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JAZ mediates G, cell cycle arrest
by interacting with and inhibiting E2F1
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JAZ, just another zinc finger protein; MEFs, mouse embryonic fibroblasts; PAGE, polyacrylamide gel electrophoresis;
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We discovered and reported JAZ as a unique dsRNA binding zinc finger protein that functions as a direct, positive
regulator of p53 transcriptional activity to mediate G, cell cycle arrest in a mechanism involving upregulation of the
p53 target gene, p21. We now find that JAZ can also negatively regulate the cell cycle in a novel, p53-independent
mechanism resulting from the direct interaction with E2F1, a key intermediate in regulating cell proliferation and tumor
suppression. JAZ associates with E2F1’s central DNA binding/dimerization region and its C-terminal transactivation
domain. Functionally, JAZ represses E2F1 transcriptional activity in association with repression of cyclin A expression and
inhibition of G,/S transition. This mechanism involves JAZ-mediated inhibition of E2F1's specific DNA binding activity. JAZ
directly binds E2F1 in vitro in a dsRNA-independent manner, and JAZ’s dsRNA binding ZF domains, which are necessary
for localizing JAZ to the nucleus, are required for repression of transcriptional activity in vivo. Importantly for specificity,
siRNA-mediated “knockdown” of endogenous JAZ increases E2F transcriptional activity and releases cells from G, arrest,
indicating a necessary role for JAZ in this transition. Although JAZ can directly inhibit E2F1 activity independently of p53,
if functional p53 is expressed, JAZ may exert a more potent inhibition of cell cycle following growth factor withdrawal.
Therefore, JAZ plays a dual role in cell cycle regulation by both repressing E2F1 transcriptional activity and activating p53
to facilitate efficient growth arrest in response to cellular stress, which may potentially be exploited therapeutically for

tumor growth inhibition.

Introduction

p53 is a central negative regulator of cell growth that func-
tions by integrating numerous cellular stress signals (reviewed
in refs. 1-3). DNA damage, growth factor depletion, chromo-
somal aberrations, telomere erosion, oncogene activation and
hypoxia activate p53 to induce growth arrest, differentiation or
apoptosis.* We previously identified JAZ (just another zinc finger
protein) by screening a murine interleukin-3 (IL-3)-dependent
NEFS/N1.H7 myeloid cell cDNA library’ JAZ is the mamma-
lian founding member of a new class of C,H -type ZFPs that
preferentially bind to double-stranded (ds) RNA rather than
DNA.7 JAZ is ubiquitously expressed and primarily localized
in the nucleus, including the nucleolus, but can be cargoed to
the cytosol by exportin-5.>® Forced expression of JAZ was shown
to induce apoptosis in murine fibroblasts.” This process requires
intact ZF domains of JAZ not only for dsRNA binding, but

also for its nuclear localization and ability to induce apoptosis.’
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Furthermore, interleukin-3 (IL-3) is a multipotential hemato-
poietic growth factor that induces cell signaling responsible for
growth and survival of hematopoietic cells.”!> Recently, we dis-
covered that interleukin-3 withdrawal upregulates the expression
of JAZ in association with p53 activation in factor-dependent
hematopoietic cells, and that JAZ functions as a direct, positive
regulator of p53 transcriptional activity to mediate G, cell cycle
arrest and apoptosis.'* The mechanism involves the direct bind-
ing of JAZ to p53’s C-terminal (negative) regulatory domain to
activate “latent” p53 in response to non-genotoxic stress signals
(such as IL-3 growth factor withdrawal)."

Regulation of the G, phase of the cell cycle is necessary for
normal growth, and dysregulation of this process contributes to
neoplastic transformation.” Members of the Rb and E2F families
regulate G /S transition by trans-activating or repressing expres-
sion of genes necessary for S-phase entry (reviewed in refs. 16-18).
E2F1 is the founding member of the E2F family and functions
as a primary transcription activator to promote G,/S progression
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Figure 1. JAZ expression negatively regulates E2F1-mediated expression of cyclin A and G//S transi-
tion. (A) JAZ-GFP or GFP alone was transfected into NIH3T3 cells with or without co-transfection with
the p21 or control siRNA. After 48 h, JAZ-GFP or GFP-positive cells were FACS (fluorescence activated
cell sorting)-sorted, followed by protein gel analysis using antibodies against GFP, cyclins E and A, p21
and Tubulin (as a loading control). G-GFP; J-G-JAZ-GFP. (B) JAZ-GFP or GFP alone was transfected into
p537 MEFs with or without HA-E2F1/pcDNA3 for 48 h followed by FACS-sorting and protein gel analy-
sis using antibodies against HA, cyclin A, p21 and Tubulin (top part). The transfected cells were also
harvested for flow cytometry analysis to determine cell cycle distribution (bottom part). *p = 0.003;

