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E2F transcription factor is subject to stringent regulation by a variety of molecules. We recently observed
that prohibitin, a potential tumor suppressor protein, binds to the retinoblastoma (Rb) protein and represses
E2F transcriptional activity. Here we demonstrate that prohibitin requires the marked box region of E2F for
repression; further, prohibitin can effectively inhibit colony formation induced by overexpression of E2F1 in
T47D cells. Prohibitin was also found to interact with the signaling kinase c-Raf-1, and Raf-1 could effectively
reverse prohibitin-mediated repression of E2F activity. Agents such as E1A, p38 kinase, and cyclins D and E
had no effect on prohibitin-mediated repression of E2F1, but all of these molecules could reverse Rb function.
Similarly, stimulation of the immunoglobulin M signaling pathway in Ramos cells could inactivate prohibitin,
but this had no effect on Rb function. Serum stimulation of quiescent Ramos cells inactivated Rb and
prohibitin with different kinetics; further, while the serum-dependent inactivation of Rb was dependent on
cyclin-dependent kinase activity, the inactivation of prohibitin was not. We believe that prohibitin is a novel
regulator of E2F function which channels specific signaling cascades to the cell cycle regulatory machinery.

The E2F family of transcription factors plays a significant
role in the regulation of mammalian cell cycle progression
(33). Studies in recent years have identified E2F as an impor-
tant downstream target of the retinoblastoma (Rb) family of
growth regulatory proteins, and it appears that Rb exerts its
growth regulatory function at least in part by regulating E2F
activity (15). Since the E2F family of transcription factors is
capable of inducing different cell fates such as proliferation,
apoptosis, or differentiation, an understanding of their regula-
tion would throw light on the biochemical pathways underlying
such phenomena (41).

The term E2F generally refers to a family of six proteins
named E2F1 through E2F6 (24). Of these, E2Fs 1 to 5 possess
a transcriptional activation domain at the carboxy terminal
(50) and can induce transcription from target promoters in
association with dimerization partners 1 or 2 (DP1 or DP2)
(32). In contrast, E2F6 lacks an activation domain and is re-
pressive in nature; E2F6 has been shown to compete for E2F
binding sites on promoters and repress their activity (7, 19, 58).
Within the five transcriptionally active E2Fs, there are certain
biochemical and functional differences, though it is not yet
clear whether they execute distinct functions in normal cells
(10, 50). For example, though overexpression of E2F1 can
induce S-phase entry in quiescent cells (22), E2F1 can also
induce apoptosis under appropriate conditions (1, 18, 28, 45,
67); other E2F family members lack the ability to do so (27).
Similarly, E2F1 is capable of transforming primary cells in
association with Ras, but it is not yet clear whether other E2F
family members are capable of doing so (49); in a recent study,
E2F1 was shown to block the differentiation of myeloid
cells, but E2F3 could not (53). Thus, despite the fact all five
transcriptionally active E2Fs bind to the same DNA recog-
nition site, they may have different functional niches in the
cell (13).
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E2F family members are also under different levels of con-
trol by upstream molecules (15). E2Fs 1, 2, and 3 can all bind
to the Rb protein, but E2Fs 4 and 5 preferentially bind to p107
and p130 proteins (3, 10). It has been demonstrated that the
Rb family proteins bind to a moiety within the transcriptional
activation region of E2Fs, effectively repressing their activity
(21, 25, 44). In addition to passive repression of E2F-mediated
transcription, Rb has been shown to actively repress transcrip-
tion from promoters carrying E2F binding sites by recruiting
the histone deacetylase HDACI (5, 36, 37, 65, 66). Thus, the
presence of E2F sites on a promoter does not always indicate
that it is induced by E2F but, on the contrary, that it can be
repressed through those sites as well (6, 20, 31). A very good
example is the E2F1 promoter itself (23). In addition to the
preferential interaction with Rb family members, E2Fs 1, 2,
and 3 also possess a binding site for cyclins at the amino-
terminal region, allowing them to be regulated by the associ-
ated cyclin-dependent kinases, mainly cdk2 (26, 69). E2Fs 4
and 5 lack this mode of regulation (10).

Our attempts to characterize additional proteins that bind to
Rb family members led to the identification of prohibitin, a
potential tumor suppressor protein, as an Rb-binding protein
(62). Prohibitin could effectively bind to Rb, p107 and p130
and could repress the transcriptional activity of all of the five
E2Fs but had no effect on promoters lacking an E2F binding
site. Prohibitin had to interact with Rb to bring about the
transcriptional repression of E2F, and this correlated with its
ability to suppress colony formation in T47D cells. Interest-
ingly, we also found that adenovirus E1A was unable to reverse
prohibitin-mediated repression of E2F1 (62). This led us to
believe that prohibitin represses E2F activity through mecha-
nisms different than those used by the Rb protein. The studies
described here demonstrate that prohibitin targets a different
region of E2F1 than Rb, and prohibitin-mediated repression of
E2F can be released by signals which do not target the Rb
protein. Our results suggest that prohibitin-mediated repres-
sion of E2F is an additional mechanism that allows E2F to
function in response to specific signaling pathways.
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MATERIALS AND METHODS

Cell lines, vectors, and transfections. Ramos cells were maintained in Dul-
becco modified Eagle medium, T47D and U937 cells grown in RPMI medium,
both containing 10% fetal bovine serum (FBS). Transient transfections were
conducted on T47D breast carcinoma cells by using the calcium phosphate
precipitation method according to standard protocols. Ramos cells were trans-
fected by electroporation with a Bio-Rad Gene Pulser at 250 V, with a 960-uF
capacitance. Both Ramos and T47D cells are Rb positive. For serum stimulation
experiments, transfected cells were maintained in medium containing 10% FBS
for 18 h prior to transfer to medium without serum. After 48 h of starvation, the
cells were stimulated by using medium containing 10% FBS for the required
periods of time.

A total of 2 pg of plasmids was used in all transfections for reporter analysis,
unless noted otherwise; 8 ug of the expression vectors was used when extracts
had to be prepared from the transfected cells for biochemical analysis. A 1-pg
amount of a pSVBGal vector was included as internal control in all transfections,
and the B-galactosidase value varied only slightly within each experiment. In all
cases, representative chloramphenicol acetyltransferase (CAT) assay results
from multiple experiments are shown. Where data is graphically represented,
CAT activity was assessed by scanning the intensity of acetylated chloramphen-
icol. The total amount of DNA used for transfections was normalized by using
salmon sperm DNA in all the lanes.

Expression vectors for GAL4 and VP16 fusions of E2F1 (pCGE2F1 and
pCMVE2F1VP16, respectively), as well as the pGSE1IBCAT reporter, were a
kind gift from David Johnson. E2CAT vector contains the CAT gene driven by
the adenovirus E2 promoter carrying two E2F binding sites. Full-length
pDCE2F1 vector was used to induce the E2CAT in all transfections except those
shown in Fig. 2B, where the wild-type and mutant E2Fs were expressed from the
pCR3.1 vector. E2F1 mutants A, B, and C were generated by a PCR-based
overlap-extension protocol, and their integrity was confirmed by sequencing.
pSVRb, pCDNA3Raf-1 (wild-type as well as A28) and pPCDNA3-prohibitin have
been described before (62). Generation of Raf-1 mutants for mapping of binding
domains was described earlier (61). C-terminal deletion mutants of prohibitin
were generated in pCR2 vector by using PCR techniques, and the internal
deletion mutant A185-214 was generated by an overlap-extension strategy. The
prohibitin antisense construct was made by cloning the prohibitin cDNA in the
reverse orientation in pCR3-1 vector. Other expression vectors used in the study
are pRC/CMVCycD1, pCMVCycE, pCMVcdk2D145N (dominant-negative
cdk2), pCMVcdk4DN, pCMVedk6DN, pCMVEIA, and pSRap38.

