaker, cells were spread by the top agar procedure onto selective
media containing 30 ug/ml ampicillin or 12.5 pg/ml tetracycline
depending on the plasmid type. followed by incubation at 37°C over-
night.

Isolation of plasmid DNA

Bacterial cells were grown in 3 ml of LB medium containing 50 ug/ml
ampicillin or 12.5 ug/ml tetracycline overnight at 37°C. Cells were cen-
trifuged at 15000 rpm for 2 min and the pellet was resuspended in
0.2 ml of a lysis buffer (50 mwm Tris pH 8.0, 50 mm EDTA, 8% su-
crose. 5% Triton X-100 and 4 mg/ml lysozyme (Reanal Fine Chemi-
cals. Budapest/Hungary). After boiling for 1 min and centrifugation
for 10 min at 13000 rpm. plasmid DNA was precipitated from the
supernatant by 0.2 ml of cold isopropanol at room temperature. After
centrifugation at 13000 rpm at 4°C for 10 min. DNA was dissolved in
distiiled water.

Electroelution .

Plasmids were digested with the appropriate restriction endonucleases.
Each preparation was subsequently size fractionated on 1% or 2%
agarose gels. depending on the fragment size. After running the gel the
bands of interest were localized using a long-wavelength UV lamp. The
slice of agarose containing the DNA fragment was cut out and placed
in a TBE-filled dialysis bag. The bag was immersed in an electrophore-
sis tank and electric current (110 V) was passed through the bag. After
| h electrophoresis the buffer surrounding the gel slice was recovered
and the DNA was precipitated with 0.1 volume of sodium acctate
(pH 3.2) and 2 volumes of 96 % ethanol, overnight at —20°C. After
centrifugation (13000 rpm. 15 min) the pellet was rinsed with 70 %
ethanol. dried and resuspended in water.

For Northern blots the following fragments were isolated by this
method: 300 base pair (bp) Hpa[-Bam HI fragment of the plasmid
MLCl. 320 bp Pst T fragment of pMHC2.2. 200 bp PstI fragment of
PAMII-1. 2000 bp Eco RI fragment of pEMCIIs. 1300 bp Eco RI frag-
ment of pMyfd (see Tab. 1).

Isolation of RNA

RNA samples were isolated from cultured animal cells by using the
ribonucleoside vanadyt complexes (RVC) method. Cells (5-10 x 10%)

were harvested from confluent cultures by trypsinization. centrifuged
at 4000 rpm for 10 min at 4°C in PBS. The pellet was resuspended in
lysis buffer (0.1 st NaCl, 10 mm Tris-HCL. 1 mm EDTA. pH 8.0, 1%
NP-40) and 1/15 volume of 200 my RVC (Sigma. St. Louis, MO/USA)
was added. After centrifugation at 13000 rpm at 4°C. the supernatant
was mixed with equal volumes of extraction buffer (0.2 M Tris-HCI.
0.35 m NaCl, 20 mym EDTA, 1% SDS, pH 8.0), a mixture of chloro-
form and isoamy! alcohol (49:1) and Tris-EDTA-saturated phenol.
After brief shaking the mixture was separated by centrifugation at
13000 rpm at 4°C, the aqueous phase was recovered and re-extracted
with phenol/chloroform, centrifuged as above and re-extracted once
with chloroform and centrifuged again. RNA was precipitated with 0.1
volume of 3 M Na-acetate (pH 5.2) and 2 volumes of ethanol at —20°C
overnight.

Northern blotting

Total RNA (20 ug/lane) was electrophoresed in a 1.25 % agarose/form-
aldehyde gel, and transferred to a nylon membrane (Hybond-N.
Amersham) with 20 X SSC (3 M sodium chloride, 0.3 » sodium cit-
rate, pH 7.0). Filters were baked for 1 h at 80°C. Integrity and relative
amounts of RNA were checked by ethidium bromide staining of ribo-
somal RNA on parallel gels. The concentration and the purity of RNA
were determined by spectrophotometry at 260 and 280 nm.

Prehvbridization was performed in 0.25 i disodium phosphate, 7%
SDS (pH 7.2) and 250 ug/mi sonicated chicken blood DNA. at 65°C
for 1 h.

Hyvbridization was performed overnight in the same buffer contain-
ing 10" cpm/ml of [**P]-cDNA probes, labeled by random primer syn-
thesis with [*PJdCTP (IzotSp Intézet Kift.. Budapest/Hungary) using
the Oligolabeling kit (Pharmacia. Uppsala/Sweden), and separated on
Sephadex G-50 column. Blots were washed at 65°C under high strin-
gency conditions: two times for 30 min in 20 my Na;HPO,, 5% SDS.
pH 7.2, and 1 or 2 times for 30 min in 20 mm Na:HPO.. 1% SDS.
pH 7.2. Following hybridization, filters were exposed for 1 to 10 days
at —70°C 1o X-ray films using intensifying screens. A glyceraldehyde-
3-phosphate dehydrogenase (PGAD) probe (pHcGAP. from ATCC.
Rockville, MD/USA) was used to determine the approximate RNA
contents in the respective lanes.

Results

TNF induces the aggregation of C2/7 myoblast cells. To inves-
ticate the effect of TNF on myoblast differcntiation we
exposed subconfluent cultures of C2/7 myoblast cells to TNF.
The cells were seeded in 24-well plates and exposed to 50 ng/
ml human recombinant TNF. The additions of TNF caused a
spectacular rearrangement of myoblast cells in the cultures.
The cells assembled into clumps and formed extensive multi-
cellular aggregates in a few days (Fig. 1). Using large culture
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Fig. 1. The elfect of TNF on the cells of myoblast monolayers. Sub-
confluent monolayers of C2/7 myoblast cells were exposed to 50 ng/ml
of TNE. TNF-treated cells assembled into large aggregates within 3 to
5 days, control cells formed monolayers, which differentiated nor-
mally. Cells were cultured in 24-well plates in DMEM supplemented
with 109 fctal calt serum with (a—-d) or without (¢) human recombi-
nant TNFE The pictures show TNF-treated cultures on days 2 (a), 3 (b),
4 (¢), and 5 (d) in different phases of aggregation. Control monolayer
is shown in (e) on the fifth day of culture.

plates and appropriately higher number of cells aggregates of
several mm size were easily produced.

The accumulation of myoblast cells was dependent on TNF
and addition of polyclonal anti-TNF serum completely
blocked the movement of the cells. Control cultures of myo-
blasts remained in ordered monolayers for prolonged times
and did not show any tendency for aggregation during the first
five days of culture (Fig. 1). As TNF has a transmembrane

form, which could elicit only juxtacrine effects (more ame-
nable for inducing spatially restricted processes), we used M9
cells, producing the transmembrane form of human TNE, to
investigate whether the membrane-bound form of TNF can
also induce the mobilization and aggregation of myoblasts. M9
cells are genetically modified HeLa cells, transformed with a
DNA construct codieQr a processing-resistant human TNF
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sion of TNF is controlled by a combination of transcription
elements derived from SV40 and TNF promoter sequences.

Similar doses of TNF (based on cytotoxicity on L1929 cells)
were added to myoblast cultures in the form of plasma mem-
brane preparations of M9 cells or soluble recombinant TNF.
The experiments proved that both soluble and transmembrane
forms of TNF were able to induce the mobilization and assem-
bly of C2/7 myoblast cells, producing identical aggregates (not
shown).

TNF enhances the proliferating activity of the
myoblast cells

The growth of myoblast cells in the presence of TNF was
assayed by [*H]thymidine incorporation and counting the
cells. Exposure of myoblasts to TNF resulted in an increased
proliferation of the cells (Tab. II). The myoblasts inside the
aggregates remained alive and metabolically active for at least
10 days. However, their proliferation slowed down signifi-
cantly, probably restricted by the limited availability of nutri-
ents inside the aggregates.

TNF inhibits the expression of the genes of
myofilament components: actin and myosin

The changes caused by TNF, higher cell densities (as a result of
aggregation) and decreased proliferation of the aggregated
cells could help myoblast differentiation, as both contact and
cell cycle arrest are prerequisites of myotube formation.

As myogenic differentiation is characterized both in vivo
and in vitro by the synthesis of muscle-specific structural pro-
teins [3], we investigated the activity of corresponding genes
in TNF-treated and control cultures. RNA samples from 1 to 8
day old cultures of C2/7 myoblast cells were purified and used
to detect the expression of specific myogenic genes, skeletal
actin, myosin heavy chain and myosin light chain by Northern
analysis.

As shown in Figure 2, TNF exerted an unexpected inhibi-
tion on the synthesis of muscle-spccific transcripts. While in
control cultures the expression of actin and myosin genes was
upregulated from day 3, simultaneously with the start of the
fusion process, TNF treatment caused a marked inhibition of
muscle-specific mRNA synthesis in the cells.

Electron microscopic studies showed that organized myo-
filaments were only visible in control cells. TNF-treated cells,
probably as a result of the low-level expression of the myo-
fibrillar proteins, contained no organized filaments (Fig. 3).

Tab. II. The effect of TNF treatment on the proliferation of myo-
blasts.
TNF
15 ng/ml 50 ng/ml 150 ng/ml
Days
1 158 + 31 180 £ 18 140 £ 22
2 128 + 17 117 £ 26 115 + 22
3 83+ 14 78 £ 22 67 £ 19
10 56 + 12 65 + 20 3+ 8

Subconfluent monolayers of C2/7 myoblast cells were exposed to the
indicated concentrations of TNF and labeled with radiolabeled thymi-
dine, as described in Materials and methods. Proliferation of TNF-
treated cultures was calculated as percent of the control cultures at the
corresponding days.

day: 1.
Py
TNF-a (1000U/mi) - + T T

a-skeletal-actin %@ng’ e . ® .
T Ko i =

myosin light chain

Fig. 2. TNF inhibited the expression of muscle specific genes.
Expression of the genes of myofilament components in myoblast cells
decreased in TNF-treated cells compared to that of controls. Myoblast
cells were cultured on 24-well plates (10° cells/well). Fresh medium
with or without 50 ng/ml TNF was added to culture medium on day 0,
4 and 7. Cell aggregates developed only in the TNF-treated cell cul-
tures by the fifth day of treatment. Total RNA was extracted from
TNF-treated and control C2/7 cells on every day of the experiment.
Samples (20 pg) were separated by electrophoresis on a formaldehyde-
agarose gel, blotted onto Hybond-N filters and hybridized with probes
of alpha-skeletal actin, or heavy or light chains of myosin as described
in Materials and methods. RNA extracted from P388 mouse myeloid
leukemia cells served as negative control.

TNF inhibits the expression of the genes of
myogenic regulatory factors

The synthesis of muscle-specific transcripts is controlled by.
myogenic regulatory proteins, which are activated during the
differentiation process. Therefore, we investigated whether
the inhibitory effect of TNF on actin and myosin genes is a
consequence of a TNF-induced block or downregulation in the
transcriptional activity of the genes of myogenic regulatory
factors.

Northern analysis was used to detect changes in the expres-
sion of MyoD and myogenin genes. As myogenin and myf4
show high degree of homology, we used a probe of the human
gene to detect the corresponding mRNA in mouse cells. As
shown in Figure 4, TNF treatment inhibited the accumulation
of transcripts of myogenic regulatory factors in C2/7 mouse
myoblasts.