scriptional activity with repression
of cyclin A, an E2F target gene that
functions in G/S cell cycle progres-
sion.'184143 Since p21 is a key player
in p53-mediated G, arrest,"**
recently directly tested a role for p21 in
JAZ-mediated repression of cyclin A.
For this purpose we used a p21-spe-

we

and proliferation, and Rb has been well established as the prin-
ciple negative regulator of E2F1 in a mechanism involving its
phosphorylation.”? E2F1 can act as an oncogene by promot-
ing proliferation and transformation and overexpression of E2F1,
and its target genes, such as cyclin A, have been reported to occur
in various human cancers.'®**3! However, E2F1 has also been
reported to behave as a tumor suppressor, because overexpression
can mediate apoptosis in either a p53-dependent or -independent
and a cell type-specific manner.'s*#3%3 While p53 and E2F1 may
act independently, evidence demonstrates “crosstalk” between
p53 and E2F1 to affect cell fate.?»® Furthermore, a number
of cellular factors may be involved in the p53-E2F1 crosstalk,
including MDM2, ARF and SirT1.>*% However, while such
“crosstalk” may play a vital role in cell growth regulation and
tumor suppression, the molecular mechanism(s) by which p53
and E2F1 are interconnected have not been fully elucidated.’**
Here we report that JAZ, a recently discovered, direct regula-
tor of p53,' can also directly interact with E2F1 to inhibit its
transcriptional activity. Thus, JAZ may represent a novel cellular
component that functionally interconnects p53 and E2F1 path-
ways to negatively regulate G,/S transition in response to cellular
stress, including growth factor deprivation.
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cific siRNA “knockdown” strategy
to block any upregulation of p21 expression that occurs follow-
ing JAZ-GFP transfection (Fig. 1A, lanes 1-4). Results reveal
that “knockdown” of p21 upregulation increases the expression
of cyclin A under these conditions (lanes 3 and 4), indicating
a role for p21 upregulation in JAZ-GFP-mediated repression of
cyclin A. However, while cyclin A expression is increased when
p21 upregulation is blocked, its expression level is still lower than
that shown in the GFP-only control cells (Fig. 1A, lanes 1 and 4).
This indicates that “knockdown” of p21 upregulation can only
partially but not completely inhibit JAZ-GFP-mediated repres-
sion of cyclin A, suggesting that JAZ may also function to medi-
ate repression of cyclin A independently of any p21 upregulation
that can be induced by p53.

Since cyclin A is known to be transcriptionally targeted by
E2F1, HA-tagged E2F1 was either transfected alone or co-
transfected with JAZ-GFP into p53” mouse embryonic fibro-
blasts (MEFs) to directly test a p53-independent role for JAZ in
repressing cyclin A expression. Results of Protein gel blot analy-
sis reveal that, while, as expected, HA-E2F1 alone increases the
expression of cyclin A (Fig. 1B, top part, lanes 1 and 3), co-
expression of JAZ-GFP blocks HA-E2F1-mediated cyclin A
upregulation (lanes 3 and 4). It should be noted that expression
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Figure 2. JAZ expression represses E2F1 transcriptional activity. (A) 1.0 n.g of FLAG-JAZ/pcDNA3 was co-transfected with 0.1 pug of pE2F luciferase
reporter vector (pE2F-TA-luc) or a pTA control reporter vector into NIH3T3 cells. After 48 h, cells were lysed and assayed for luciferase activity. V-
pcDNA3; F-J-FLAG-JAZ/pcDNA3. *p = 0.003 vs. the vector control. (B) FLAG-JAZ was co-transfected with pE2F-TA-luc into p53** and p53” MEFs. 0.1 pg
of pAc-B-GAL internal control vector was also included to normalize transfection efficiencies. *p = 0.002; **p = 0.004. (C) 0-1.0 pg of FLAG-JAZ were
co-transfected with 0.1 pg of HA-E2F1/pcDNA3 plus 0.1 g of pE2F-TA-luc and pAc-B-GAL (the amount of DNA was kept constant using pcDNA3) into
p537 MEFs followed by luciferase assay and normalization. *p < 0.01. Protein gel analysis was performed to verify protein expression.