Stable transfections were performed on 35-mm-diameter dishes by using ap-
proximately 10,000 cells and subjected to selection in the appropriate antibiotic
for 14 days. The total amount of DNA transfected was equalized with salmon
sperm DNA in every sample. Cells were fixed and stained with crystal violet, and
colonies with more than 20 cells were counted.

In vitro binding assays. Glutathione S-transferase (GST) fusions of Rb, Raf-1,
and prohibitin were prepared as described earlier (61, 62). 3°S-labeled Raf-1 and
prohibitin proteins were generated by in vitro transcription-translation in rabbit
reticulocyte lysates by using standard protocols. First, 8 to 10 pl of synthesized
polypeptide was incubated with glutathione beads carrying equal amounts of
GST fusion proteins in 200 pl of protein binding buffer (20 mM Tris, pH 7.5; 50
mM KCI; 0.5 mM EDTA; 1 mM dithiothreitol [DTT]; 0.5% NP-40; 3 mg of
bovine serum albumin [BSA] per ml) at 4°C for 2 h. The beads were then washed
six times with 1 ml of protein binding buffer and eluted with 10 mM glutathione.
Eluates were separated in an 8% sodium dodecyl sulfate (SDS)-polyacrylamide
gel and visualized by autoradiography. The protein amounts in control input
lanes were approximately one-fifth of the total used in binding assay.

Immunoprecipitation and Western blots. Polyclonal antibodies to prohibitin
were a kind gift of J. Keith McClung, and monoclonal antiprohibitin antibodies
were obtained from NeoMarkers. Anti-cRaf-1 monoclonal antibody was ob-
tained from Transduction Laboratories; anti-Rb and anti-c-Myc antibodies were
purchased from Oncogene Science-Calbiochem. Antibodies to p16, p107, p130,
and p38 were obtained from Santa Cruz Biotechnologies; anti-human immuno-
globulin M (IgM) antibody was from Southern Biotechnologies, and the anti-
pTyr antibodies were from UBI.

Whole-cell extracts were prepared by hypotonic shock followed by salt extrac-
tion, as described previously (8). Portions (50 to 200 pg) of whole-cell extracts
were treated with 5 pl of the appropriate primary antibody in a volume of 100 pl
at 4°C for 1 h. Then, 3 mg of protein A-Sepharose or protein G-Sepharose in a
100-pl volume was added and incubated for an additional hour. The binding was
performed in a buffer containing 20 mM HEPES (pH 7.9), 40 mM KCI, 1 mM
MgCl,, 0.1 mM EGTA, 0.1 mM EDTA, 0.1 mM DTT, 0.1 mM NaF, 0.1 mM
Na;VO,, 0.5% NP-40, and 3 mg of BSA per ml. The beads were washed six times
with 600 ul of the same buffer, boiled in 20 pl of SDS sample buffer, and
separated on 8 or 10% polyacrylamide gels. After semidry transfer to supported
nitrocellulose membrane, the blots were probed with the appropriate antibody.
The proteins were detected by using an enhanced chemiluminescence assay
system from Amersham.

EMSA. Electrophoretic mobility shift assay (EMSA) after immunoprecipita-
tion was performed as previously described (8, 71). An EcoRI-HindIII fragment
of the adenovirus E2 promoter containing two E2F binding sites (TTTCGCGC)
was end labeled by using Klenow fragment and was used as the probe in all of the
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assays. Briefly, 8 wg of whole-cell extracts prepared as described above was
incubated with approximately 0.2 ng of 3?P-labeled E2F probe in a buffer con-
taining 20 mM HEPES (pH 7.9); 40 mM KCI; 0.1 mM concentrations each of
MgCl,, EGTA, EDTA, DTT, NaF, and Na;VO,; 1% NP-40, 1 pg of salmon
sperm DNA per ml, and 10 ng of BSA per ml. After incubation at room
temperature for 20 min, the reactions were separated on a 4% polyacrylamide
gel in 0.25X TBE at 300 V for 3 h. The gel was dried, and the bands were
detected by autoradiography.

RESULTS

Prohibitin and Rb target different regions of E2F1 for re-
pression. Since we found that prohibitin can specifically re-
press all transcriptionally active members of the E2F family
(62), we attempted to identify the domain of E2F that is tar-
geted by prohibitin. Studies were conducted on E2F1 to this
end. As a first step, we examined the effect of prohibitin on two
chimeric E2F1 proteins by transient-transfection experiments
in T47D cells. In the first experiment, a chimeric E2F protein
with the carboxy-terminal 153 amino acids of E2F1 (which
contains the transcriptional activation domain) fused to a
GAL4 DNA-binding domain (11) was tested for its ability to
respond to prohibitin. As shown in Fig. 1A, the GAL4-E2F1
construct, as well as a control GAL4VP16 vector, could induce
transcription from a pGSE1BCAT reporter; cotransfection of
prohibitin or Rb had no effect on the transcription induced by
the GAL4-VP16 but specifically abolished the transcriptional
activity of the GAL4-E2F1 protein. This result suggests that
prohibitin can target E2F1 specifically and that the carboxy-
terminal domain containing the transcriptional activation do-
main can respond to prohibitin.

In a second experiment, we examined whether prohibitin
can target the amino-terminal region of E2F1 that contains the
DNA-binding domain. An E2F1-VP16 construct that contains
the region from residues 1 to 357 of E2F1 fused to a VP16
activation domain (11) was tested for its ability to respond to
prohibitin. As shown in Fig. 1B, the E2F1-VP16 construct
could activate transcription from an E2CAT vector as effec-
tively as E2F1. It was found that cotransfection of prohibitin
could effectively repress both wild-type E2F1 and the E2F1-
VP16 fusion protein. This raised the possibility that prohibitin
either targets multiple regions of E2F1 for repression or tar-
gets a region of E2F1 shared between the E2F1-VP16 and
GAL4-E2F1 constructs.

In contrast to repression by prohibitin, Rb could repress the
activity of full-length E2F1 but had no effect on the E2F1-
VP16 construct (Fig. 1B). The observation that Rb can repress
GALA4-E2F1 as well as full-length E2F1, but not E2F1-VP16
(which lacks an E2F1 activation domain), is consistent with the
fact that Rb specifically targets the activation domain of E2F1
for repression.

Prohibitin targets the marked box region of E2F1. Experi-
ments were designed to further delineate the region of E2F1
targeted by prohibitin. As shown in Fig. 2A, the region from
residues 284 to 357 of E2F1 is present in GAL4-E2F1 and in
the E2F1-VP16 constructs, both of which were repressed by
prohibitin. This region corresponds to the highly conserved
marked box region of E2F (50). Attempts were made to create
internal deletions of this region and to assess whether such
mutant E2Fs could respond to prohibitin. A deletion of the
entire region from residues 284 to 357 of E2F1 totally abol-
ished its transcriptional activity (data not shown). Hence we
divided this region into three parts (regions from residues 284
to 304, 304 to 329, and 329 to 357) and generated internal
deletions of each segment by using a PCR-based overlap-ex-
tension protocol. A schematic of the different E2F mutants, as
well as of the E2F1 fusion proteins, is shown in Fig. 2A.
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FIG. 1. Repression of E2F1 fusion proteins by prohibitin and Rb. (A) A pG5S5E1BCAT reporter was induced by transfecting the indicated GAL4 fusion proteins.
Cotransfection of 2 pg of prohibitin or Rb specifically represses GAL4E2F1 but not GAL4VP16 protein. (B) An E2CAT reporter was cotransfected with expression
vectors for E2F1 or E2F1-VP16AD fusion protein. Prohibitin could repress both the constructs, but Rb does not repress E2F1-VP16 (unlike prohibitin).