Myoblast cell aggregates contain collagen fibers
We observed a significant difference between collagen fiber
content of TNF-treated and control cells. Collagen fibers can
be seen in a number of electron microscopic pictures of TNF-
induced myoblast cell aggregates (Fig. 5). Though the rate of
collagen synthesis is increased during the cell-to-cell contact
step of myogenesis [23] and according to literary data prefu-
sion myoblasts synthesize type I, III and V collagen [1, 28], we
could not detect any visible sign of collagen accumulation in
the control cells undergoing normal myogenic differentiation.

TNF does not trigger the synthesis and release
of TGF-8

In different target cells TNF is known to upregulate the syn-
thesis of other cytokines and growth factors. To rule out the
possibility that some of the changes were induced by TGF-f,
we measured the level of the mRNA level of this growth factor
in TNF-exposed and control myoblast cultures. According to
our experiments TNF did not cause detectable changes in the
transcription activity of TGF-3 gene(s): both treated and con-
trol cells had very low levels of TGF-3 messages (not shown).
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Fig. 3 Organized myofilaments are formed only in control myoblast
cells. Electron microscopic picture of a 10 days old C2/7 myoblast cul-
ture (a) shows the presence of organized myofilaments, the sign of nor-

Discussion

In order to learn about the role of TNF in developmental pro-
cesses we investigated the effect of TNF in the differentiation
process of C2/7 mouse myoblasts. This cell line was estab-
lished from satellite cells of mouse thigh muscle after injury.
Satellite cells are activated to form additional muscle cells dur-
ing embryonic development. normal growth. wound healing
and muscle regeneration [18].

The myogenic developmental process has four steps which
can be followed easily in cultured C2/7 cells. It starts with the
proliferation of myoblast cells until the adequate muscle mass
is obtained. Myoblasts align and adhere to cach other, and
fusion starts. Fusion lcads to the formation of myotubes.
simultancously extensive synthesis of the proteins of contrac-
tile myofilaments and other muscle cell specific proteins can
be observed as a result of the activity of myogenic regulatory
factors.

TNF treatment facilitated the first two steps of this process.
myoblast proliferation was faster in TNF-cxposed cells. TNF
triggered a spectacular migration and aggregation of the
treated cells within a few days. Further differentiation steps.
however, were blocked by TNF treatment. The cytokine treat-
ment inhibited the fusion of myoblast cells into multinucleated
myotubules and blocked the accumulation of muscle cell-
specific proteins. TNF-mediated inhibition of actin and myo-
sin expression was reported earlier by Miller et al. [21] in
human primary myoblasts. In our experiments synthesis of
myogenic regulatory factors, MyoD and myogenin was also
strongly inhibited by TNF treatment.

mal myogenic differentiation. In the cells of the aggregates of TNF-
treated myoblast cells (b) similar structures cannot be observed. The
culture shown in (b) was exposed to TNF for 10 days. — 40000x.

MyoD expression and activity are both inhibited by active
cyclin D1-Cdk 4 complexes [14]. Cell cycle arrest, induced by
p21 (and p27*'"™") proteins ensures MyoD activity [14], which
is normally strengthened by positive autoregulation [30]. It is
possible. that the observed proliferative effect of TNF on
myoblasts interferes with MyoD synthesis. and the subsequent
block of differentiation is mediated by the increased activity of

day 1 2 3 4 5} 6 7 8
o ~
TNF-¢ (1000U/ml) - + - + - + - + - + - + - 4+ - 4

MyoD “ﬁﬁ'”ﬁ q g .g.

myf4 a~

LT 1‘"““ “w oW

ﬁi““%”““ﬂ”o‘h!‘”“‘

Fig. 4 The effect of TNF on the synthesis of transcripts of myogenic
regulatory factors. Northern analysis of total RNA extracted from
TNF-treated (50 ng/ml) and non-treated cells. Expression of myogenic
regulatory factors MyoD and myogenin was strongly inhibited in TNF-
treated cells. Transcripts of the same transcription factors were abun-
dant in non-treated C2/7 cells.
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Fig. 5§
thesis in C2/7 myoblast cells normally does not lead to the appearance
of collagen fibers. This electron microscopic picture from a cell aggre-
gate at the tenth day of culture shows collagen fibers characteristic for
TNF-treated cells. = 40000x.

Collagen fibers in TNF-treated myoblast cells. Collagen syn-

cyclin-kinase complexes. Other transcription factors might
also have a role: TNF-induced formation of (abnormal)
myogenin-Jun-D complexes was reported in cachexia [5].

However, the presence of collagen fibers in TNF-treated
myoblast cells suggested another explanation: TNF-induced
TGF-p production. Collagen synthesis is almost always inhib-
ited by TNF both in vitro [29] and in vivo [6]. TNF exerts a
negative regulatory effect on collagen gene expression, antag-
onizing with TGF-f3 driven upregulation [9]. TGF-f3, however,
is documented to upregulate type I collagen expression and
deposition in LOE9 rat myoblasts [16].

According to our measurements TGF-f3 message levels were
very low, both in TNF-treated and control cell cultures, so it is
unlikely that TGF-f is involved in the process.

Our results show, that TNF and its membrane-bound form
are able to influence the differentiation of myoblast cells.
Local (over)production of TNF as a result of stress or
inflammation might lead to inhibition of muscle development,
while systemic presence of TNF causes cachexia and muscle
wasting [5]. This effect of TNF needs further studies as TNF
produced during viral infection might contribute to embryonic
malformations, while TNF-induced by ischemia and reperfu-
sion could participate in myocardial cell loss in the afflicted
areas.
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Tumor necrosis factor a (TNF) - Sertoli cell -
differentiation — cell adhesion molecules

In the testis TNF is produced by germinal cells. The putative
role of tumor necrosis factor alpha (TNF) in development and
differentiation was investigated in 45T-1 mouse cell cultures, a
cell line with characteristic markers of Sertoli cells, established
from transgenic mouse families expressing the polyoma large T
antigen in their testes. Exposure to TNF elicited a gradual
assembly of the cells of the monolayer into highly organized
spheroids. The first morphological sign of the changes was
detected one week after TNF treatment by anti-desmin immu-
nostaining which showed the formation of foci in the culture
consisting of several hundred cells connected by an increasing
number of cell contacts. Between days 10-20 the cells formed
large ovoid or vermiform aggregates covered by several layers
of flat, elongated cells. These cells extended septae into the
inner mass of the spheroids consisting of loosely arranged,
large polygonal or palisadic cells. The spheroids were sur-
rounded by radially arranged elongated cells covered by small
blebs. TNF treatment upregulated laminin expression in 45T-1
cell cultures, which is known to induce formation of cord-like
structures by Sertoli cells in vitro. Coculturing 45T-1 cells with
immortalized germinal cells or TNF-producing HeLa cells also
lead to the formation of spheroids. These observations suggest
that TNF production of germinal cells might contribute to the
organization/differentiation of Sertoli cells.

Y Dr. Erné Duda. Institute of Biochemistry, MTA Biological
Research Center. P.O.Box. 521, H-6701 Szcged/Hungary. e-mail:
duda@nucleus.szbk.u-szeged.hu. Fax: + 3662433 506.
3 These two authors contributed to the work equally.

Abbreviations. BSA Bovine serum albumin. — DMEM Dulbecco’s
modified Eagle medium. — FCS Fetal calf serum. — FGF Fibroblast
growth factor. — FGFR-1 Fibroblast growth factor receptor type 1. —
FITC Fluorescein isothiocyanate. — FSH Follicle stimulating hor-
mone. — IL-1B Interleukin 1B. — PBS Phosphate-buffered salt solu-
tion. — RER Rough endoplasmic reticulum. — SCF Stem cell factor. —
SDS Sodium dodecyl sulfate. = TNF Tumor necrosis factor a. - WT1
Wilms' tumor gene product.

Introduction

TNF is a pleiotropic cytokine, which orchestrates the defen-
sive forces of the immune system against invading microorgan-
isms, viruses and malignant cells [1]. During the last few years
TNF proved to be more than a cytotoxic cytokine. The pres-
ence of TNF and its transmembrane precursor form was
detected during fetal and neonatal development of mice [15,
23]. Mouse blastocysts express the 55 kDa receptor of TNF
[16] and both receptor types have been identified in mouse
embryos [7, 10]. The importance of TNF activity during devel-
opment was indicated by experiments where repeated injec-
tions of neutralizing antibodies to TNF into pregnant mice
resulted in growth retardation of the fetus [11]. Studying the
effects of TNF on different cell lines and their viral oncogene
transformed derivatives we noticed morphological changes
caused by TNF on different cell lines.

In preliminary experiments we have shown that TNF pre-
served the pluripotence of embryonic stem cells and inhibited
the growth of trophoblast cells [21], induced a dedifter-
entiation-like process in embryonic chondrocytes [21] and
inhibited the myogenic differentiation of myoblasts [22].

0171-9335/99/78/05-331 $12.00/0
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These data suggest a possible role for TNF in normal develop-

ment.

Here we report the effect of TNF on immortalized testicular
cells, 45T-1. which exhibit markers of differentiated Sertoli
cells. Sertoli cells play a crucial role in the proliferation. devel-
opment and maturation of germinal cells [3). Evidence is accu-
mulating that paracrine and autocrine factors from Sertoli and
germ cells are important in the functioning of both cell types
[8]. Sertoli and germinal cells form the microenvironment of
the seminiferous tubules, isolated from other cell types by a
basement membrane and tight junctions of the Sertoli cells.
As TNF receptor p33 was detected on Sertoli cells [13], sper-
matogenic cells express TNF [3] and we have shown the pres-
ence of the transmembrane form of TNF on mouse testicular
germ cells [14], it was likely that TNF influences Sertoli cells.

Cell lines with Sertoli cell markers were established from
transgenic mouse families, which carry an immortalizing viral
oncogene, the polyoma virus large T gene under the transcrip-
tional control of the viral early promoter {17]. Northern blot
analysis detected the expression of the transgene only in the
seminiferous epithelium of males. The transgenic animals
develop normally and are fertile, but the elderly animals suf-
fer from testicular tumors of Sertoli cell origin.

Cell line 45T-1 was established from the tumor of an old ani-
mal. These immortalized Sertoli cells have been growing in
vitro for generations and their ability to nurse spermatogenic
cells was further characterized [20]. They express a whole
range of differentiated Sertoli cell markers, like steel factor
(or stem cell factor, SCF, the ligand of ¢-kir), WT1, transferrin
and the alpha subunit of inhibin.

Materials and methods

Tissue culture

45T-1 cells, expressing Sertoli cell markers, derived from testicular tumor
tissue of a mouse expressing the polvomalarge T antigen in its gonads [17],
were cultured in DMEM (SERVA, Heidelberg/Germany) containing
10% FCS (Inst. Jacques Boy, Reims/France) at 32°C. The cells were
grown in vitro for many generations without noticeable changes in their
growth characteristics. The cells exhibit anchorage dependence and con-
tact inhibition. Confluent cultures can be maintained for several weeks
without significant loss of viability, though sometimes the senescent cell
layer peels off the substrate. No organization or aggregation of the cells
can be observed without the use of substrates like Matrigel. In the
reported experiments no such substrates were used.

GC-1 cells (ATCC CRL-2053) are mouse testicular cells immortal-
ized by the large T antigen of SV-40. They show characteristics of a
stage between tvpe B spermatogonia and primary spermatocvtes.
HeLa cells (ATCC CCL 2) are human cervical carcinoma cells, M9 is
a genetically modified HeLa clone transformed with a DNA construct
coding for a slightly modified human TNF protein (with increased
resistance to proteolytic processing). The transmembrane form of TNF
accumulates on the surface of these cells [19]. GC-1, HeLa and M9
cells were grown in DMEM with 10 % serum.