of HA-E2F1 and/or JAZ-GFP did not alter p21 expression
(lanes 1-4). Furthermore, flow cytometry analysis reveals that
while HA-E2F1 alone promotes G,/S transition in p53”~ MEFs
(as indicated by a 26% decrease in the G /G, population when
HA-E2F1 is present in the GFP control, Fig. 1B, bottom part),
JAZ-GFP inhibits the stimulatory effect of HA-E2F1 (by a 22%
increase in G,/G). These data indicate that JAZ can negatively
regulate E2F1’s function in the cell cycle in a p53-independent
mechanism.

JAZ represses E2F1 transcriptional activity in a mechanism
that does not require p53. Since E2F1’s transcriptional func-
tion is essential for its role in promoting G /S transition,'® we
tested whether JAZ may modulate E2F transcriptional activity.
NIH3T3 cells were co-transfected with FLAG-JAZ and a pE2F-
TA luciferase reporter vector for 48 h. Results show that expres-
sion of FLAG-JAZ can repress E2F transcriptional activity in
NIH 3T3 cells by 61% when compared with the empty vector
control (Fig. 2A). Also, as a negative control, FLAG-JAZ has
minimal if any effect on the activity of pT'A control reporter
vector (Fig. 2A), indicating specificity. Next, we tested whether
p53 is required/involved in any JAZ-mediated repression of E2F
transcriptional activity, because JAZ can bind and activate p53
as reported previously in reference 14. p53*/* and p53™" isogenic
MEFs were used to tease out this possibility. Results reveal that
while FLAG-JAZ represses E2F transcriptional activity in p53*"*
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MEFs by 62%, FLAG-JAZ can also decrease E2F activity by
33% in p53”- MEFs (Fig. 2B). These data indicate that, while
p53 may play an enhancing role in JAZ-mediated repression of
E2F activity, p53 is not required for the inhibitory function of
JAZ.

We next directly determined the effect of JAZ on E2FI-
mediated transcriptional activation by co-transfecting HA-E2F1
and FLAG-JAZ along with the E2F reporter vector into p53™"
MEFs. Results show that while, as expected, HA-E2F1 alone
increases E2F transcriptional activity by greater than 20-fold in
p537" cells, FLAG-JAZ can inhibit HA-E2F1-mediated reporter
activity in a dose-dependent manner (by up to ~70%, Fig. 2C).
These results clearly indicate that FLAG-JAZ can repress E2F1-
dependent transcriptional activation independently of p53.

JAZ associates with E2F1 in mammalian cells. To investigate
whether JAZ may repress E2F1 transcriptional activity through
a direct mechanism, we tested whether JAZ may interact with
E2F1. Co-imunoprecipitation (IP) studies were performed in sev-
eral mammalian cell lines. Results reveal that while exogenously
expressed FLAG-JAZ and HA-E2F1 can be co-IPed in p53"
MEFs (Fig. 3A), FLAG-JAZ can also associate with endogenous
E2F1 in NIH3T3 cells (Fig. 3B). Moreover, endogenous JAZ
and E2F1 associate in both IL-3-dependent NFS/N1.H7 myeloid
and p53-deficient M1 myeloid leukemic cells (Fig. 3C). The
specificity is evidenced by the observation that the co-IP can be

Volume 10 Issue 14



A p53-/ - MEF
20% Input FLAG IP HATP
1 2 3 4 5 6 7 8 9 10 11 12
| - > = = = | HA-E2F1

- }- FLAG-JAZ

V FJVFJV FJVFJ VYFEJV FJ

vV FJ V FJ

M1

HA-E2F1: - - ; - +
B C 5%Iput JAZIP D
1 2 3 p53+/+ MEF
NI - FER s e
20% Tnput FLAG IP H7 T 2 3 4

= =

6_% 66+ 2

JAZ111

=- =

Nuc. Cyt. Nue. Cyt.