The ability of each internal deletion to induce transcription
from an E2CAT vector was tested (Fig. 2B, lanes 2 to 5).
Mutants B and C (which had internal deletions of regions from
residues 304 to 329 and 329 to 357) had amounts of transcrip-
tional activity comparable to that of wild-type E2F1; surpris-
ingly, deletion mutant A, which lacked residues 284 to 304, had
20-fold more transcriptional activity compared to the wild-type
E2F1 (lane 2). The ability of Rb and prohibitin to repress the
three mutant E2Fs was next examined by a cotransfection
experiment. As shown in lane 6, prohibitin could effectively
repress mutant A; in contrast, prohibitin had no effect on the
transcriptional activity of mutants B and C (lanes 7 and 8),
suggesting that the region of E2F1 spanning residues 304 to
357 is essential for prohibitin-mediated repression. It was
found that Rb could effectively repress all three mutants (Fig.
2B, lanes 9 to 11), since all had an intact activation domain.
This result suggests that prohibitin targets a region of E2F1 at
the carboxy terminal of the marked box domain and not the
activation domain itself.

A Western blot analysis of T47D cells transiently transfected
with the mutant E2F constructs showed that all are expressed
equally well and produce stable proteins (Fig. 2C). In addition,
there was no significant difference in the DNA-binding activity
of the mutants (Fig. 2D), and it is not clear at this moment why
mutant A has such a high transcriptional activity.

Prohibitin can bind to E2F in vitro and in vivo. Since we
found that prohibitin can efficiently repress E2F activity
through the marked box domain, we examined whether pro-
hibitin can physically interact with E2F1. As a first step, we
examined whether E2F1 can bind to prohibitin in an in vitro
GST binding assay. E2F1 was synthesized by in vitro transcrip-
tion-translation in rabbit reticulocyte lysates, and its binding to
GST fusions of prohibitin or Rb was tested. As shown in Fig.

3A, top panel, the full-length E2F1 could efficiently bind to
both the fusion proteins; there was no binding to control
unprimed GST beads. This suggested that prohibitin might be
interacting with E2F1 to bring about the repression. Since we
found that the marked box of E2F1 responds to prohibitin, we
tested the mutants of this region for their ability to bind to
prohibitin. As shown in Fig. 3A, E2F1 mutant A could bind
efficiently to prohibitin as well as to Rb; in contrast, mutants B
and C could bind only to GST-Rb and not to prohibitin. This
correlates with their ability to respond to prohibitin and Rb,
since we find that mutant A responds to Rb, as well as pro-
hibitin, but that mutants B and C can be repressed only by Rb.

It was next examined whether the prohibitin-E2F1 interac-
tion can be detected in vivo; an immunoprecipitation-Western
blot analysis was used for this purpose. Whole-cell extract
prepared from the human B-cell line Ramos was immunopre-
cipitated with antibodies to p16, E2F1, and Rb; the presence of
prohibitin was examined by Western blotting by using a mono-
clonal antiprohibitin antibody. As shown in Fig. 3B, there was
no prohibitin detected in the p16 immunoprecipitate, but pro-
hibitin was found to be associated with E2F1, as well as Rb.
This suggests that prohibitin and E2F1 can associate in vivo,
and this association can be detected without overexpressing
any component.

We previously reported that the level of endogenous pro-
hibitin in human breast cancer cells could affect the activity of
an E2CAT reporter, but not a c-fos promoter or AP1CAT
reporter. To assess whether endogenous E2F activity was af-
fected by altering the amounts of prohibitin already present in
cells, we used an antisense strategy. The cell line ZR751, which
has abundant levels of endogenous prohibitin, was used for this
purpose. Transfection of 12 g of an E2ZCAT reporter resulted
in a low level of CAT activity in ZR751 cells, but cotransfection
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FIG. 2. Prohibitin targets the marked box region of E2F1 for repression. (A) Schematic of the different E2F1 fusion proteins, as well as the E2F1 internal deletion
mutants, used in the study. Mutants A, B, and C lack a 20-amino-acid sequence between the indicated residues. (B) Repression of E2F1 internal deletion constructs
by prohibitin and Rb in T47D cells. Mutant A had approximately 20-fold more transcriptional activity than wild-type (WT) E2F1 (lanes 2 and 3). Prohibitin could fully
repress mutant A but had no effect on mutants B and C (lanes 7 and 8). Rb could repress all three (lanes 9 to 11). (C) Western blot analysis of extracts from T47D
cells transiently transfected with 8 wg of pCR3.1 E2F1 vectors expressing wild-type or mutant E2F1 proteins. (D) EMSA for E2F in the same extracts. There was no

significant difference in the DNA binding activities of the three proteins.

of increasing levels of an antisense prohibitin construct led to
an increase in the observed CAT conversion. This reflects an
increase in the transcriptional activity of the endogenous E2F
present in the cell when prohibitin level is reduced (Fig. 3C).

Two separate control experiments were performed to verify
the above result. First, cotransfection of 6 or 12 pg of antisense
prohibitin did not lead to an increase in E2F activity in BT549
cells, which have no detectable amount of prohibitin (Fig. 3D,
striped bars). Second, to rule out that the repression of E2F by
prohibitin is through a nonspecific effect on components of the
general transcriptional machinery, a similar antisense experi-
ment was conducted with a c-FosCAT reporter. As shown in
Fig. 3D, whereas increasing amounts of antisense prohibitin
construct elevated the transcriptional activity of the E2CAT in
ZR751 cells, it did not induce c-FosCAT activity, suggesting
that the effect on E2F is a specific event. The antisense pro-
hibitin had no significant effect on either reporter in BT549
cells, which lack endogenous prohibitin (Fig. 3D, striped bars).

A Western blot experiment was conducted to examine
whether transfection of antisense prohibitin did reduce the
levels of prohibitin protein. As shown in Fig. 3E, there is a
comparable amount of E2F1 present in BT549 and ZR751

cells, and the levels of E2F1 do not change by transfecting
antisense prohibitin. In contrast, BT549 cells have no detect-
able prohibitin (Fig. 3E, lane 1); further, the level of prohibitin
in ZR751 cells is reduced upon transfecting the antisense con-
struct, correlating with the increase in E2F activity. Taken
together, these results strongly suggest that the level of pro-
hibitin in cells has a direct bearing on E2F mediated transcrip-
tion.

Prohibitin can repress E2F1-mediated induction of cell pro-
liferation. Overexpression of E2F1 has been demonstrated to
induce cell proliferation in many mammalian cell lines, and the
RbD protein could repress this efficiently (1, 14, 22). Since pro-
hibitin has strong antiproliferative activity that correlated with
its ability to bind to the Rb protein, we designed experiments
to examine whether prohibitin could repress E2F1-mediated
induction of cell proliferation. Toward this purpose, a colony
formation assay was performed on T47D cells by using stan-
dard protocols as described previously (62).