TNF and anti-TNF antibodies
Human recombinant TNF alpha was produced in E. coli cells (Téth et
al, Hungarian patents #: 5578/88 and 2030/90). The protein was puri-
fied to apparent homogeneity. Its purity was over 95 percent, showed
one single band in silver-stained SDS gel electrophoretic analyses, had
a specific activity of 20-30 U per ng protein and contained less than
0.05 ng endotoxin per mg protein.

The following anti-human TNF alpha antibodies were used: a)
serum-free culture supernatants of B.154.7.1 hybridoma cells (gener-
ous gift of Prof. E. Gonczol, Institute of Microbiology, A. Szent-

Gyorgyi Medical University, Szeged/Hungary) producing a neutraliz-
ing monoclonal antibody were purified and concentrated by ammo-
nium sulfate precipitation. 1 ul of the dialyzed. sterile filtered prepara-
tion neutralized 1 g (> 2 X 10' U) TNF in 1 ml medium if incubated
for 30 min at 37°C before titration. b) hyperimmune rabbit serum was
purified on Pharmacia protein G (Pharmacia. Uppsala/Sweden) and
immobilized on TNF columns. 10 ul of the dialyzed. sterile filtered
preparation protected 929 or WEHI cells against the cytotoxic effects
of 1 pg (> 2 X 10" U) TNF (incubated in 1 m! medium for 30 min at
37°C before titration) in a standard microplate assay (3 x 10° cells,
200 ul medium per well).

Microscopy and immunohistochemistry

45T-1 cells were grown in 24-well tissue culture plates. Cell monolayers
and aggregates were fixed in 4 % formaldehyde solution for 1 hour at
4°C. The fixed cultures were embedded in Tissue-Tek O.C.T. com-
pound (Miles Inc., Elkhart, IN/USA) and frozen in petroleum ether
cooled on a liquid nitrogen bath. Sections were cut at 15-20 um in a
cryostat, mounted on 0.4 % gelatine-coated glass slides and dried over-
night at 4°C. Sections were stained using chresyl violet.

For immunostaining cells were grown on glass coverslips, fixed and
permeabilized in methanol at —20°C for at least 2 hours. After PBS
(pH 7.4) washing the unspecific binding sites were covered in 2 % BSA
(bovine serum albumin, fraction VI., Sigma, St. Louis, MO/USA) for
60 min. Antibodies against mouse desmosomal protein, vinculin, cyto-
keratin CKS3, vimentin and laminin (all from Sigma, St. Louis, MO/
USA) were applied on the coverslips in 50-fold dilution (prepared in
PBS, containing 0.2% BSA). Anti-alpha and beta tubulin and anti-
cytoskeletal actin (both from Amersham, Buckinghamshire/England)
were used in 1:100 dilution. Incubation times were 60 min at room
temperature or overnight at 4°C.

In each immunohistochemical experiment the following controls
were applied: samples incubated 1. without first antibody (to check the
unspecific binding of the second antibody), 2. in the presence of non-
immune serum (to prove the specificity of the immune reaction) and 3.
without the second antibody (to exclude the possibility of autofluores-
cence). After washing with PBS the cells were incubated in the pres-
ence of FITC or rhodamine-labeled, 100-fold diluted second antibody
(Sigma, St. Louis, MO/USA) for 60 min at room temperature. On
some samples the nuclei were counterstained in 0.001 % ethidium bro-
mide, then the coverslips were covered in PBS-buffered glycerol, con-
taining a few crystals of para-phenylene-diamine and examined under
an Axioscope microscope (Carl Zeiss, Germany).

Fluorescent labeling of cells and laser scanning
microscopy

45T-1 cells were labelled with 25 uM of the fluorescent rhodamine
derivative Cell Tracker Orange CMTMR, (Molecular Probes Europe
BV, Leiden/ Netherlands) according to the manufacturer’s recommen-
dations. The labelled 45-T1 cells were cocultured with GC-1 cells (in
different ratios) on Labtek glass slide chambers (Miles Scientific,
Naperville, IL/USA). We kept the cells under growth condition for two
weeks in the present of 10° U/m! TNFE. The spheroids were observed in
PBS under a confocal laser scanning microscope (Carl Zeiss, Oberko-
chen/Germany).

Transmission and scanning electron microscopy
For electron microscopic investigations samples from each experimen-
tal group were fixed in 2.5% glutaraldehyde containing 1% sucrose
and 2 mM CaCl.. buffered by 100 mM cacodylate, pH 7.0. for 1 h at
room temperature. After washing in cacodylate buffer they were post-
fixed in 1 % osmium tetroxide and stained in 1 % urany! acetate. The
samples were dehydrated in ethanol and propylen-oxide and embed-
ded in Araldite (Durcupan, Fluka, Buchs/Switzerland). Ultrathin sec-
tions were stained by lead citrate and examined in a JEOL CXII elec-
tron microscope (JEOL, Japan).

For scanning electron microscopy the cultures were fixed in 1.5%
glutaraldehyde. 0.5% formaldehyde. 1% sucrose, 2 mM CaCl, in
100 mM cacodylate buffer, pH 7.0, for 1 h at room temperature. The
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specimens were postfixed with osmium tetroxide and dehydrated
through a graded series of alcohol and critical point dried in a Sorvall
type critical point dryer. After drying, the specimens were mounted on
copper stubs and coated with gold-palladium and examined in a JEOL
JSM 50 (JEOL, Japan) scanning electron microscope.

Results

45T-1 cells are resistant to the cytotoxic effect of

TNF but exposure of monolayers to TNF leads to

the formation of cell aggregates

TNF induces self destructive processes in certain tumor cells.
However, 45T-1 polyoma large T-immortalized Sertoli cells
showed a remarkable resistance against the cytotoxic effect of
TNF, tolerating up to 2-3 ug/ml (10° U/ml) TNF without any
loss of viability.

When near confluent cultures of 45T-1 cells were exposed to
0.2-200 ng/ml (10 to 10* U/ml) TNF at 32°C for 6-24 h the
cells did not show any cytopathic effect or morphological
changes. However, after prolonged periods of time (3-15
days) the presence of TNF induced marked changes in their
shape and morphology. First small, elevated foci of aggregated
cells began to appear between the well spread and extremely
flat cells characteristic for control cultures. They were sur-
rounded by radially arranged elongated cells covered by
numerous small blebs.

When cells were exposed to TNF for prolonged periods of
time (7-15 days) they formed plaques, ridges and doughnut-
shaped formations of multilayer structure. More and more cells
joined these dynamic formations and, since the proliferation of
the cells was very limited, large surfaces of the culture plate
were emptied by the cells. After 12-20 days practically all cells
aggregated into one or several spheroids, a few mm in size.

In previous experiments (Mohari and Duda, unpublished)
we found that germinal cells produce several hundred units of
the transmembrane form of TNF per million cells. Based on
this figure, we calculated that subconfluent Sertoli cell mono-
layers (2 X 10* cells per cm? in 0.5 ml) should be exposed to
approximately 2-20 ng/ml (40-400 U/ml) TNF to imitate the
natural environment.

Experimentally 5 ng/ml (100 U/ml) was the lowest concen-
tration, which induced morphological changes. Exposure of
the cells to 1000 U/ml speeded up the process, but further
increases in TNF concentrations did not shorten the time nec-
essary for the formation of the aggregates. In all the following
experiments 1000 U/ml TNF was used to induce the formation
of spheroids.

There were characteristic changes in the shape of TNF-
treated cells revealed by scanning electron microscopy. The
flat, smooth surface, characteristic of 45T-1 cells grown in
monolayers changed several days after TNF treatment. The
cells developed blebs and protrusions as they assembled and
formed aggregates (Fig. 1).

Most of the cells inside the TNF-induced aggregates
remained alive and metabolically active even in six-week-old
cultures. Protein synthesis, detected as labeled methionine
incorporation, and mitochondrial activity, assayed as reduc-
tion of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide, Sigma, St. Louis, MO/ USA), was main-
tained, though at a reduced level. (As restricted access of
inner cells to nutrients made these measurements quantita-
tively unreliable, data are not shown.)

Fig. 1. Scanning electron microscopy of 45T-1 Sertoli cells. a: The
monolayer of 6-days-old control cultures consisted of flat, polygonal

cells. b: A spheroid formed under the effect of TNF (1000 U/ml, 10
days). Bars: 100 um.

Microscopic investigation of intact aggregates showed tubu-
lar inner structures. Frozen sections revealed ordered organi-
zations of the cells into garland-like formations (Fig. 2a). No
aggregation or differentiation was observed in control cultures
of 45T-1 cells in the absence of TNFE. The cells grew into multi-
layered cultures if kept for long periods of time and showed no
differentiation or inner organization in cross sections (Fig. 2c).

In well developed spheroids three structural domains could
be distinguished by light (Fig. 2a) and electron microscopy
(Fig. 2b): 1) an outer layer, consisting of sheets of long, flat
cells; 2) bundles of onion skin-like sheets of elongated cells
protruding from the periphery into the core and 3) the inner
mass of cells divided into more or less separated compart-
ments by the bundles. The cells of the outer layer and the bun-
dles were characterised by a prominent cortical network of
microfilaments, ovoid nuclei, well developed RER and
numerous cell contacts (Fig. 3a-c). The inner mass consisted of
rather polymorphic cells among which large, round forms and
tall, compactly arranged ones were equally found. Nuclei with
deep invaginations were common in these cells and they con-
tained lipid droplets as a rule. Apoptotic cells and intracellular
spaces filled with cell debris were also observed in this area.

Immunohistochemical investigations of
TNF-treated cells

Sertoli cells participate in the secretion and maintenance of
basal membranes surrounding the seminiferous tubules. Pro-
duction of laminin and collagen, components of the basal
membrane, is a characteristic feature of differentiated Sertoli
cells. On the other hand, extracellular matrix was shown to
induce cord formation in primary cell cultures [9] and Matrigel
was reported to have similar effects on a polyoma T antigen-
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Fig. 2. Sections of frozen (a) and aldehyde-fixed, Araldite embedded
(b) spheroids from cultures exposed to TNF (1000 U/ml) for 21 days.
The spheroids are covered by several layers of flat, elongated cells
which protrude into the core and divide the inner cell mass into more
or less separated areas. The cells contain many lipid droplets. Control
cells (¢) were kept for 3 weeks in DMEM + 10 % FCS, changing the
medium twice weekly. Unlike TNF-treated cells, most control cells
died by the end of the second week. Spots of surviving cells were sec-
tioned at an angle of approx. 45 degree. therefore showing more than
one layer of cells. No sign of morphological changes is visible. Bars:
100 um.

immortalized cell line, very similar to 45T-1 [17]. We used anti-
laminin antibodies for the detection of laminin expression in
TNF-treated and control cultures. According to the immuno-
histochemical results expression of laminin was easily detect-
able in radially organized, aggregating cells of the monolayer 3
days after TNF exposure and highly upregulated in the spher-
oids at 10-12 days (Fig. 4a and b). Laminin-specific immuno-
staining was negative in control cultures and in non-aggregated
cells of TNF-treated Sertoli cell monolayers (Fig. 4c).