were deprived of IL-3/serum for 2 h to increase JAZ expression." 5% input 50

lysate of the nuclear or cytoplasmic fraction, followed by protein gel analysis

Figure 3. JAZ associates with E2F1 in mammalian cells. (A) FLAG-JAZ/pcDNA3 (pcDNA3 as a control) was transfected alone or co-transfected with
HA-E2F1/pcDNA3 into p537 MEFs. After 24 h, cells were lysed, and co-immunoprecipitation (IP) followed by protein gel analysis was performed using
antibodies against FLAG and HA. V-pcDNA3; F-J-FLAG-JAZ/pcDNA3; 20% input 50 pg of the cell lysate. (B) FLAG-JAZ/pcDNA3 (pcDNA3 as a control)
was transfected into NIH3T3 cells. After 24 h, cells were lysed and IPed using a FLAG antibody, followed by protein gel analysis using antibodies against
FLAG and E2F1. The IgG control antibody did not co-IP FLAG-JAZ or E2F1 (data not shown). (C) The JAZ antibody (JAZ111) was used to IP endogenous
JAZ from 1 mg of whole cell lysate from IL-dependent NFS/N1.H7 murine myeloid cells or p53-deficient M1 murine leukemic cells. JAZ-associated en-
dogenous E2F1 was assessed by protein gel analysis using an antibody against E2F1. To facilitate detection of endogenous JAZ protein, H7 or M1 cells

in Materials and Methods. (D) Subcellular fractionation of p53** MEF cells was performed. JAZ 111 was used to IP endogenous JAZ from 1 mg of the

Nuc., nuclear fraction; Cyto., cytoplasmic fraction; 5% input 50 p.g of the nuclear or cytoplasmic lysate.

wg of the cell lysate; “+”, JAZ111; “-", the control Ab for JAZ111, as described

using antibodies against E2F1 and PCNA (a nuclear protein as a control).

achieved only with the JAZ-specific antibody (JAZ111) but not
with the control antibody for JAZ111 that was produced by anti-
gen competition." It should also be noted that only a small per-
centage of endogenous (or exogenously expressed) JAZ is co-IPed
with E2F1. While the nature of the association and its “stability”
following detergent lysis could account for this, a small fraction
of E2F1 association has been observed for other E2F1 regula-
tors depending on the cell context.®#*4 Furthermore, results
from subcellular fractionation and co-IP studies performed using
p53*"* MEFs indicate that both endogenous JAZ and E2F1, as
expected, associate in the nucleus (Fig. 3D), where these proteins
are known to be functionally expressed.>'® However, JAZ does
not co-IP with PCNA (a nuclear protein as a control, Fig. 3D).
These results indicate that nuclear JAZ-E2F1 association is spe-
cific and strongly support a potentially direct interaction between
JAZ and E2F1 in vivo.

JAZ directly binds E2F1 in vitro, and the interaction
involves E2F1’s central DNA binding and dimerization region
and C-terminal transactivation domain. We tested whether
JAZ can directly interact with E2F1 in vitro using a GST “pull-
down” assay. Results show that purified GST-E2F1 not the GST
control can “pull down” purified His-tagged JAZ, indicating
a potentially direct binding (Fig. 4A, lane 3). Since JAZ is a
dsRNA binding ZFP,’ we then tested whether JAZ-E2F1 bind-
ing may be dependent on dsRNA. RNase V1 was used, which
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can specifically cleave dsSRNAs associated with recombinant JAZ
in vitro.®! Purified His-JAZ and GST-E2F1 were first incubated
with RNase V1, whose activity was verified as described in refer-
ence 14. Results reveal that nuclease treatment fails to influence
JAZ-E2F1 binding (Fig. 4A, lanes 3 and 4), indicating a dsRNA-
independent manner.