As shown in Table 1, transfection of a pSV-NEO vector gave
rise to ca. 119 colonies after 14 days of selection; in contrast,
transfection of 2 pg of a prohibitin expression vector reduced
the number of colonies to ca. 43. All the E2F1 constructs could
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FIG. 3. Prohibitin binds to the marked box region of E2F1. (A) In vitro binding assay showing the interaction of full-length E2F1 or mutants A, B, or C to GST
fusions of prohibitin or Rb. RL indicates one-fifth of the loading material, and GST indicates unprimed beads. (B) Association of prohibitin with E2F1 in Ramos cells.
Ramos whole-cell extracts were immunoprecipitated with the indicated antibodies, and the presence of prohibitin was examined by Western blotting. WCE indicates
an equivalent amount of whole-cell extract. (C) Endogenous prohibitin levels affect E2F activity. ZR751 cells were transfected with 12 pg of E2CAT vector alone or
with increasing amounts of an antisense prohibitin construct. Transcriptional activity from the E2CAT reporter increases with the amount of antisense prohibitin
construct used. (D) The effect of antisense prohibitin construct on 12 wg of E2CAT or 4 pg of c-FosCAT vectors in ZR751 and BT549 cells. Transcription from the
E2CAT vector is increased in response to the antisense construct in ZR751 cells but not in BT549; there was no increase in c-FosCAT in either cell line. (E) Western
blot analysis of E2F1 and prohibitin in BT549 cells, as well as ZR751 cells, transiently transfected with the indicated amounts of antisense prohibitin construct.

stimulate the proliferation of T47D cells at the levels trans-
fected (3 pg); the induction was most pronounced in the case
of mutant A, which doubled the number of colonies. Prohibitin
could effectively suppress the colonies induced by the transfec-
tion of wild-type E2F1 and mutant A; surprisingly, prohibitin
could not suppress the colony formation when mutants B and
C were transfected. This experiment suggests that prohibitin
and E2F1 have antagonistic effects on cell proliferation, and
there is a correlation between the ability of prohibitin to re-
press the transcriptional activity of E2F1 and its ability to
reverse E2F1-mediated cell proliferation.

Raf-1 can bind to prohibitin and regulate its function. It has
been reported that prohibitin is associated with the IgM re-
ceptor (55), and recently it was shown to associate with the
mixed lineage kinase-2 (MLK2) (46). Since these observations
indicated that prohibitin could be involved in mediating signal
transduction cascades and since prohibitin had a potential ty-
rosine phosphorylation site, we felt it was prudent to examine

whether prohibitin was tyrosine phosphorylated. To address
this, we immunoprecipitated whole-cell extracts from prolifer-
ating or tetradecanoyl phorbol acetate (TPA)-treated U937
cells with an antiprohibitin antibody and probed the immuno-
precipitate with an anti-phosphotyrosine antibody in a Western
blot. There was no detectable tyrosine phosphorylated band
corresponding to the size of prohibitin; surprisingly, the major
band recognized by the phosphotyrosine antibody in the pro-
hibitin immuneprecipitate was at ca. 72 to 76 kDa (Fig. 4A).
The 76-kDa band was more pronounced in the U937 extracts
that were treated with TPA and the prohibitin immuneprecipi-
tate of this TPA-treated extract. It is known that Raf-1 is ca. 72
to 76 kDa, that it is tyrosine phosphorylated (16, 40), and that
Raf-1 tyrosine phosphorylation increases after TPA treatment
(2). Further, Raf-1 is known to be involved in IgM-mediated
signaling cascades (57). Hence, we decided to examine whether
the protein associated with prohibitin was Raf-1. This was
verified by a coimmunoprecipitation-Western blot experiment,
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TABLE 1. Modulation of E2F1-induced colony
formation by prohibitin“

No. of colonies
Vector transfected

Expt 1 Expt 2
pSVNeo 119 115
pCDNA3Prohibitin 43 46
pCR3.1E2F1IWT 195 199
pCR3.1E2F1MutA 231 241
pCR3.1E2F1MutB 146 144
pCR3.1E2F1MutC 175 181
pCR3.1E2F1WT+Phb 51 55
pCR3.1E2F1MutA+Phb 49 45
pCR3.1E2F1MutB+Phb 149 142
pCR3.1E2F1MutC+Phb 141 145

¢ Approximately 10,000 T47D cells were transfected with 2 pg of the indicated
vectors; 3 pg of the E2F constructs was used. Colonies with 20 or more cells were
counted after 14 days of selection in 40 pg of neomycin per ml. Phb, prohibitin.

with whole-cell extracts from dividing U937 cells. As shown in
Fig. 4B, all the three Rb family members could be detected in
association with prohibitin; we observed that in two other cell
lines as well: Ramos and Daudi (62). Interestingly, Raf-1 could
be detected in the prohibitin immune precipitate but not in an
unrelated kinase (p38). These interactions were specific, since
neither Raf-1 nor Rb family proteins could be detected in a
c-Myc immune precipitate.

Additional experiments were conducted to verify whether
Raf-1 and prohibitin could interact directly. GST binding as-
says were conducted toward this purpose, and the results are
shown in Fig. 4C and D. In the first experiment, Raf-1 was
synthesized in vitro in rabbit reticulocyte lysates, and its bind-
ing to beads carrying GST as control, or to GST fusions of Rb
or prohibitin, was assessed. As shown in Fig. 4C, Raf-1 could
bind to Rb and prohibitin very efficiently. Under identical
conditions, Raf-1 had no binding to a variety of other GST
fusion proteins, indicating that its binding to Rb and prohibitin
is a specific interaction.

Similarly, the binding of in vitro-synthesized prohibitin to
GST-Raf-1 was assessed. As shown in Fig. 4D, prohibitin could
bind efficiently to GST-Raf-1 beads but not to control GST
beads. These experiments suggest that prohibitin and Raf-1
can bind to each other, and this interaction is probably direct.

Different regions of Raf-1 are involved in binding to Rb and
prohibitin. Attempts were made to identify the region of Raf-1
involved in binding to Rb and prohibitin. GST-binding assays
using a panel of Raf-1 deletion mutants had shown that the
extreme amino-terminal 28 amino acids of Raf-1 are involved
in binding to Rb (61). The ability of the same set of Raf-1
deletion mutants to bind to prohibitin was tested similarly. As
shown in Fig. 5A, full-length Raf-1 protein, as well as one
spanning residues 1 to 335, could bind to both Rb and prohib-
itin. Deletion of the amino-terminal 132 amino acids abolished
the ability of Raf-1 to bind to Rb, but it could bind to prohib-
itin very well. A similar binding pattern was observed with a
Raf-1 molecule lacking the amino-terminal 254 amino acids. In
contrast, the amino-terminal 254 amino acids could bind to Rb
but not to prohibitin. A constitutively active form of Raf-1,
Raf-1 BXB, whose amino-terminal 26 amino acids were fused
to the carboxy-terminal residues 297 to 648, could bind to both
Rb and prohibitin. This indicated that the prohibitin-binding
region of Raf-1 spans residues 297 to 335. Interestingly, the
Raf-1A28 construct, which could not bind to Rb, was very
efficient in binding to prohibitin.

Since our earlier experiments had shown that Raf-1 could
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effectively reverse Rb-mediated repression of E2F activity, we
next examined whether Raf-1 could reverse prohibitin-medi-
ated repression of E2F1 activity as well. A transient-transfec-
tion experiment in T47D cells showed that wild-type Raf-1
could reverse Rb-mediated repression of E2F1 activity, (Fig.
5B, lane 4), whereas Raf-1A28 had no effect. In contrast, pro-
hibitin-mediated repression of E2F1 could be effectively re-
versed by Raf-1 wild type (lane 7), as well as Raf-1A28. This
experiment suggests that Raf-1 can reverse prohibitin-medi-
ated repression of E2F activity and that residues 1 to 28 of
Raf-1 are essential only for targeting Rb function.