The formation of the spheroids from monolayered cells
requires changes in the general shape of the cells, reorganiza-

tion of cell-cell and cell-matrix contacts. Aggregation involves
migratory movements. All these events and changes are coor-
dinated and deeply influenced by the cytoskeletal elements.
Therefore, the presence and distribution of some cytoskeletal
components (alpha- and beta-tubulin, cytoskeletal actin, cyto-
keratin, vinculin and vimentin) were investigated by immuno-
histochemical methods during the period of the TNF treat-
ment. All of these proteins were present in both the control
and TNF-treated cells. TNF treatment did not cause dramatic
changes in the quantity and distribution of these proteins (not
shown).

In control cultures and in the ones treated with TNF for 24
hours desmosomal protein was weakly expressed (Fig. Sa).
However, 3 days after TNF exposure some of the cells became
desmin positive and these cells were arranged in small patches
in the cellular lawn (Fig. 5b). Six days after TNF treatment
when the cells started to assemble into large aggregates and in
the fully developed spheroids immunohistological examina-
tion proved the high level expression of desmin (Fig. 5S¢ and d)
and electron microscopic pictures also revealed the presence
of numerous cell-cell contacts, especially between the cells of
the outer layers of the spheroids (Fig. 3b).

The role of TNF in the formation of ordered
inner structures in the spheroids

Neutralizing anti-TNF alpha monoclonal antibody and rabbit
polyclonal anti-TNF were used to prove that the changes were
triggered by TNF. 0.5 ul monoclonal or 5 ul polyclonal anti-
TNF preparations were used per each ml of medium contain-
ing 1000 U/ml TNFE. TNF-containing media were incubated
with antibodies for 30 min at 37 °C before added to the cells.
Highly purified anti-TNF preparations contained enough anti-
bodies to protect sensitive L929 cells from the cytotoxic effect
of 10* U/ml TNF, ten times more than used in the differentia-
tion experiments. The presence of neutralizing antibodies in
the culture medium prevented TNF-induced aggregation of
the cells. Conditioned medium of TNF-treated (but thor-
oughly rinsed) Sertoli cells did not induce any changes in TNF
untreated 45T-1 monolayers. Continuous presence of TNF was
not necessary for the development of spheroids and inner
structures. We could not detect any differences in desmin or
laminin production of cells exposed to TNF (1000 U/ml) only
once for 3 days, or continually for 14 days.

The presence of different compounds known to interfere
with the TNF-evoked signaling also inhibited the development
of the formation of organized structures within the aggregated
cell mass. Staurosporin, a potent inhibitor of protein kinase C
was effective in concentrations of 10® M. In the presence of
the cyclo-oxygenase inhibitor indomethacin and thiol com-
pounds, which block eicosanoid metabolism and NF-zB acti-
vation, respectively, TNF was unable to induce the migration
and aggregation of the treated cells. Another inflammatory
cytokine and functional analog of TNF, interleukin 1p (IL-1f;
1 to 10 thousand U/ml) induced the aggregation of 45T-1 cells,
however, no inner structure was observed in these aggregates.

Coculture experiments

To investigate the effect of cell surface TNF on Sertoli cell
clustering we cocultured 45T-1 cells with other cells producing
different amounts of TNE. Human TNF genes are not
expressed in HeLa human cervical carcinoma cells, but a
HeLa clone, M9 produces TNF at high levels. The transform-
ing human TNF-a gene present in M9 cells was modified to
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increase the resistance of preTNF to proteolytic processing
[19]. As a result the 26 kDa, transmembrane form of TNF
accumulates on the surface of M9 cells. HeLa cells did not
influence the growth and morphology of 45T-1 monolayers at
all. However, when 45T-1 cells were grown together with M9
cells for two weeks spheroids formed. The microscopic organi-
zation of these cell aggregates was very similar to the struc-
tures seen in TNF-induced spheroids (Fig. 6).

In other experiments GC-1, immortalized germinal cells,
were cocultured with 45T-1 cells in vitro in the absence of
external TNF. The presence of GC-1 cells could also elicit the
formation of aggregates, suggesting that TNF produced by
GC-1 cells was enough to induce clustering of Sertoli cells.
Confocal microscopic studies of spheroids formed in cocultu-
res of fluorescently labelled 45T-1 and unlabelled GC-1 cells
showed that both cell types were present in the structures.
(Proliferation of GC-1 cells (unlike 45T-1 cells) was not limited
during the coculturing period and they usually overgrew 45T-1
cells and distorted cell patterns. Fluorescence of labelled cells

Fig. 3. Electron micrographs from the outer (a and b) and inner part
(¢) of a spheroid (exposed to 1000 U/ml TNF for 14 days). The spheroid
is covered by several layers of flat cells. Note the presence of lipid
droplets and microfilaments (arrowheads in a, and in b); and cell-cell
contact (double arrowhead in b). The inner cells (¢) are usually large,
with cellular debris between the cells. Bars: 20 nm.

decreased gradually and by the time spheroids formed it was
impossible to record good quality images.)

These experiments prove that both soluble TNF and TNF
present on the plasma membrane of neighbouring cells can
elicit signaling events that lead to aggregation and
differentiation-like changes in 45T-1 Sertoli cell cultures.

Discussion

We have shown that TNF, an inflammatory cytokine affecting
the differentiation of several lineages of immune cells, was
able to trigger characteristic morphological changes in cultures
of a polyoma virus large T antigen-immortalized testicular cell
line displaying marker proteins of differentiated, adult Sertoli
cells. The cells of TNF-treated monolayers acquired migratory
phenotype and underwent a gradual aggregation. This aggre-
gation was accompanied by TNF-dependent formation of
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Fig. 5. 45T-1 cultures stained with antibody against desmosomal pro-
tein followed by FITC-conjugated secondary antibody as described in
Materials and methods. The nuclei were stained by ethidium bromide.
a: 3-days-old control cells: b. ¢ and d: cultures exposed to 1000 U/ml
TNF for 3, 6 and 12 days, respectively. Desmosomal protein-containing

Fig. 4. 45T-1 cells exposed to 1000 U/ml TNF for 3 (a)
and 12 (b) days, stained with antibody for laminin. The
nuclei were stained with ethidium bromide. The expres-
sion of laminin is weak after short term treatment (a),
however, intensifies in aggregated cells after 12 days (b).
Control cells (¢) show no laminin-specific staining.

N

dots are prominent in the aggregating cells (b) and in well developed
spheroids (¢ and d). The expression of the protein is weak in control
cultures and in non-aggregated cells of TNF-treated cultures (around
the spheroids. b and ¢).
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Fig. 6. Spheroids formed in cocultures of 45T-1 cells and M9 cells
producing the transmembrane form of TNF (14 days of culture). TNF
produced by M9 cells induced the formation of spheroids, mixed
aggregates of 45T-1 and M9 cells. — X 100.

organized inner structures and upregulation of desmosomal
protein and laminin detected by immunohistochemistry. While
aggregation was also induced by the functionally related cyto-
kine, IL-1f3, organization of the inner structures was triggered
only by TNFE. Laminin production was highly upregulated in
TNF-treated 45T-1 cultures. As laminin was reported to
induce the formation of cord-like structures in Sertoli cell cul-
tures in vitro [9, 17], it is quite possible, that accumulation of
TNF-induced laminin provoked further steps of aggregation
and differentiation of the cells.

Other findings [12] support the role of TNF in testicular
development. It was reported that the type 1 receptor for basic
fibroblast growth factor (bFGFR-1) was developmentally reg-
ulated in Sertoli cells, and bFGF action, when mediated by
FGFR-1, is under the control of FSH, TNF and FGF. TNF was
detected in spermatogenic cells [3] and the 26 kDa transmem-
brane form of TNF was present on the surface of germinal cells
(Mohari and Duda, unpublished). This form of TNF shows
characteristics of those membrane-bound, juxtacrine-acting
growth factors that are supposed to play important roles in
development and morphogenesis [2]. The presence of TNF
alpha mRNA was detected by Northern blot analysis both in
pachytene spermatocyte and round spermatid fractions.
mRNA of the 55 kDa human TNF alpha receptor was present
in Sertoli cells, but not in pachytene spermatocytes or round
spermatids [3]. These results are consistent with the hypothe-
sis that germinal cells produce TNF, which influences the
metabolism of Sertoli cells and may play a role in the develop-
ment and/or function of the germinal epithelium.

It is not totally unexpected that Sertoli cells form structures
without the participation of germinal cells. In vivo tubule for-
mation can also take place in the absence of germinal cells in
c-kit receptor-deficient (white spotting) mice. Unlike homolo-
gous granulosa cells in the ovary, Sertoli cells retain many of
their usual functions in these germ cell-free animals [4, 6]. This
fact does not argue against the importance of TNF in develop-
ment, as many other cell types (especially monocytes) are able
to produce TNE. Normal development of TNF receptor null
mutant mice [18] seem to argue against the role of TNF, but
the activity of other members of the TNF receptor family of
proteins could provide sufficient backup for the lost activity.

Coculturing experiments proved that TNF present on the
surface of TNF-producing cells (including GC-1 germinal
cells) can also induce the aggregation of 45T-1 Sertoli cells.
Coculturing of different testicular cell types was described to
lead to in vitro formation of different structures [5]. The fact
that TNF can replace a cellular partner (or Matrigel) and
induce 3-D organization of Sertoli cells suggests that the sig-
naling pathways TNF triggers are similar to or identical with
those elicited by germinal (or other testicular) cells and/or
extracellular matrix components.

Summarizing, TNF induces a differentiation-like process in
cultures of 45T-1 mouse Sertoli tumor cells, a phenomenon
which could reflect the in vivo role of TNF in the development
or regulation of seminiferous tubules.
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Abstract

Control of cell growth and division by the p53 tumor suppressor protein requires its abilities to
transactivate and repress specific target genes and to associate in complex with other proteins. Here we
demonstrate that p33 binds to the ElA-regulated transcription factor p120E4F, a transcriptional
repressor of the adenovirus E4 promoter. The interaction involves carboxy-terminal half of p120E4F
and sequences located at the end of the sequence-specific DNA-binding domain of p53. Ectopic
expression of p120E4F leads to a block of cell proliferation in several human and murine cell lines and
this effect requires the association with wild-type (wt) p53. Although p120E4F can also bind to mutant
p53, the growth suppression induced by overexpression of the protein is severely reduced in a cell line
that contains mutant p53. These data suggest that p120E4F may represent an important element within
the complex network of p53 checkpoint functions.

Keywords: E4F/p53/growth suppression/transcriptional repression
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Introduction

The product of the p53 tumor suppressor gene plays a pivotal role in controlling the onset and progression
of human neoplasias, as is underlined by the high incidence of p53 mutations found in a broad spectrum of
human cancers (Hollstein et al., 1991). The central role of p53 as the safeguard of the genome integrity arises
from its ability to respond to a variety of events that can lead to uncontrolled proliferation (for review see
Giaccia and Kastan, 1998; Ko and Prives, 1996; Levine, 1997).

Several types of DNA damage, as well as other stress conditions, like hypoxia or ribonucleotide depletion,
activate p53 leading to the transactivation of target genes which mediate, at least in part, p53-dependent growth
arrest and apoptosis (An et al., 1998; Giaccia and Kastan, 1998; Graeber et al., 1996; Linke et al, 1996).
Activated p53 can also repress the transcription of various genes and this function may also contribute to its
downstream effects (Murphy et al, 1996; Wang et al, 1997). These two functions of p53 may be
mechanistically distinct. Transcriptional activation occurs through the direct binding of p53 to specific
promoter elements, whereas repression may additionally require the association with other promoter-bound
transactivators or repressors (Murphy et al., 1996; Ori et al., 1998).