Since E2F1’s central DNA binding and dimerization region
and C-terminal transactivation region are essential for its tran-
scription factor function,'®'® we tested whether JAZ can interact
with these two regions (113-284 and 388-437) in vitro. Results
reveal that the GST-E2F1 mutants containing either (113-284)
or (388-437) of E2F1 can “pull down” FLAG-JAZ (Fig. 4B,
lanes 4 and 5). However, no binding occurs for the GST protein
control (lane 2). Also as a positive control for the functionality of
purified GST-E2F1 proteins, HA-RD is also shown to be “pulled
down” by wild-type GST-E2F1 and the GST-E2F1 mutant
(388—-437) that contains the C-terminal transactivation domain,
which is known to be essential for Rb binding and function
(Fig. 4B, lanes 3 and 5).”% Of note, binding between FLAG-
JAZ and the GST-E2F1 mutant (388-437) appears to be stron-
ger than that seen with wt GST-E2F1, since more of FLAG-JAZ
is “pulled down” (lanes 3 and 5). Interestingly, such an apparent
avid binding was also observed between HA-Rb and the GST-
E2F1 (388-437) mutant (lanes 3 and 5). Any functional signifi-
cance of such an avid binding in vitro remains to be verified.
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JAZ inhibits E2F1’s specific DNA binding in vitro. Since
JAZ can bind to E2F1’s central DNA binding and dimeriza-
tion region, we tested whether JAZ may affect E2F1’s specific
DNA binding using an electrophoretic mobility shift assay
(EMSA). The NIH3T3 nuclear extracts (NE), which were
prepared from the cells transfected with an empty vector or
HA-E2F1 or HA-E2F1 plus FLAG-JAZ, were mixed with a
32P-labeled DNA probe containing the wt E2F binding site.
As shown in Figure 5A, the nuclear extract (the empty vector
as a control) can induce moderate bandshifts (lane 2), prob-
ably because NIH cells express endogenous E2F1 and/or other
E2F family members that may form the complexes with the
E2F probe. However, while, as expected, the NIH3T3 NE con-
taining HA-E2F1 alone significantly enhances the bandshifts
(lane 3), the nuclear extract with co-expressed HA-E2F1 and
FLAG-JAZ completely blocks such bandshift enhancement
(lane 4). These data support the notion that JAZ can inhibit
E2F1-mediated DNA binding.

To verify the specificity of JAZ’s inhibitory effect on the DNA
binding of E2F1, we employed a commercial EMSA kit that
includes the Raji nuclear extract containing endogenous E2F1.
Results reveal that mixing the Raji NE with the **P-labeled probe
induces bandshifts that can be blocked by adding “cold” WT
but not mutant E2F oligonucleotide (Fig. 5B, lanes 4-6), indi-
cating specific E2F DNA binding. Furthermore, addition of the
E2F1 antibody induces a supershift that can be blocked by added
GST-JAZ but not GST (lanes 7-9), indicating that JAZ inhibits
E2F1-mediated specific DNA binding in vitro. This inhibitory
effect of JAZ is also confirmed by addition of purified His-JAZ
(lane 10). Of note, in the absence of the Raji NE, GST-JAZ does
not induce any bandshift (Fig. 5B, lanes 2 and 3), as the GST
control does, indicating that GST-JAZ does not bind to the E2F
DNA binding site. This is consistent with the previous finding
that JAZ preferentially binds dsRNA rather than DNA in vitro.?
Therefore, these data indicate that JAZ represses E2F1 transcrip-
tional activity in a mechanism involving inhibition of E2F1’s
DNA binding activity.

The dsRNA binding ZF domains of JAZ are not necessary
for E2F1 binding in vitro but are required for JAZ-mediated
repression of E2F1 in vivo by dictating JAZ’s nuclear local-
ization. Since we previously discovered that JAZ’s ZF domains
are not only required for dsRNA binding but also for nuclear
localization,” we tested whether the ZF domains may play a role
in JAZ interaction with E2F1. Results indicate that mutation of
any individual ZF domain (H91A, H152A, H203A or H257A)
has no or minimal effect on the interaction of GST-JAZ with
HA-E2F1 in in vitro “pull-down” studies (Fig. 6A, lanes 3-7).
Furthermore, a GST-JAZ NF mutant in which all four ZF
domains are mutated, rendering JAZ unable to bind dsRNA/
can also “pull down” HA-E2F1 (lane 8). Of note, the GST-JAZ
H91A and NF mutants appear to “pull down” less FLAG-JAZ
than the wild-type protein (lanes 3, 4 and 8), probably due to
smaller amounts of these two proteins present, as shown by Fast-
green staining of GST-proteins (Fig. 6A). Therefore, JAZ can
directly interact with E2F1 in a mechanism that is independent