A colony formation assay was performed on T47D cells to
verify whether Raf-1 could affect prohibitin-mediated suppres-
sion of cell proliferation. As shown in Table 2, transfection of
prohibitin reduced the number of colonies about threefold,
whereas transfection of Raf-1 could increase the number of
colonies formed. Cotransfection of Raf-1 could effectively re-
verse prohibitin-mediated repression of cell proliferation, but
the effect was not as pronounced as that on Rb.

Raf-1 targets the carboxy-terminal region of prohibitin. We
had earlier found that the Rb-binding region (residues 74 to
116) is necessary for prohibitin to repress the transcriptional
activity of E2F1. Experiments were designed to examine wheth-
er additional regions of prohibitin were necessary for the re-
pressive activity of prohibitin. As a first step, we made deletion
mutants of prohibitin that lacked various numbers of residues
from the C-terminal end and examined their ability to repress
E2F activity. A prohibitin construct expressing residues 1 to
157 was unable to repress E2F activity (Fig. 6A); similarly, a
construct spanning residues 1 to 185 had no repressive effects
on E2F1. Prohibitin constructs having residues 1 to 214, as well
as residues 1 to 243, could repress E2F activity as effectively as
the full-length prohibitin, suggesting that the region spanning
residues 185 to 214 is required for repression of E2F activity,
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FIG. 4. Prohibitin associates with Raf-1 in vivo and in vitro. (A) Western blot
analysis with an anti-P-Tyr antibody on whole-cell extracts or prohibitin immu-
noprecipitates from dividing or TPA-treated U937 cells. The major 72-kDa
protein band comigrates with Raf-1. (B) Association of Rb family proteins and
Raf-1 with prohibitin in U937 cells. Extracts from dividing U937 cells were
immunoprecipitated with an anti-c-Myc antibody as a control or an antiprohib-
itin antibody. The immune precipitates were tested for the presence of the
indicated proteins by Western blotting. Raf-1 can be detected in prohibitin
immune precipitates but not p38 kinase. (C) GST-binding assay with in vitro-
synthesized Raf-1 and GST fusions of Rb and prohibitin. RL indicates one-fifth
of the amount of rabbit reticulocyte lysate used in the binding reaction. (D) In a
similar experiment, in vitro-synthesized prohibitin was tested for binding to
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(lane 4) and prohibitin-mediated (lane 7) repression; Raf-1A28 had no effect on
Rb (lane 5) but could fully reverse prohibitin-mediated repression (lane 8).

in addition to the Rb-binding domain (residues 74 to 116). This
was confirmed by making a prohibitin construct with an inter-
nal deletion of residues 185 to 214 (as shown in Fig. 6B),
whereas wild-type prohibitin could repress E2F1 activity, the
deletion construct was unable to do so.

The ability of Raf-1 to reverse the repression mediated by
the C-terminal truncated prohibitin molecules was examined
by a cotransfection experiment in T47D cells. As shown in Fig.
6A, Raf-1 was unable to reverse the repression mediated by
prohibitin 1-243; this result suggested that Raf-1 targets the
C-terminal region of prohibitin spanning residues 243 to 275. It
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was examined by using a GST-binding assay whether the region
of prohibitin residues 243 to 275 that was targeted by Raf-1 was
involved in the binding to Raf-1 also. As shown in Fig. 6C, left
panel, in vitro-synthesized full-length prohibitin was able to
bind to GST-RbD as well as GST-Raf-1 but not to control GST
beads. In contrast, prohibitin 1-243 could bind to GST-Rb but
not to GST-Raf-1 (right panel). This suggests that the extreme
C-terminal region of prohibitin is involved in binding to Raf-1,
as well as responding to Raf-1-mediated signaling events. Sim-
ilar experiments were conducted to examine whether there was
any correlation between the abilities of prohibitin to bind E2F
and to repress transcription. E2F1 made in rabbit reticulocyte
lysates could bind very well to GST fusions of full-length pro-
hibitin and Rb, but it could not bind to the truncated prohibitin
1-185 or the internal deletion mutant A185-214 (Fig. 6D, top
panel). This suggests that prohibitin has to associate with E2F1
to repress its transcription. The binding of Raf-1 synthesized in
vitro to the same beads was also tested; it was found that Raf-1
could not bind to the truncated prohibitin 1-185, but it could
bind to the internal deletion mutant A185-214 (Fig. 6D, bot-
tom panel). This result confirms the earlier findings that Raf-1
targets the C-terminal region of prohibitin. These experiments
help delineate three distinct functional domains of prohibitin:
the region from residues 74 to 116, which is involved in Rb
binding; the region from residues 185 to 214, which is neces-
sary for transcriptional repression; and the carboxy-terminal
243-275 region involved in responding to Raf-1 (Fig. 6E).
The contribution of the various domains of prohibitin to
growth suppression was assessed by a colony formation assay
on T47D cells (Table 3). It was found that full-length prohib-
itin could effectively inhibit colony formation after 14 days of
antibiotic selection; interestingly, prohibitin mutants 1-157 and
1-185 had little effect on the number of colonies. In addition,
prohibitin constructs possessing an internal deletion of the
region from residues 74 to 116 or 185 to 214 were not able to
suppress colony formation. Thus, it appears that the ability of
prohibitin to exert growth regulation coincides with its ability
to repress transcription mediated by E2F, as in the case of Rb.
In contrast, the constructs lacking the carboxy-terminal end
(constructs 1-214 and 1-243) were quite efficient in repressing
proliferation. Since these two mutants of prohibitin could not
respond to Raf-1 in transient-transfection assays, we examined
whether Raf-1 could affect the growth suppression mediated by
these constructs. It was found that Raf-1 could reverse the

TABLE 2. Raf-1 can reverse prohibitin-mediated repression
of colony formation®

No. of colonies
Vector transfected

Expt 1 Expt 2
pSVNeo 141 149
pBABE-Puro 135 158
Puro+Neo 133 146
Raf-1-Neo, WT 208 208
Puro-Rb 36 51
Prohibitin-Neo 41 86
Rb+Raf-1, WT 231 225
Prohibitin+Raf-1, WT 135 129

¢ Suppression of colony formation by Rb and prohibitin is reversed by Raf-1.
T47D cells grown in 35-mm-diameter dishes were stably transfected with the
indicated vectors and selected in antibiotic for 14 days. Colonies with 20 or more
cells were counted. pPCMV-Rb was cotransfected with pBABE-Puro; pCDNA3-
Raf-1 vector carried neomycin resistance marker. Selection was done in 40 pg of
neomycin or 1 pg of puromycin per ml; a combination of both antibiotics was
used when Rb and Raf-1 were cotransfected. WT, wild type.
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different regions of prohibitin involved in binding to Rb, E2F1, and Raf-1.

suppression of colony formation mediated by wild-type prohib-
itin; similarly, the presence of Raf-1 increased the number of
colonies when the truncation mutants 1-157 and 1-185 were
present. Raf-1 had no effect, however, on the suppression of
colony formation mediated by the prohibitin mutants 1-214
and 1-243; this again suggests that the carboxy terminus of
prohibitin is the functional target of Raf-1. Further, it appears
that the ability of prohibitin to suppress cell proliferation cor-
relates with its ability to repress transcription and that agents
that can reverse the transcriptional repression can also affect
the growth suppression mediated by prohibitin.