The overall complexity of p53-dependent functions requires association of the protein with multiple cellular
factors (Haupt et al,, 1995; Ruaro et al., 1997; Wang et al., 1996). Some of them act on p53 to modulate its
functional activation in response to various signals (Giaccia and Kastan, 1998), to alter its DNA binding
(Jayaraman et al., 1997) and transcriptional activities (Gu et al., 1997; Levine, 1997; Lill et al., 1997) or its
ability to modulate DNA repair (Wang et al., 1995). In some other cases these proteins are targeted by p53 and
the resulting complexes influence the efficiency of its checkpoint functions, as observed for the association of
p53 with the XBP and XPD helicases, components of the TFIIH transcription/DNA repair complex, which is
also involved in p53 mediated apoptosis (Wang et al., 1996). The ability of p53 to associate with these cellular
partners may be reduced or absent in transformed cells expressing mutant p53 (Iwabuchi et al., 1994). In many
cases, however, mutant p53 can still bind to these proteins, although the complexes are functionally inactive
(Wang et al., 1995).

In searching for new p53 interacting proteins, we isolated the transcription factor p120E4F (Fernandes and
Rooney, 1997) in a yeast two-hybrid screen. pl20E4F is one of two related zinc-finger proteins that
differentially regulate the adenovirus E4 promoter in an E1A-dependent manner (Fernandes and Rooney, 1997).
The full length protein, p120E4F, represses this promoter in the absence, but not in the presence of E1A. The
other E4F protein, pSOE4F is a proteolytically derived amino terminal fragment of pI20E4F that was shown to
stimulate the E4 promoter when coexpressed with E1A. Moreover, when ectopically expressed in mouse
fibroblasts, pl20E4F, but not pSOE4F, blocked cell proliferation by inducing a cell cycle arrest near the G1/S
transition (Fernandes et al., 1998).

Here we demonstrate that E4F associates both in vitro and in vivo with p53 in mouse and in human cells.
The association with p53 occurs through residues that are specific to p120E4F and is required for its growth
suppression activity. pl20E4F may therefore represent a novel p53 cellular partner that contributes to its
checkpoint functions.

Results

Isolation of E4F as a candidate p53 associated protein

The yeast two-hybrid screen (Gyuris et al., 1993) was employed to identify proteins able to associate with the
pS3HI175 hot spot mutant. Approximately 3.5 million independent transformants were screened and
twentyseven single clones were isolated and analysed for their ability to bind also wt p53 (LexAwtp53, aa 74-
393). Sequence analysis revealed that one of the clones which interacted both with mutant and wt p53,
corresponds to the carboxy-terminal half (starting from aa 350) of the ElA-regulated transcription factor
p120E4F (Fernandes and Rooney, 1997). Structurally, pl20E4F contains six zinc-finger motifs which are
clustered in two separate regions: two motifs are contained within an amino terminal domain that is also present
in pSOE4F, while the remaining four are grouped within a central region (aa 436-568) found only in the full
length protein (Fernandes and Rooney, 1997). The isolated clone (E4FA350) encodes the entire central zinc-
finger domain and all further carboxy-terminal residues that are specific to p120E4F (Figure 1A).

To verify the interaction in vitro, the isolated cDNA was expressed in bacteria as GST-fusion protein (GST-
E4FA350) and tested in a pull down experiment. Purified GST-E4FA350 or GST proteins were immobilised on
GSH-Sepharose beads and incubated with in vitro translated pS3H175, pS3H273 and wt p53 proteins (Figure
1B). In agreement with the data obtained in the yeast two-hybrid system, p53wt, pS3H175 as well as p53H273,
were specifically retained on beads coupled with GST-E4FA350 (lane 7, 8 and 9). A specific interaction was
also observed with in vitro translated mouse wt p53 protein (not shown). These data therefore demonstrate that
E4F can directly associate with p53.




E4F associates with pS3 in vivo

A longer clone, missing only the first 60 amino acids of pl20E4F (E4FA60) was isolated from a human
placental cDNA library and inserted into the expression vector pcDNA3, downstream of a START codon and a
contiguous HA epitope (pcDNA3HA). This construct was used in transient transfection experiments to
demonstrate the association between E4F and p53 within murine Balb/c Val 5 (Val 5) fibroblasts (Ginsberg et
al., 1991). This cell line stably expresses the temperature sensitive murine pS3 valine 135 mutant, which
exhibits a wild-type conformation at 32°C (permissive temperature) and a mutant conformation at 37°C (non-
permissive temperature) allowing to directly test the binding affinity of E4F to both p53 forms within the same
cells. Subconfluent growing cells maintained at 37°C were transfected with pcDNA3HAE4FA60 or with control
plasmid (pcDNA3). Twelve hours after transfection, cells were split in two plates and incubated for 24 hours at
the permissive or non-permissive temperature. Lysates of cells maintained at 32°C were immunoprecipitated
with Pab 246, which recognizes wt p53, whereas extracts from cells grown at 37°C were immunoprecipitated
with the mutant-specific antibody Pab 240. Immunoprecipitates were subjected to Western blot analysis with an
antiserum raised against ®AP3, the murine homologue of E4F (Fognani et al., 1993). This antiserum has been
shown to recognise both human and murine E4F proteins (Fernandes and Rooney, 1997). As shown in Figure
2A, ectopically expressed HA-E4FA60 associated equally well with wt and mutant murine p53 in Val5 cells
(lane 4 and 8). Similar results were obtained when ®AP3 was transiently overexpressed in the same cell line
(Figure 2B, lane 4 and 8).

To confirm the association in human cells, the full length E4F ¢cDNA (E4F2.5K; Fernandes and Rooney,
1997) cloned in pcDNA3HA, was transiently overexpressed in U20S, a human osteosarcoma cell line
expressing wt p53. Cell lysates were immunoprecipitated with the anti-p53 monoclonal antibody DO-1, then
blotted with anti-HA antibody. As shown in Figure 2C, p53 associated with ectopically expressed pl120E4F.
Complex formation was also detected in cells transfected with pcDNA3HAE4FA350, a construct expressing
E4FA350 (not shown).

Finally, to establish the existence of a complex of endogenous p53 and p120E4F proteins, cellular extracts
from untransfected U20S were immunoprecipitated with the E4F-specific antibody N4 (Fernandes and Rooney,
1997) or with preimmune sera as a control. Inmunocomplexes were then resolved on SDS-PAGE and blotted
for Western analysis with DO-1 antibody. As shown in Figure 2D, endogenous E4F was immunoprecipitated
from U20S cell lysates in complex with endogenous wt p53.

Taken together, these results clearly demonstrate that p120E4F can form a complex in vivo with wt and
mutant p53, both in human and murine cells.

Binding to E4F requires amino acids 256 to 294 of p53

To identify the region of p53 involved in the interaction with pl120E4F, we produced various wt p53 deletion
mutants by in vitro translation and tested them for binding to GST-E4FA350 in a pull down experiment (Figure
3). As summarized in Figure 3B, E4F bound to all the C-terminally truncated p53 proteins used, however we
observed significant differences in the efficiency of interaction. While the full length protein, capable of
tetramerization, bound strongly to GST-E4FA350 (Figure 3A, lane 3), tr355, that forms dimers in solution
(Tarunina and Jenkins, 1993) exhibited a weaker interaction (lane 6), suggesting that the quaternary structure of
p53 may influence the association. Supporting this hypothesis, the two monomers, tr338 and tr298, are more
impaired in their ability to bind to GST-E4FA350 (lane 9 and 12, respectively). The interaction with tr298 was
very weak, suggesting that the E4F-binding region is located near to the end of the core domain (mapped
between residues 102 and 292; Pavletich et al., 1993; Bargonetti ef al., 1993; Wang et al., 1993). In agreement
with this assumption, a construct containing the tetramerization domain and the unspecific DNA-binding region
but lacking the core domain (p53 Ct) was unable to interact (lane 18). An amino-terminal deletion mutant of
p53 (p53A256), that overlaps 42 amino acids with tr298 and contains the tetramerization domain, interacted
strongly (lane 15), demonstrating that binding to E4F requires amino acids 256 to 294 of human p53.

E4F does not affect the transactivation capability of wt p53

To test whether the transactivation activity of p53 was affected by the interaction with E4F, the p53-null SaOS-
2 cells were transfected with the pG13CAT reporter plasmid (Kern et al., 1992) together with vectors encoding
for human wild-type p53 (p53 wt) and HA-tagged full length or amino terminally truncated E4F (HA-E4F2.5K
and HA-E4FA350, respectively). An HA-tagged, carboxy terminal fragment of human p53 (p53 Ct; residues
from 294 to 393) was used as a positive control, since a corresponding fragment derived from the murine
protein has been shown to affect wt p53 functions in a dominant negative manner (Shaulian et al., 1992). As
shown in Figure 4A, neither HA-E4F2.5K nor HA-E4FA350 did significantly affect the transactivation ability
of p53 (lane 4 and 5), whereas p53 Ct almost completely inhibited that function (lane 3). The expression levels
of each proteins were comparable as judged by Western blotting (Figure 4B). The averaged results of three
independent experiments are plotted in Figure 4C. We consistently observed a slight repression by
overexpressing the full length E4F even when it was cotransfected with reporter constructs containing the SV40




or the thymidine kinase promoters in the absence of p53 (not shown). These findings therefore suggest that the
interaction between E4F and p53 does not affect the transactivation capability of p53.

Binding to p53 requires amino acids 521 to 580 of E4F

The previous assays demonstrated that residues specific to p120E4F are required for p53 binding. To better
define this region, several E4AFA350 deletions were expressed as GST-fusions and used for pull down assay
with in vitro translated wt p53 (Figure 5). Deletion of the last 89 amino acids (GST-E4FA350/Ncol) had no
effect on p53 binding (Figure 5A, lane 4), while removal of residues 428-783, including the entire central zinc-
finger domain (GST-E4FA350/Sfil), completely abolished the interaction (lane 6). A construct lacking amino
acids from 552 to 783 (GST-E4FA350/Pstl) was severly impaired in its ability to associate with in vitro
translated p53 (lane 5), suggesting that residues in the last zinc-finger motif (comprising amino acids 548 to
568) might be involved in mediating the interaction. Indeed, two fusions that contain the intact last zinc-finger
motif, GST-E4FA350-580 and GST-E4FA521 strongly bound to p53 (lane 7 and 9), while no interaction was
detected with an E4F deletion lacking the entire zinc-finger domain and sequences upstream of it (GST-
E4FA581, lane 8). Similar results were obtained when the different deletions were assayed in the yeast two-
hybrid system (not shown). These data indicate that pl20E4F contacts p53 through a carboxy-terminal region
located between amino acids 521 and 580.

Ectopic expression of E4F requires wt pS3 for growth suppression

Although cellular genes specifically regulated by E4F proteins are unknown, it was recently shown that
p120E4F can mediate a growth arrest in NIH 3T3 cells, suggesting an important role for this protein in cell
growth control (Fernandes et al., 1998). In order to test the biological relevance of the complex formation
between p53 and E4F, we overexpressed E4F in various human and mouse cell lines, harbouring wild-type,
mutant or lacking endogenous p53.

Full length E4F (E4F2.5K) and various PCR-generated deletions were cloned in frame in pcDNA3HA
vector (Figure 6A) and tested for their expression levels and subcellular localization. Transient transfections in
U20S cells revealed that all the constructs expressed similar amounts of proteins, as shown by Western blot
analysis in Figure 6B. The subcellular localization of the translated proteins, assayed following microinjection
by immunofluorescence with anti-HA antibody, is presented in Figure 6C. HA-E4F2.5K, as well as the carboxy
terminal deletions HA-E4F/Ncol and HA-E4F/Pstl, displayed heterogeneous subcellular distributions: some
cells showed only nuclear localization whereas others revealed both nuclear and cytoplasmic staining. In
contrast, HA-E4FA350, which lacks the amino terminal half of p120E4F, was exclusively nuclear.