of JAZ’s dsRNA binding in vitro.
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Figure 4. JAZ directly binds E2F1 in vitro. (A) GST or GST-E2F1 gluta-
thione-Sepharose beads were incubated with 100 ng of purified, re-
combinant His-tagged JAZ in the presence or absence of RNase V1 that
specifically cleaves dsRNA. Protein gel analysis was performed using an
anti-6xhis antibody. (B) The GST-E2F1 fragments (containing E2F1’s cen-
tral DNA binding/dimerization region or C-terminal transaction domain)
can bind FLAG-JAZ. GST or GST-E2F1 [full-length or fragments (113-284)
and (388-437)] beads were incubated with the same amount (250 p.g)
of COS-7 cell lysate containing FLAG-JAZ in the “pull-down” assay. COS-7
cell lysate containing HA-Rb was also used a positive control for GST-
E2F1 binding. Protein gel analysis was performed using a FLAG or HA
antibody. The bottom part represents Fast-green staining of GST-E2F1
proteins (arrows).

Next, we tested a role of the ZF domains in JAZ-repression
of E2F1 transcription activity in vivo. Results again reveal that,
while mutation of any single JAZ ZF domain fails to affect JAZ-
GFP-mediated repression of HA-E2F1 activity, mutation of more
than two such loci, which will lead to loss of nuclear localiza-
tion,” profoundly reduces/abolishes JAZ-GFP’s repression effect
(Fig. 6B). In addition, JAZ-GFP deletion mutants J(1-171) and
J(167-294), which lose the specific nuclear localization (data not
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Figure 5. JAZ inhibits E2F1’s specific DNA binding in vitro. (A) HA-E2F1/pcDNA3 (pcDNA3 as a control) was transfected alone or co-transfected with
FLAG-JAZ/pcDNA3 into NIH3T3 cells (the amount of DNA was kept constant using pcDNA3). After 24 h, cells were harvested, and nuclear extracts were
prepared and subjected to EMSA analysis with a *’P-labeled DNA probe that contained a wild-type E2F binding site. (B) An EMSA analysis was also
performed using Raji nuclear extract containing endogenous E2F1 with the *?P-labeled E2F probe in the presence or absence of an E2F1 antibody [for
induction of supershift(s)] as described in Materials and Methods. Purified GST-JAZ (GST as a control) or His-JAZ recombinant protein was added in the
EMSA assay to assess the effect of JAZ on E2F1's DNA binding. Excessive amounts of unlabeled wild-type or mutant E2F oligonucleotides were also

shown), also cannot repress E2F1 (Fig. 6B). These findings sup-
port the conclusion that nuclear JAZ is required to interact with
and repress E2F1 activity.

siRNA “knockdown” of JAZ increases E2F transcrip-
tional activity, attenuates growth factor deprivation-mediated
G, arrest and accelerates G,/S transition upon serum stimu-
lation. Endogenous JAZ and E2F1 associate in the nucleus
(Fig. 3D). We therefore tested whether endogenous JAZ is
required to regulate E2F transcriptional activity. For this, the
expression of JAZ was “knocked down” using siRNA (Fig. 7A,
top part)." Results of the luciferase reporter assay reveal that
“knockdown” JAZ increases E2F transcriptional activity in either
the p53** or p537 cells by 66% and 41%, respectively (Fig. 7A,
middle part). Furthermore, when serum is removed as an added
stress, a more significant increase in E2F activity is seen in p53*/*
and p537 cells by 355% and 192%, respectively. In addition,
flow cytometry analysis shows that following serum withdrawal,
“knockdown” of JAZ decreases the G,/G, population in either
the p53*"* or p537" cells by 20% and 16%, respectively (Fig. 7A,
bottom part). These data support a necessary role for JAZ in
repressing E2F1 activity and in inducing a G, arrest in a mecha-
nism that does not require (but may be enhanced by) p53. This
notion is supported by results from hematopoietic cells demon-
strating that “knockdown” of JAZ expression attenuates interleu-
kin-3 (IL-3) or serum deprivation-induced G, cell cycle arrest in
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both p53-expressing, factor-dependent H7 or p53-deficient M1
cells, respectively (Sup. Fig. 1).