E2F regulation by Rb and prohibitin respond to different
signals. We had observed that E1A was unable to reverse
prohibitin-mediated repression of E2F1. Since the results de-
scribed above demonstrate that Raf-1 was quite effective in
releasing prohibitin-mediated repression of E2F1, we per-
formed a series of transient-transfection experiments to assess
the effect of different agents on Rb- and prohibitin-mediated
repression of E2F1. First, we compared the effects of E1A,
Raf-1, and p38 kinase on Rb and prohibitin (Fig. 7A). As we
have observed earlier, E1A, Raf-1, and p38 all could effectively
inactivate Rb, reversing the repression of E2F transcriptional
activity (63). In contrast, only Raf-1 was able to reverse pro-

hibitin-mediated inhibition of E2F activity (Fig. 7A), indicating
that Rb and prohibitin probably respond to different signal
transduction cascades. A summary of these results is presented
in Table 4.

Since cyclins D and E, along with their dependent kinases,
are known to be the major regulators of Rb function during the
course of G, progression (35, 64), we decided to examine
whether these molecules had any effect on prohibitin function.
In a similar transient transfection experiment on T47D cells,
cotransfection of either cyclin D or cyclin E could effectively
repress Rb-mediated repression of E2F transcriptional activity
(Fig. 7A). Both of these cyclins had no effect on prohibitin-
mediated repression of E2F1 activity, suggesting that prohib-
itin is not regulated by the same cyclin dependent kinases that
regulate Rb. Cotransfection of E1A, p38, Raf-1, or cyclins D
and E had only minimal effect on E2F1 directly in T47D cells
(Fig. 7B).

Prohibitin-mediated repression of E2F is reversed by IgM
receptor stimulation. Prohibitin and a prohibitin-related pro-
tein have been reported to be associated with IgM receptors in
B-cell lines (55), and stimulation of IgM receptors has been
shown to activate Raf-1 kinase (57). Since prohibitin can re-
verse E2F activity and since it associates with IgM receptors as
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TABLE 3. Regions of prohibitin involved in growth
suppression and Raf-1 response”

No. of colonies

Vector transfected

Expt 1 Expt 2
pSVNeo 165 175
Raf-1-Neo, WT 221 235
Prohibitin-Neo, WT 46 48
Prohibitin 1-157 171 158
Prohibitin 1-185 139 149
Prohibitin 1-214 41 44
Prohibitin 1-243 58 61
Prohibitin A74-116 158 155
Prohibitin A185-214 154 169
Prohibitin+Raf-1 245 233
Prohibitin 1-157+Raf-1 217 225
Prohibitin 1-185+Raf-1 219 211
Prohibitin 1-214+Raf-1 52 55
Prohibitin 1-243+Raf-1 58 54

“ Approximately 10,000 T47D cells were transfected with 2 ug each of the
indicated vectors. PCDNA3Raf-1 and pCDNA3 prohibitin vectors carried the
neomycin resistance marker; colonies with 20 or more cells were counted after 14
days of selection in 40 pg of neomycin per ml. WT, wild type.

well as Raf-1, we examined whether prohibitin-mediated re-
pression of E2F activity is affected by stimulating the IgM
receptors. The human B-cell line Ramos was transiently trans-
fected with E2CAT reporter whose activity was stimulated by
cotransfecting E2F-1. Interestingly, treating the transfected
cells with 1 pg of an anti-IgM antibody per ml could reverse
prohibitin-mediated repression of E2F (Fig. 8A). The reversal
was reflected in an increase in CAT activity, which could be
observed as early as 45 min after treatment; treatment of the
cells for additional periods of time (up to 48 h) did not result
in any further increase in E2F activity. Identical results were
obtained in two other B-cell lines, Daudi and Raji (data not
shown).

It was next examined whether the effect of IgM receptor
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stimulation was restricted to prohibitin. In a similar cotrans-
fection experiment on Ramos cells, Rb was used to repress
E2F1 activity instead of prohibitin. Stimulation of the IgM
receptor with 1 pg of an anti-IgM antibody per ml had no effect
on Rb-mediated repression of E2F1 activity even after 48 h
(Fig. 8A). This experiment suggests that the IgM receptor
stimulation specifically targets prohibitin and that prohibitin
can respond to signals from this receptor. It was next examined
whether the C-terminal deletion mutant of prohibitin that
could not respond to Raf-1 was inactivated by IgM-mediated
signaling. As shown in Fig. 8B, IgM stimulation could reverse
repression mediated by full-length but not the C-terminal trun-
cated prohibitin, indicating that Raf-1 and IgM target the same
domain of prohibitin.

Since prohibitin was found to bind to E2F1 in vivo, we
attempted to assess whether the physical interaction between
prohibitin and E2F1 is disrupted upon IgM signaling. Whole-
cell extracts prepared from Ramos cells stimulated with an
anti-IgM antibody for various periods of time were immuno-
precipitated with antibodies to E2F1 or Rb (Fig. 8C). The
presence of prohibitin in the immunoprecipitates was exam-
ined by Western blot analysis. The level of prohibitin in the
extracts did not change upon IgM stimulation. There was a
considerable amount of prohibitin associated with E2F1 and
RbD in unstimulated cells and cells stimulated for 30 min with
the IgM antibody but, interestingly, there was no detectable
amount of prohibitin associated with E2F1 or Rb after 2 or 4 h
of stimulation. Thus, it appears that the reversal of prohibitin-
mediated repression of E2F1 by IgM correlates with a disrup-
tion of its interaction with Rb and/or E2F1. In a parallel ex-
periment, we tested whether there is any change in the amount
of Rb associated with E2F1 when cells are stimulated with
IgM. As shown in Fig. 8D, the amount of Rb associated with
E2F1 remains constant during the course of stimulation. It
appears that IgM receptor stimulation leads to a specific dis-
sociation of prohibitin from Rb and E2F.

There was no significant change in the DNA binding activity
of E2F and E2F-containing complexes in whole-cell extracts of
Ramos cells treated with IgM (Fig. 8E). This might suggest
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TABLE 4. Differential response of Rb and prohibitin

to upstream regulators®
Presence (+) or absence (—)
Signal of response
Rb Prohibitin

El1A + -
Raf-1 + +
p38 + —
CycD + -
CycE + —
Serum stimulation + +°
IeM — +

“ A summary of the effect of different upstream regulators on Rb and prohib-
itin. All of the agents tested except IgM could reverse Rb-mediated inhibition of
E2F activity. In contrast, only Raf-1 and IgM could affect prohibitin. Serum
stimulation was also able to overcome prohibitin-mediated inhibition of E2F but
followed different kinetics. CycD, cyclin D; CycE, cyclin E.

’ Delayed.

that the release of repression from prohibitin may not involve
changes in the DNA binding activity of E2F1 but might be
occurring through the inactivation of additional repressors
tethered by prohibitin onto E2F1. Though it has been reported
that p107-E2F complexes are altered in response to IgM stim-
ulation, such changes occur only after prolonged periods of
stimulation (30).

IgM-mediated inactivation of prohibitin does not require
cyclin-dependent kinase activity. Attempts were made to as-
sess which signaling cascades are involved in mediating the
effects of IgM receptor stimulation or prohibition. As a first
step, IgM stimulation was conducted in the presence of chem-
ical inhibitors of different kinases, and the results are shown in
Fig. 9A. IgM stimulation for 2 h in the presence of PD98059,
a specific inhibitor of MEKI1 kinase (39), totally blocked IgM-
mediated reversal of prohibitin function. Olomoucine, which
inhibits cdk2 and cdc2, had no effect on prohibitin function,
ruling out a role for these kinases in the process. Further, a
p38 kinase inhibitor, SB203580 (56, 70), could also not block
IgM-mediated inactivation of prohibitin. This experiment sug-
gested that IgM-mediated reversal of prohibitin occurs main-
ly through the mediation of the mitogen-activated protein
(MAP) kinase cascade; the direct role of Raf-1 in this process
is not clear.