To address the biological role of pl20E4F, human cell lines expressing wt p53 (U20S) or lacking p53
(Sa0S-2) were transfected with pcDNA3HAE4F2.5K, pcDNA3HAE4FA350 or vector alone and tested for
colony formation ability after two weeks of selection in G418-containing medium. The results of three
independent experiments are shown in Figure 7A. A similar reduction (~50%) in colony numbers was observed
both with HA-E4F2.5K and HA-E4FA350 in SaOS-2 cells as compared to the positive control empty vector
(100%). In contrast, a much stronger growth suppression effect was detected when the E4F constructs were
transfected into U20S cells, thus suggesting the invoivement of wt p53.

To more firmly establish the potential role of wt p53 in the pl20E4F-mediated growth suppression, we
microinjected a panel of murine cell lines expressing wt p53 (NIH 3T3) mutant p53 (Val 5, maintained at 37°C)
or in which both p53 alleles are deleted (Balb/c (10)1) and tested the inhibition of S phase entry by
bromodeoxyuridine (BrdU) incorporation assay. Asynchronously growing cells were microinjected as
previously described (Del Sal et al., 1992) with the various E4F constructs together with a plasmid expressing
the green fluorescent protein (GFP) under the control of a CMV-promoter (pGFP-C1, Clontech) as a marker
gene. Growth suppression in microinjected cells (GFP-positive) was measured by scoring the relative fraction
of cells in S phase (anti-BrdU-positive) with respect to uninjected cells in adjacent fields (Del Sal et al., 1992).

The results of at least four independent experiments are reported in Figure 7B. Enforced expression of HA-
E4F2.5K blocked S phase entry in NIH 3T3 cells but neither in Balb/c (10)1, which lack endogenous p53, nor
in Val 5 cells at the non-permissive temperaure. Similar results were observed with HA-E4F/Ncol and HA-
E4FA350, both of them being able to associate with p53. Under the same conditions a similar growth
suppression effect was observed by injecting wt p53 (not shown). In contrast, overexpression of the carboxy
terminally truncated construct HA-E4F/Pstl, which is deficient in binding to p53, did not inhibit S phase entry
in any of the cell lines tested. In all the experiments performed, injection of the empty vector (pcDNA3HA)
together with pGFP-C1 had no any relevant effect.

To further prove the involvement of wt p53 in the pl20E4F-mediated growth suppression, Balb/c (10)]
cells were coinjected with HA-E4F2.5K or HA-E4F/Pstl and limiting amount of p53 together with pGFP-C1 as
marker and processed as described above. Overexpression of wt p53 alone resulted in a moderate growth
inhibition (18%, Figure 7C) that was not affected by the coexpression of HA-E4F/Pstl. Microinjection of HA-
E4F2.5K alone had no any effect on cell growth, while coinjection of wt p53 and HA-E4F2.5K resnltcfhn a

30% inhibition of S phase entry. o CAN




The results obtained by colony formation assays in human cell lines, together with the data from
microinjection experiments in mouse cells, demonstrate that ectopic expression of pl20E4F causes a growth
suppression and cell cycle arrest that depends upon the presence of wt p53 and the ability of p120E4F to
associate with it.

Discussion

In this report we demonstrated that the E1 A-regulated transcription factor p120E4F associates with p53 and
depends upon wild-type p53 to exert its growth inhibitory effect in human and murine cells.

Originally identified in HeLa cells as DNA-binding activities that recognise the adenovirus E4 promoter in
an E1A-dependent manner (Raychaudhuri et al., 1987), E4F factors are low abundance zinc-finger proteins that
are expressed in a wide range of tissues (Rooney er al, 1998). Although their cellular target genes are
unknown, current evidence suggests that transcriptional regulation by E4F proteins may be somewhat complex.
Within cells, two forms of E4F are present with distinct transcriptional activities. The full length p120E4F
protein behaves as a transcriptional repressor of the E4 promoter in the absence of E1A, and introduction of the
viral protein relieves the repression (Fernandes and Rooney, 1997) In contrast, pSOE4F, a proteolytic fragment
of pl20E4F that contains the amino terminal zinc-finger domain required for E4 promoter recognition, is able
to activate that promoter, but only in the presence of E1A (Fernandes and Rooney, 1997). E1A regulates the
transcriptional activities of both forms of E4F by inducing their phosphorylation at critical residues involved in
DNA-binding (Fernandes and Rooney, 1997; Fognani ef al., 1993; Raychaudhuri et al., 1989).

Interestingly, ®AP3, the murine homologue of E4F, is processed in a similar fashion (Fernandes and
Rooney, 1997; Fognani et al., 1993) and was originally isolated based upon its ability to bind to a completely
different DNA sequence; a negative regulatory element within the adenovirus E1A promoter/enhancer (Fognani
et al., 1993). When overexpressed, ®AP3 specifically repressed the transcription of a reporter gene controlled
by that promoter (Fognani et al., 1993). Moreover, whereas binding to the E4F consensus sequence requires
only the amino terminal zinc-finger domain, recognition of the ®AP3 site may occur through the central domain
(Fernandes and Rooney, 1997; Fognani et al, 1993; Rooney et al, 1998). Thus, depending upon their
proteolytic form and phosphorylation state, E4F proteins may participate in a number of independent
transcriptional and physiological responses.

One physiological effect that occurs with ectopic expression of p120E4F in murine fibroblasts is a cell cycle

arrest near the G1/S transition that correlates with a transcriptional-independent increase in the pZIW"‘ﬂ:Cip1

and p27K‘p1 protein levels (Fernandes et al., 1998). Notably, this effect was observed only with the full length
pl120E4F and not with the amino terminal form pSOE4F, indicating a specific involvement of the carboxy-
terminal half of the protein in this function.

In searching for pS3-interacting molecules, we isolated several E4F clones in the yeast two-hybrid screening
and all of them contained sequences encoding for the carboxy-terminal part of p120E4F, including the central
zinc-finger domain. The binding site for p53 was localized to a region around the fourth zinc-finger motif. By
coimmunoprecipitating wt and mutant pS3 with transiently transfected E4F, or its murine homologue, ®AP3,
we demonstrated that the interaction occurs in vivo both in human and murine cell lines. More importantly, we
have shown that endogenous p53 and pl120E4F proteins also associate, suggesting that the resulting complex
may play an actual role in cell proliferation or cell cycle control.

To establish the biological relevance of this interaction, we performed microinjection experiments and
colony formation assays by using a panel of murine and human cell lines expressing wt or mutant p53 or
lacking endogenous p53. In the microinjection experiments enforced expression of full length p120E4F or the
short carboxy-terminal deletion E4F/Ncol inhibited S phase entry in cells harbouring wt p53, whereas
expression of E4F/Pstl, a deletion inefficient to bind to p53, had no effect. In contrast, no inhibition of S phase
entry was observed in p53 null cells (Balb/c (10)1) or in cells expressing mutant p53 (Val5, 37°C).
Overexpression of pl20E4F greatly inhibited colony formation by human cells harbouring wt p53 (U20S),
although a 50% reduction was observed with pS3 null cells (Sa0S-2) as well. This type of assay, however,
allows the detection of a growth suppression effect in its more general sense (growth arrest and/or apoptosis),
therefore the 50% colony reduction achieved in SaOS-2 cells may reflect an involvement of p120E4F in a p53-
independent mechanism that is inoperative in the transient microinjection assay. Nevertheless, the results
clearly show that p53 and p120E4F interact and strongly repress cell proliferation.

One apparent discrepancy with previous results that should be noted, is that the role of p53 in mediating
pl20E4F growth suppression was initially excluded based upon the observation that cotransfection of a
dominant negative p53 mutant with pl20E4F had no effect on colony reduction in NIH 3T3 cells (Fernandes et
al., 1998). However, the design of those experiments did not take into account the ability of p120E4F to
physically interact with wt and mutant p53. Thus, given the relative amounts of transfected pl120E4F and
mutant p53 constructs used by Fernandes ef al., it is likely that the excess levels of pl20E4F were sufficiently
high to titre out the mutant p53 protein and prevent its abrogation of wt pS3 function.



p53 is a transcription factor that binds DNA in a sequence-specific manner with its central domain located
between amino acids 102 and 292 (Pavletich et al., 1993; Bargonetti et al., 1993; Wang et al., 1993). Here we
demonstrated that pl20E4F contacts p53 in its DNA-binding region in vitro, and residues from 256 to 294 of
p53 are involved in mediating the interaction (Figure 3). Interestingly, we observed a correlation between the
quaternary structure of p53 and its ability to associate with pl120E4F, suggesting a complex regulation of
protein-protein interaction. Although p120E4F binds to the end of the core domain of p53, this association does
not affect the transactivation ability of p53 in vivo (Figure 4). This may be due to the fact that under the
experimental conditions used, only a small fraction of p53 is bound to pl20E4F, allowing unbound p53 to
activate its reporter. Alternatively, the complex formation does not affect the DNA-binding capability of p53.
Further investigations are required to distinguish between these possibilities.

Our evidence, that p120E4F can induce a p53-dependent block of cell proliferation without having an
obvious effect on p53 transactivation function is consistent with the previous observation that elevated p21
protein levels in pl20E4F-arrested cells occurred independently of an increase in p21 gene transcription
(Fernandes et al., 1998). This suggest that the pl20E4F-mediated growth suppression may involve a number of
target genes that are not directly regulated through consensus p53-binding sequences, rather through E4F or
DAP3 sites.

We note that in both the colony formation and the microinjection assays, the truncated E4AFA350 protein,
which lacks the amino-terminal zinc-finger domain and therefore fails to bind the E4F consensus sequence
(Fernandes and Rooney, 1997), was sufficient to induce growth inhibition both in human and murine cells. This
suggests that cellular target genes of p120E4F responsible for the growth arrest effect may contain the ®AP3
site. However, it is possible that p120E4F mediates this effect solely by bridging other proteins and may not
require any DNA-binding function.

How p53 fits into this scenario is not yet clear. Control of gene expression generally requires the interaction
of multiple factors, including several activators, coactivators, repressors and basal factors to stabilize the
transcriptional machinery and determine its specificity. It is conceivable that p53 may act as a p120E4F-
cofactor, to regulate the differential recognition of alternative DNA-binding sites for E4F proteins (Fernandes
and Rooney, 1997; Fognani et al., 1993) or the association of p120E4F with other factors in the transcriptional
complex. Alternatively, E4F may be involved in modulating the transcriptional repression function of p53.
Notably, although mutant p53 can still associate with E4F, the complex is not functional in terms of growth
suppression. This indicates that the conformation of p53 in the complex is important for the E4F function, and
may reflect a requirement to bridge p120E4F to other factors that recognize only wt p53. Several wt p53-
binding proteins are also able to interact with mutant forms of p53, but, as with pl20E4F, the mutant proteins
lack the ability to regulate the activity of these partners (Wang et al., 1995). The potential role of p53 as an
E4F-cofactor may be particularly relevant when cells are exposed to stimuli which normally induce p53, since
cells lacking the p53 checkpoint are seriously deficient in the pl20E4F-dependent response.