The possibility that cyclin-dependent kinases are not in-
volved in IgM-mediated regulation of prohibitin was examined
by a direct experiment. A transient-transfection experiment
was conducted, where a dominant-negative cdk4 and cdk6, or
cdk2 was included. As shown in Fig. 9A, cotransfection of a
combination of dominant-negative cdk4 and cdk6 or a domi-
nant-negative cdk2 had no significant effect on IgM-mediated
reversal of prohibitin function. This finding is consistent with
the observation that cyclins D and E had no direct effect on
prohibitin-mediated repression of E2F activity and supports
the results obtained with Olomoucine.

Since it was found that cyclins and cyclin-dependent kinases
had no significant effect on prohibitin function, it was exam-
ined whether prohibitin-mediated repression of E2F1 activity
responds to serum stimulation (Fig. 9B). Ramos cells were
transiently transfected with E2CAT and E2F1, and E2F activ-
ity was repressed by cotransfecting Rb or prohibitin. Serum
stimulation of the transfected cells showed that Rb-mediated
repression of E2F1 activity was completely reversed within
12 h; there was no change in prohibitin-mediated repression of
E2F1 at the same time point. It was found that prohibitin-
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mediated inhibition of E2F1 activity was reversed only after
20 h of serum stimulation. Similarly, serum stimulation re-
sulted in a delayed release of prohibitin-mediated repression
of E2F1 activity in T47D cells also. This experiment suggests
that Rb- as well as prohibitin-mediated repression of E2F1
activity can respond to serum stimulation but that they follow
different kinetics.

G, progression after serum stimulation of quiescent cells is
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FIG. 8. IgM stimulation can modulate prohibitin function. (A) Ramos cells
were transiently transfected with E2CAT and E2F1, along with prohibitin or Rb.
Cells were stimulated with 1 g of an anti-IgM antibody per ml for the indicated
periods of time; prohibitin-mediated repression of E2F1 is reversed within 45
min of stimulation. IgM stimulation, even for prolonged periods of time, had no
effect on Rb. (B) The carboxy-terminal region of prohibitin is necessary for
responding to IgM. In a cotransfection experiment, full-length prohibitin or
prohibitin 1-243 was used to repress E2F1. IgM stimulation for 2 h reversed the
repression mediated by the full-length prohibitin but not prohibitin 1-243. (C)
Association of E2F1 and Rb with prohibitin is disrupted upon IgM signaling.
Extracts from Ramos cells stimulated with an anti-IgM antibody for the indicated
period of time were immunoprecipitated with an anti-E2F1 antibody (lanes 5 to
8) or anti Rb antibody (lanes 9 to 12). Prohibitin was detected by Western
blotting. Lanes 1 to 4 show a prohibitin level in an equivalent amount of the
extracts. (D) Similar experiment showing the association of Rb with E2F1 (lanes
5 to 8). Rb remains associated with E2F1 during the course of IgM stimulation.
(E) EMSA showing the E2F binding activity in Ramos cells stimulated with
anti-IgM antibody for the indicated periods of time.
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FIG. 9. Cyclin-dependent kinases are not involved in the regulation of prohibitin function. (A) Ramos cells were transiently transfected with E2CAT, E2F1, and
prohibitin as in Fig. 8A. Stimulation with anti-IgM antibody for 2 h released prohibitin-mediated repression of E2F1; MEK inhibitor (PD98059, 100 uM) could block
IgM-mediated reversal of prohibitin function, but inhibitors of p38 kinase (SB203580, 10 wM) or cdk2 (Olomoucine, 200 nM) had no effect. A similar experiment was
conducted to check whether dominant-negative cyclin-dependent kinases (4 pg each of dominant-negative cdk4 and cdk6 and 4 pg of dominant-negative cdk2) could
block IgM-mediated inactivation of prohibitin. Stimulation with anti-IgM could still reverse prohibitin-mediated repression of E2F1. (B) Serum stimulation of quiescent
Ramos cells reverses prohibitin and Rb function. Ramos cells were transiently transfected with E2CAT and E2F1, along with Rb and prohibitin; serum stimulation
reversed Rb-mediated repression of E2F1 within 12 h; repression by prohibitin was released only after 20 h. (C) Cyclin—cyclin-dependent kinase activity is required for
reversing Rb, but not prohibitin, function. Ramos cells were transiently transfected with E2CAT, E2F1, Rb, or prohibitin as in panel B. Serum stimulation for 24 h
reversed both Rb and prohibitin, but cotransfected dominant-negative cdk4 and cdk6 blocked inactivation of Rb not prohibitin. Similar results were obtained with

dominant-negative cdk2.

known to involve the inactivation of the Rb protein by cyclins
and cyclin-dependent kinases (35, 54, 64). Since Rb and pro-
hibitin responded differently to IgM stimulation and serum
stimulation, attempts were made to evaluate whether domi-
nant-negative cyclin-dependent kinases had any differential ef-
fects on Rb and prohibitin. Ramos cells were transiently trans-
fected with E2CAT and E2F1, along with Rb or prohibitin.
The transfected cells were serum stimulated for 24 h, and both
Rb- and prohibitin-mediated repression of E2F1 were released
by this time (Fig. 9C). Cotransfection of a combination of cdk4
and cdko6 totally prevented the release of Rb-mediated repres-
sion of E2F1 in response to serum; a dominant-negative cdk2
construct also had a similar effect. Interestingly, neither cdk4
and cdk6 nor cdk2 dominant-negative constructs could block
serum-mediated inactivation of prohibitin. This experiment
shows that though prohibitin and Rb can respond to serum
stimulation, they are inactivated by different signaling path-
ways.

DISCUSSION

The transcriptional activity of E2F1 is regulated at multiple
levels, mainly through its interaction with a variety of cellular
proteins (15, 41). The interaction of E2F1 with Rb has at-
tracted considerable attention since E2F appears to be the
major downstream target of Rb in modulating G,/S transition.
In addition, E2F1 can interact with positive modulators such as
DP1 and DP2, as well as the adenovirus E4 protein (11, 12, 33).
Further, the transcriptional coactivator p300/CBP has been
suggested to be a positive modulator of E2F1 activity (34, 59,
60). E2F1 activity has been shown to be modulated by cyclin A
and cdk2 after direct binding to its amino-terminal domain
(69). This results in the phosphorylation of E2F1 or DPI,
which affects the transcriptional activity of the former (29).
Further, proteins like Mdm2 and p53 have been suggested to
bind to E2F1 or to affect its transcriptional activity indirectly

(43, 51, 68). Our results suggest that prohibitin is a novel
regulator of E2F function and that prohibitin is probably acting
as a link between certain specific signal transduction pathways
and the cell cycle machinery.

We have previously shown that the repression mediated by
Rb and prohibitin showed qualitative differences, mainly based
on the observation that adenovirus E1A protein could not
affect prohibitin-mediated repression of E2F activity. Further,
Rb could repress only E2Fs 1, 2, and 3, whereas prohibitin
could inhibit all five transcriptionally active E2Fs. We show
here that Rb and prohibitin target different regions of the
E2F1 protein for repression, since prohibitin requires the
marked box region for exerting its effects. The amino-terminal
end of the marked box region is involved in binding to DP1
(50), but the region targeted by prohibitin has no known func-
tion. Interestingly, this region is fairly conserved between the
different E2F family members, probably enabling prohibitin to
repress all of them, unlike Rb family members. Our experi-
ments show that prohibitin can physically interact with E2F1
through this region of the marked box. Nevertheless, the find-
ing that the Rb binding region is also necessary for repressing
E2F activity raises the possibility that prohibitin has to tether
to Rb or an Rb family member to effectively bind E2F and
repress its activity. The precise mechanism by which prohibitin
represses the transcriptional activity of E2F is not yet clear,
and in preliminary experiments we do not find prohibitin af-
fecting the DNA binding activity of E2F1 or its interaction with
DP1 (data not shown). Hence, we believe that prohibitin could
be recruiting additional corepressor molecules onto E2F (62);
a good candidate appears to be HDACI, which has been
shown to be involved in mediating Rb-mediated transcriptional
repression (5, 36, 37). As we had proposed earlier, it may be
imagined that prohibitin is acting as an adaptor between such
repressors and Rb/E2F. The identity of the repressors, as well
as the stoichiometry of the interactions, remains to be eluci-
dated.
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One common feature of the repression of E2F by Rb and
prohibitin is the correlation between their ability to inhibit E2F
activity and their ability to suppress cell proliferation. It has
been established in the case of Rb that E2F can antagonize
Rb-mediated growth suppression and that an E2F molecule
that could not bind to Rb could induce cell proliferation irre-
spective of the presence of Rb (48). We find that a similar
situation exists in the case of prohibitin as well, since prohibitin
could block induction of colony formation by wild-type E2F, as
well as E2F1 mutant A, both of which it could repress. Pro-
hibitin had no effect on the induction of colony formation by
mutants B or C, which it could not repress. This is analogous
to our finding that a prohibitin mutant that could not bind to
Rb and repress E2F activity could not suppress colony forma-
tion in T47D cells. Though growth-suppressive properties of
Rb correlated with its ability to repress E2F, other phenomena,
such as induction of a senescent phenotype in Saos-2 osteo-
sarcoma cells, did not require the binding or repression of E2F
activity (47). It would be interesting to see whether prohibitin
has similar functions related to growth control which are sep-
arable from its E2F regulation.

We had reported previously that Raf-1 could interact with
the Rb protein and reverse its growth-suppressive properties
(61). We find that Raf-1 is capable of interacting with prohib-
itin as well; in fact, our studies on the Rb-Raf-1 interaction
stemmed from the observation that Raf-1 can bind to pro-
hibitin, which in turn could bind to Rb. So far, we have no
evidence to suggest that prohibitin, Rb, and Raf-1 exist in a
ternary complex, since all three proteins can bind to each other
in a GST binding assay. The domains of Raf-1 and prohibitin
involved in interacting with each other are distinct from the
domains involved in Rb binding. Unlike the interaction of
Raf-1 with Rb, which is serum inducible, we do not find any
change in the status of the prohibitin—Raf-1 interaction. Pro-
hibitin protein has a certain degree of similarity to the 14-3-3
class of adapter proteins and may be functioning as an adapter
itself. This raises the possibility that prohibitin functions as a
specific adapter that can stably interact with a variety of mol-
ecules, facilitating their modulation by signaling cascades. In-
terestingly, it has been reported recently that prohibitin phys-
ically interacts with mixed lineage kinase-2 (MLK2), which is a
MAP kinase-kinase-kinase like Raf-1, that functions in the
p38/INK signaling pathway (17, 46).

A role for prohibitin in replicative senescence, as well as
mitochondrial functions, has been reported (4, 9, 52), and a
putative amino-terminal domain is believed to facilitate these
functions. Deletion of the amino-terminal 34 amino acids did
not affect prohibitin-mediated repression of E2F activity, sug-
gesting that this region plays a distinct role in growth regula-
tion separate from the potential mitochondrial functions. Fur-
ther, prohibitin, as well as a prohibitin-related protein, has
been reported to be associated with the IgM receptor in B
cells, but the functional consequence of this interaction is not
known. We find that IgM stimulation can specifically release
prohibitin-mediated repression of E2F activity, which corre-
sponds with a dissociation of prohibitin from E2F1 as well as
Rb. It is possible that the release of prohibitin causes the
inactivation or dissociation of a corepressor leading to the
transcriptional activity. So far, we do not find any change in the
DNA-binding activity of E2F in response to IgM stimulation. It
has been reported that IgM stimulation can affect the Rb-
related p107 protein and its regulation of E2F activity, but this
does not occur until 48 h after stimulation (30). Hence, we
believe that the regulation of prohibitin by the IgM receptor is
a distinct event which occurs early in the signaling cascade. It
may be that prohibitin-mediated repression of E2F is released
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first in response to IgM signaling and, after a significant lapse
of time, the p107-E2F complex is disrupted by secondary
events taking place in the cell.

The release of prohibitin-mediated repression of E2F activ-
ity apparently involves the MAP kinase pathway, since the
chemical inhibitor of MEK1 could inhibit this; we are not sure
whether the concentration of the inhibitor used can affect
Raf-1 activity. It has been reported that IgM receptor stimu-
lation leads to an activation of Raf-1 kinase. Interestingly, IgM
stimulation cannot affect a truncated prohibitin protein that
could not respond to Raf-1. Based on these observations, it is
tempting to speculate that I[gM-mediated inactivation of pro-
hibitin occurs through the recruitment of the Raf-1 protein,
but so far we have not found an increased binding of Raf-1 to
prohibitin upon IgM stimulation. We had observed earlier that
serum stimulation of human diploid fibroblasts leads to the
nuclear translocation of a small fraction of Raf-1, allowing it to
colocalize with Rb (59). Hence, although it may be that a
similar event is taking place upon IgM stimulation, it is not yet
clear whether Raf-1 has to physically interact with prohibitin to
bring about this effect. This has been difficult to determine,
since the prohibitin-binding domain of Raf-1 is immediately
adjacent to its kinase domain, and mutations of this region
might alter the kinase activity of Raf-1. The actual mechanisms
of prohibitin inactivation remain unclear, since in the prelim-
inary in vitro kinase reaction prohibitin could not be phosphor-
ylated either by Raf-1 or ERK2.

One of the intriguing aspects of prohibitin-mediated repres-
sion of E2F is that the inhibitory effects of prohibitin do not
respond to many agents that reverse Rb-mediated repression
of E2F. A case in point that is notable is the adenovirus E1A
protein. Similarly, cyclins D and E, which inactivate the Rb
protein by phosphorylation, had no effect on prohibitin-medi-
ated repression of E2F1. This was observed in direct overex-
pression experiments, where cyclins D and E could reverse Rb,
but not prohibitin, function. Further, we find that though pro-
hibitin-mediated repression of E2F1 is negated upon pro-
longed serum stimulation of quiescent T47D cells, this reversal
could not be blocked by dominant-negative cyclin-dependent
kinases. This observation implies that the inactivation of pro-
hibitin during cell cycle progression is mediated by a different
set of kinases or by other means that are independent of
phosphorylation. Similarly, while we find that overexpression
of Raf-1 can inactivate prohibitin, p38 kinase has no effect; in
contrast, both Raf-1 and p38 can target the Rb protein. This
scenario further supports the notion that prohibitin-mediated
regulation of E2F responds to a different set of signals than
those regulating Rb.

Prohibitin was originally cloned based on its ability to bring
about a very potent G,/S arrest (38, 42), and our earlier results
suggest that prohibitin brings about the growth arrest by re-
pressing E2F activity. The results presented here suggest that
prohibitin is a novel regulator of E2F function and that pro-
hibitin facilitates the cell cycle machinery to respond to extra-
cellular signals that cannot target Rb and its family members.
These findings, we believe, will help us further understand the
molecular mechanisms by which prohibitin regulates cell pro-
liferation, as well as how extracellular signals contact the cell
cycle machinery.
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