Truncations at the carboxy-terminal end of pl20E4F, which impair the binding of p53, nullify its growth
inhibitory effect. Thus it would be of interest to look for the presence of genetic alterations in the E4F gene,
mapped on chromosome 16p13.3 (Rooney et al., 1998; Saccone et al., 1998), within tumor cells that express wt
p53.

A better understanding of the role of the p53/E4F complex requires characterization of other factors that
associate with the carboxy half of p120E4F and most of all, the identification of E4F cellular target genes. Our
evidence that p53 can physically associate with E4F and is required for its growth suppression effect, suggests
that p120E4F is an important element within the complex network of p53 checkpoint functions.

Materials and methods

Cell lines and transfections

All the cell lines employed were routinely cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% foetal calf serum (FCS), 2 mM L-glutamine, penicillin (100 U/ml) and streptomycin
(100 pg/ml). The Balb/c (10)1 cell line does not contain endogenous p53 (Harvey and Levine, 1991); the Val 5
cell line is a Balb/c (10)1 derivative, stably expressing the murine p53Vall35 carrying a temperature-sensitive
mutation at Valine 135, which behaves as mutant at 37°C and as wt at 32°C (Ginsberg ef al., 1991; Wu and
Levine, 1994). Transfections were performed by the standard calcium phosphate precipitate method. For
transient transfections cells were seeded 8-12 hours before transfection and further processed 24 to 36 hrs after
removing the precipitate. CAT-reporter assays were performed by routine procedures. For colony formation
assays cells were seeded at low density in 3 c¢m dishes and transfected with 1 pg of the indicated vectors. One
day posttransfection cells were trypsinized and replated in 10 cm dishes in a medium containing 500 pg/ml
geneticin (G418-sulphate, GIBCO). After two weeks of selection, the surviving colonies were fixed with 3%
paraformaldehyde and stained with 10% Giemsa. The number of the empty vector-expressing colonies was
scored as 100%.




Plasmids

To generate the LexA-fusion constructs, human p53H175 and wt p53 cDNAs were PCR-amplified between aa
74 and aa 393 and cloned in frame into pLexA202 (Gyuris et al., 1993). To construct pcDNA3HAE4FA350,
the E4F cDNA (from aa 350 to aa 783), isolated from the two-hybrid screening was inserted into pcDNA3
(Invitrogen) downstream to a START codon and a contiguous HA-epitope. To generate pcDNA3HAE4FA60,
an E4F cDNA (aa 60 to aa 783) isolated from a human placental cDNA library in lambda ZaplI (Stratagene)
screened with E4FA350 was cloned into pcDNA3HA. pcDNA3HAE4F2.5K was generated by subcloning
E4F2.5K from pCMVs-E4F2.5K (Fernandes and Rooney, 1997) into pcDNA3HA. pCMV-®AP3 has been
already described (Fognani et al., 1993). All the carboxy-terminal truncations of E4F as well as E4FA581 were
obtained by PCR-amplification. For the GST-pull down assay E4FAS581, E4FA350 and carboxy-terminally
truncated derivatives were subcloned into pGEX4T-1 (Pharmacia) as EcoRI/Xhol fragments. E4FA521, a
shorter carboxy-terminal fragment of E4F (aa 521-783), obtained from the placental cDNA library screening,
was subcloned into pGEX4T-2 (Pharmacia) as a BamHI/Xhol fragment. To construct pcDNA3HApS53Ct, the
human p53 fragment from aa 290 to 393 was PCR-amplified and cloned downstream of the HA epitope into
pcDNA3. p53A256 was obtained from the yeast two-hybrid screen and subcloned into pcDNA3HA. The p53
truncations tr355 and tr338 (Tarunina and Jenkins, 1993) were cloned respectively in pBSK (Stratagene) and
pSP6 (Promega). The truncation tr298 was produced by PCR and cloned into pBSK. pRcCMVhp53H175 and
pRcCMVhp53H273 have been already described (Hinds et al., 1990). pcDNA3wtp53 contains the full length,
human wtp53 cDNA cloned as an EcoRI fragment in pcDNA3. The p53-reporter plasmid employed for CAT
assays, PGI13CAT, has been described previously (Kern ef al,, 1992). All the PCR-amplified products were
checked by sequence analysis.

Yeast two-hybrid screen

pS3H175 fused to the LexA DNA-binding domain was introduced into the EGY48 (MAT a trpl ura3 his3
LEU2::pLEXAop6-LEU2) yeast strain (Gyuris et al., 1993), previously transformed with the pSH1834 plasmid,
and selected on Ura- His- plates. This strain was transformed with a ¢cDNA library from human WI38
fibroblasts made quiescent by serum starvation and contact inhibition cloned into the pJG4-5 plasmid (Gyuris et

al., 1993; Lamphere et al., 1997). Approximately 3.5x106 primary yeast transformants were selected on plates

Ura- His- Trp- and then pooled together. The interaction was performed by plating about 10x10° clones from
the pooled library onto Ura- His- Leu- Trp- plates containing galactose. After three days, around 200 clones
that grew and turned blue when subjected to -gal expression assay were purified and further processed for the
isolation of the plasmid. Plasmids containing the cDNA were selected in the E. coli B290 (Gyuris et al., 1993)
strain and classified through restriction analysis and Southern dot blot.

GST-pull down assay

The indicated Glutathione S-transferase (GST)-fusion proteins were produced in BL21 bacteria and purified by
conventional procedures. Briefly, overnight cultures were diluted 1:10 and grown to ODggg =0.7, then the
production of the fusion proteins was induced by the addition of 250 puM isopropylthiogalactopyranoside
(IPTG) at 30°C for 4-6 hrs. The cells were lysed by sonication on ice in PBS containing 1% Triton X-100, 0.02
% SDS, 0.5% NP-40, 0.1% Tween-20, 1| mM phenylmethylsulfonyl fluoride (PMSF) and 10 pug/ml of each of
chymostatin, leupeptin, antipain and pepstatin. The proteins were purified with Glutathione Sepharose 4B beads
(Pharmacia) according to the manufacturer's instructions and the concentrations were estimated after SDS-
PAGE. In the pull down assay 2 pg of GST-fusion protein or GST was incubated with 355-labelled in vitro
translated protein (TNT-coupled reticulocyte lysate system, Promega) in 200 pl of binding buffer (150 mM
NaCl, 20 mM HEPES pH 7.5, 10% glycerol, 0.05% NP-40) for 1 hr at 4°C. After washing, the bound
complexes were solubilized with 2X Laemmli sample buffer and loaded onto an SDS-polyacrylamide gel. 25%
of the amounts of in vitro translated protein used for the binding reaction was loaded as input. The bands were
visualized by autoradiography.

Immunoprecipitation and Western blot analysis

Subconfluent cells seeded on 10 cm diameter Petri dishes were transfected with the indicated expression vectors
by the conventional calcium phosphate procedure. 36 hrs posttransfection cells were washed with ice-cold
phosphate buffered saline (PBS), then harvested in | mi of ice-cold lysis buffer as previously described (Muller
et al., 1997). The lysis was performed at 4°C for 30 minutes then the lysates were clearified by centrifugation.
Two ng of purified antibodies or two ml of hybridoma supernatant (anti-p53 antibodies Pab 240 and Pab 246)
prebound overnight to 20 pl of Protein A Sepharose CL-4B or GammaBind G Sepharose beads (both from
Pharmacia) were then added to each sample and incubation at 4°C was continued for 6 hours. The beads were
then washed three times in 1 ml of ice-cold lysis buffer and the bound proteins were solubilized by addition of
20 pl of 2X Laemmli sample buffer. Western blotting was performed according to standard procedures by using
the following primary antibodies: 12CAS5 (anti-HA, Boehringer Mannheim), anti-®AP3 (Fognani et al., 1997),




DO-1 (anti-p53), N4 (anti-E4F; Fernandes and Rooney, 1997), anti-GST (Pharmacia). The bands were
visualized by enhanced chemiluminescence (Amersham).

Microinjection, immunofluorescence and BrdU incorporation assay

Cells cultured in DMEM containing 10% FCS were grown on coverslips in 35 mm Petri dishes. After 24 hours
of incubation at 37°C, cells were microinjected with the various plasmids by the Automated Injection System
(Zeiss, Oberkochen, Germany) as described previously (Del Sal et al, 1992). For expression analysis,
microinjected cells were grown for 24 hours, fixed with paraformaldehyde (3% in PBS), then processed for
immunofluorescence staining with 12CAS anti-HA antibody (Boehringer Mannheim), followed by incubation
with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG2b antibody (Southern Biotechnology
Associates). For BrdU incorporation assay, cells were microinjected with the indicated expression vectors (50
ng/ul) together with 25 ng/ul pGFP-CI (Clontech), a vector expressing the green fluorescent protein (GFP),
used as marker. After microinjection, cells were grown in DMEM supplemented with 10% FCS for 20 hours
then pulsed with 50 pM BrdU for four hours and fixed with paraformaldehyde (3% in PBS). After 20 minutes,
coverslips were washed with PBS and incubated for 5 min in 0.1 M glycine-PBS. Permeabilization was
performed with 0.1% Triton X-100 in PBS for 4 min. To reveal incorporated BrdU, coverslips were treated
with 50 mM NaOH for 10 seconds and immediately washed three times with PBS. The GFP was used as
coinjection marker since the NaOH-treatment affected the detection of the HA-tagged constructs by the 12CAS
anti-HA antibody. BrdU was revealed by anti-BrdU monoclonal antibody (Amersham) followed by incubation
with rhodamine isothiocyanate (RITC)-conjugated anti-mouse IgG2a antibody (Southern Biotechnology
Associates). Nuclei were counterstained with Hoechst 33342 (2 pg/ml in PBS) for 2 minutes followed by three
washes in PBS. Coverslips were mounted with Mowiol mounting medium on a microscope slide and observed
in a Zeiss confocal microscope with the appropriate filters.

Acknowledgements

We are grateful to Jeno Gyuris and Roger Brent for the yeast two-hybrid reagents, to Arnold Levine for the
Balb/c (10) 1 and Val5 cell lines as well as for the Mdm2-CAT and p53 mutant plasmids, to Caterina Fognani
for the pCMV-®AP3 expression vector and anti-®AP3 antiserum, to Bert Vogelstein for pG13CAT and to
John Jenkins for p53 truncations tr338 and tr355. We are grateful to Moshe Oren, Maureen Murphy, Giovanni
Blandino, Lawrence Banks, Christian Kiihne, Claudio Santoro and Margherita Zanetti for reading the
manuscript. We also thank all the people of the Laboratorio Nazionale C.I.B. for comments and helpful
suggestions and in particular Stefania Marzinotto for technical assistance.

This work was supported by grants from the Associazione Italiana per la Ricerca sul Cancro (AIRC) and
MURST-P.R.I.N. Cofin 98 (40%) to G.D.S.. P.S. is supported by a fellowship from ICGEB (International
Centre for Genetic Engineering and Biotechnology).

References

An WG, Kanekal M, Simon MC, Maltepe E, Blagosklonny MV and Neckers LM. (1998) Nature, 392, 405-
408.

Bargonetti J, Manfredi JJ, Chen X, Marshak DR, Prives C. (1993) Genes Dev., 7,2565-2574.

Del Sal G, Ruaro ME, Philipson L and Schneider C. (1992) Cell, 70, 595-607.

Fernandes ER and Rooney RJ. (1997) Mol. Cell. Biol., 17, 1890-1903.

Fernandes ER, Zhang JY, and Rooney RJ. (1998) Mol. Cell. Biol., 18, 459-467.

Fognani C, Della Valle G and Babiss L. (1993) EMBO J.,, 12, 1985-1992.

Giaccia AJ and Kastan MB. (1998) Genes Dev., 12,2973-2983.

Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe SW and Giaccia AJ. (1996) Nature, 379, 88-
91.

Ginsberg D, Michael-Michalovitz D, Ginsberg D and Oren M. (1991) Mol. Cell. Biol., 11, 582-585.

Gu W, Shi XL and Roeder RG. (1997) Nature, 387, 819-823.

Gyuris J, Golemis E, Chertkov H and Brent R. (1993) Cel/, 75, 791-803.

Harvey DM and Levine AJ. (1991) Genes Dev., 5,2375-2385.

Haupt Y, Rowan S, Shaulian E, Vousden KH and Oren M. (1995) Genes Dev., 9,2170-2183.

Hinds PW, Finlay CA, Quartin RS, Baker SJ, Fearon ER, Vogelstein B and Levine AJ. (1990) Cell Growth
Differ., 1, 571-580.

Hollstein M, Sidransky D, Vogelstein B and Harris CC. (1991) p53 mutations in human cancers. Science,
253, 49-53.

Iwabuchi K, Bartel PL, Li B, Marraccino R and Fields S. (1994) Proc. Natl. Acad. Sci. USA, 13, 6098-6102.



Jayaraman L, Murthy KG, Zhu C, Curran T, Xanthoudakis S and Prives C. (1997) Genes Dev., 11, 558-570.
Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW and Vogelstein B. (1992) Science, 256, 827-
830.

Ko LJ and Prives C. (1996) Genes Dev., 10, 1054-1072.

Lamphere L, Fiore F, Xu X, Brizuela L, Keezer S, Sardet C, Draetta GF and Gyuris J. (1997) Oncogene, 14,
1999-2004.

Levine AJ. (1997) Cell, 88, 323-331.

Lill NL, Grossman S, Ginsberg RD, DeCaprio J and Livingston DM. (1997) Nature, 387, 823-827.

Linke SP, Clarkin KC, Di Leonardo A, Tsou A and Wahl GM. (1996) Genes Dev., 10, 934-947.

Muller H, Moroni MC, Vigo E, Petersen BO, Bartek J and Helin K. (1997) Mol. Cell. Biol., 17, 5508-5520.
Murphy M, Hinman A and Levine Al. (1996) Genes Dev., 10,2971- 2980.

Ori A, Zauberman A, Doitsh G, Paran N, Oren M and Shaul Y. (1998) EMBO J,, 17, 544-553.

Pavletich NP, Chambers KA and Pabo CO. (1993) Genes Dev., 7, 2556-2564.

Raychaudhuri P, Rooney R and Nevins JR. (1987) EMBO J., 6,4073-4081.

Raychaudhuri P, Bagchi S and Nevins JR. (1989) Genes Dev., 5, 620-627.

Rooney RJ, Rothammer K and Fernandes ER. (1998) Nucl. Acids Res., 26, 1681-1688.

Rooney RJ, Daniels RR, Jenkins NA, Gilbert DJ, Rothammer K, Morris SW, Higgs DR and Copeland NG.
(1998) Mamm. Genome, 9, 320-323.

Ruaro EM, Collavin L, Del Sal G, Haffner R, Oren M, Levine AJ and Schneider C. (1997) Proc. Natl. Acad.
Sci. USA, 94, 4675-4680.

Saccone S, Sandy P, Meroni M, Gostissa M, Della Valle G and Del Sal G. (1998) Cytogenet. Ceil Genet., 82,
99-100.

Shaulian E, Zauberman A, Ginsberg D and Oren M. (1992) Mo!l. Cell. Biol., 12, 5581-5592.

Tarunina M and Jenkins JR. (1993) Oncogene, 8,3165-3173.

Wang Y, Reed M, Wang P, Stenger JE, Mayr G, Anderson ME, Schwedes JF, Tegtmeyer P. (1993) Genes
Dev., 7,2575-2586.

Wang XW, Yeh H, Schaeffer L, Roy R, Moncollin V, Egly JM, Wang Z, Freidberg EC, Evans MK, Taffe BG,
et al. (1995) Nat. Genet., 10, 188-195.

Wang XW, Vermeulen W, Coursen JD, Gibson M, Lupold SE, Forrester K, Xu G, Elmore L, Yeh H,
Hoeijmakers JH and Harris CC. (1996) Genes Dev., 10, 1219-1232

Wang Q, Zambetti GP and Shuttle DP. (1997) Mol. Cell. Biol., 17, 389-397.

Wu X and Levine AJ. (1994) Proc. Natl. Acad. Sci. USA, 91, 3602-3606.

Zhang H, Somasundaram K, Peng Y, Tian H, Zhang H, Bi D, Weber BL and El-Deiry WS. (1998) Oncogene,
16,1713-1721.

Figure legends

Figure 1. (A) Schematic representation of p120E4F and pSOE4F proteins and the relative position of the
E4F protein encoded by the cDNA isolated from the yeast two-hybrid screen (E4FA350). Numbers refer to
amino acids. (B) E4FA350 binds to in vitro translated wt and mutant human p53. E4FA350 was expressed as

GST-fusion protein (GST-E4FA350) and 2 pg of purified protein was incubated with 35S-labelled wt (p53 wt)
or mutant (pS3H273 and p53H175) p53. A fraction of the input (25%) of in vitro translated products (lanes 1,
2, 3) as well as the GST (lanes 4, 5, 6) and GST-E4FA350 bound proteins (lanes 7, 8, 9) were resolved on SDS-
PAGE and visualized by autoradiography.

Figure 2. E4F associates with pS3 in mammalian cells. (A) Val5 murine fibroblast cells maintained at 37°C
were transfected with 10 pug of pcDNA3HAE4FA60 (HA-E4FA60) or with empty vector (pcDNA3). Eight
hours after removing the precipitates, cells were split in two plates and grown for 24 hours at the permissive
temperature (32°C, p53 wt conformation) or at the non-permissive temperature (37°C, p53 mutant
conformation). Immunoprecipitation was performed by using wt p53-specific antibody (Pab 246) on cell lysates
obtained from cells maintained at 32°C and mutant p53-specific antibody (Pab 240) for cells grown at 37°C.
Immunocomplexes were resolved on a 10% SDS-polyacrilamide gel and subjected to Western blot analysis
with anti-®AP3 antiserum that recognizes both human and murine E4F proteins. (B) Val5 cells were transfected
with 4 pg of pPCMV-®AP3, encoding for the murine homologue of E4F (®AP3) or with the same amount of
pcDNAS3 then immunoprecipitation and Western blotting was performed as described for (A). (C) U20S cells
were transfected with 10 pg of pcDNA3HAE4F2.5K (HA-E4F2.5K) or pcDNA3 and p53 was
immunoprecipitated with an amino terminus-specific antibody (DO-1). After SDS-PAGE, the blotted proteins
were probed with anti-HA antibody. (D) Endogenous E4F was immunoprecipitated from U20S cells with anti-
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N4 antiserum (N4), specific for the amino terminus of E4F, or with preimmune sera (IgG) as control and
immunocomplexes were analysed in Western blot by using the DO-1 antibody.
T, total cell lysate; IP, immunoprecipitation performed with the indicated antibody

Figure 3. Amino acids 256 to 294 of p53 are required for the association with E4F. (A) 358-labelled, in
vitro translated full-length wt p53 and carboxy terminally truncated derivatives were incubated for 1 hour with 2
ug of GST-E4FA350 or GST prebound on GSH-Sepharose beads. The bound proteins were resolved on SDS-
polyacrilamide gels (12.5%, left panel, 15% right panel) and visualized by autoradiography. (B) Schematic
representation of the various p53 constructs used in the pull down assay and a summary of their binding
properties to GST-E4FA350. All the numbers refer to amino acids. The functional domains of p53 are
indicated.

Figure 4. E4F does not affect the transactivation function of wt p53. (A) 3_x105 Sa0S-2 cells were
cotransfected with 2 pg of pGI3CAT, 100 ng of pcDNA3wtp53 (p53 wt) and 2 upg of either
pcDNA3HAE4F2.5K (HA-E4F2.5K), pcDNA3HAE4FA350 (HA-E4FA350) or pcDNA3HAPpPS3Ct (p53 Ct).
36 hours after transfection cell lysates were processed for CAT reporter assay. (B) Western blot analysis of an
aliquot of the lysates used for the CAT reporter assay. HA-tagged proteins were revealed with anti-HA antibody
(upper panel), while the amount of transfected p53 in each sample was controlled by using the DO-1 antibody
(lower panel). (C) Graphic plot representing the mean from three independent experiments. Values are reported
as percentage of conversion and were obtained with a Packard Instant Imager.

Figure 5. The interaction between E4F and p53 occurs at the carboxy! terminus of p120E4F. (A) GST-pull
down assay was performed as described for Figure 3A with in vitro translated wt pS3 and the various E4F
deletion constructs expressed as GST-fusion proteins. (B) Expression pattern of the deletion constructs analysed
by Western blot on same amount of purified proteins with anti-GST antibody. (C) Schematic representation of
the various E4F truncations expressed as GST-fusion proteins and a summary of their binding properties with in
vitro translated pS53. Numbers refer to amino acids.

Figure 6. (A) Schematic representation of the various E4F constructs used in colony formation assays and
microinjection experiments. All the numbers refer to amino acids. (B) Expression pattern of the various E4F
products. U20S cells were transfected with 1 pg of plasmids expressing the indicated proteins or with empty
vector (pcDNA3HA) and subjected to Western blot analysis with anti-HA antibody. (C) Subcellular
distribution of the various E4F constructs represented in (A). Subconfluent U20S cells were microinjected with
vectors encoding the indicated proteins and processed for immunofluorescence staining with anti-HA antibody.
The image was obtained by a Zeiss Axiovert 100 confocal microscope.

Figure 7. E4F inhibits S phase entry in a p53-dependent manner. (A) Colony formation assay in human cell
lines. Sa0S-2 and U20S cells were transfected at low density with 1 nug of plasmid DNA and grown in the
presence of 500 pg/mi G418 for two weeks. After selection the surviving colonies were fixed then stained with
10% Giemsa. The numbers represent the result of three independent experiments and calculated as compared to
the number of colonies obtained by transfecting the empty vector (pcDNA3, 100%). (B) Growth inhibition
assay by microinjection of E4F constructs in murine cell lines. NIH 3T3, Balb/c (10)1 and Val5 cells
maintained at 37°C were coinjected with the indicated E4F expression vectors (50 ng/ul) and pGFP-C1 (25
ng/pl), used as marker. 20 hours after microinjection cells were pulsed with 50 uM bromodeoxyuridine (BrdU)
for four hours, then fixed and stained with anti-BrdU antibody. The results are the mean of at least four
independent experiments and were obtained by scoring more than 500 cells for each microinjected construct in
every cell line. The percentage of S phase inhibition was calculated with the following formula: ((percentage of
cells in S phase in the background - percentage of cells in S phase in the microinjected cells) / (percentage of
cells in S phase in the background )) x 100. (C) Growth inhibition assay by coinjection of HA-E4F2.5K (50
ng/ul) or HA-E4F/PstI (50 ng/ul) and limiting amount (5 ng/ul) of wt p53 in Balb/c (10)1 cells. Inhibition of S
phase entry was measured and calculated as described in (B). The data obtained from at least four independent
experiments.

Error bars indicate standard deviation from the mean.
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