We next tested whether JAZ may play a role in slowing or mod-
ulating serum stimulation-induced entry into S phase. For this,
MI cells in which endogenous JAZ expression is stably “knocked
down” (Sup. Fig. 1B) were synchronized in the G, phase with
hydroxyurea and then stimulated to enter the cell cycle by adding
back fresh growth medium-containing serum.” Flow cytometry
analysis reveals that “knockdown” of JAZ decreases the G /G,
population more rapidly compared with the control siRNA and
thereby accelerates the G /S transition following serum stimula-
tion (Fig. 7B). These findings strongly support the notion that
JAZ is necessary for negative regulation of G,/S transition in the
leukemic cells in a mechanism independent of p53.

Discussion

In addition to a direct stimulatory role of p53 involving JAZ’s
direct interaction with and activation of p53,'* we now find that
JAZ, in a p53-independent mechanism, can directly repress
E2F1-dependent transcription and lead to cell cycle arrest
(Figs. 1-3). This dual effect of JAZ potentially represents a more
efficient mechanism for mediating G, cell cycle arrest in response
to the stress of growth factor withdrawal, which may induce
upregulation and/or activation of JAZ (as summarized in Fig.
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8).!" It is also known that other cellular proteins are involved
in regulating both p53 and E2F1 pathways to affect the cell
cylce.?*3 For example, the ARF tumor suppressor is a key p53
regulator that mediates G, cell cycle arrest in response to onco-
genic stress by inhibiting MDM?2, which stabilizes and activates
p53.%4 ARF has also been reported to regulate the E2F path-
way in a p53-independent manner and directly bind and inhibit
E2F1 transcriptional activity.**’ Interestingly, as observed for
JAZ, ARF can also selectively repress expression of cyclin A but
not cyclin E, but the mechanism is not clear yet.® Now, results
here indicate that JAZ can directly bind and repress E2F1 activ-
ity in a mechanism independent of ARF, since JAZ represses
E2F1 activity in NIH3T3 cells that lack the INK4a/ARF locus
(Figs. 1A and 2A).5' Thus, we propose that JAZ-mediates repres-
sion of E2F1 in a novel mechanism that efficiently negatively
regulates cell cycle progression.

Interaction with DNA is essential for E2F1’s transcription fac-
tor function.' A role for an E2F1 complex to bend DNA struc-
ture was reported in mediating E2F1’s transcription activation.*
We find that JAZ can directly bind E2F1’s central DNA binding
and dimerization region and specifically inhibit E2F1’s DNA in
vitro (Figs. 4 and 5). This supports the notion that JAZ represses
E2F1 transcriptional activity in a mechanism that involves JAZ’s
direct binding and inhibition of E2FI’s DNA binding activity.
However, since JAZ can also bind to E2F1’s C-terminal transac-
tivation domain, to which Rb and other cellular proteins can also
bind (Fig. 4B),'® JAZ may repress E2F1 transcriptional activity
by additional possible mechanism(s) as well. For example, bind-
ing of JAZ to E2F1’s transactivation domain may potentially
disrupt its functional interaction with other activation and/or co-
activation proteins, including p300/CBP.”® Whether JAZ may be
involved in any Rb-mediated repression of E2F1 in a p53-inde-
pendent manner is not known yet. In addition, other E2F family
members, especially E2F2, E2F3a and E2F3Db, also contain the
conserved domain structure similar to E2F1.1® Whether JAZ
may potentially interact with these E2F protein(s) to play a role
in regulating G /S transition remains to be investigated.

Since JAZ is a dsRNA binding ZFP,’ we considered the pos-
sibility that JAZ-E2F1 interaction may involve JAZ’s binding to
dsRNA. However, results reveal that JAZ and E2F1 can directly
interact in a mechanism independent of dsRNA binding, at
least in vitro (Figs. 4A). This result is similar to the previous
finding that JAZ and p53 can directly interact independently
of JAZ’s dsRNA binding." Furthermore, others reported that
JAZ can bind a dsRNA binding protein ILF3 independently of
dsRNA, even though its interaction with and export from the
nucleus by exportin-5 does depend on both dsRNA and Ran-
GTP.# Collectively, these results indicate potentially different
roles for dsRNA in JAZ’s interaction with cellular proteins.
We previously showed that JAZ’s ZF domains are not only
required for its dsSRNA binding properties, but are also essen-
tial for nuclear localization.” Results here indicate that JAZ’s
dsRNA binding ZF domains are also apparently not required for
its binding to E2F1 in vitro (Fig. 6A). Because the ZF domains
are necessary for JAZ’s nuclear localization and thus repression
of E2F1 transcriptional activity (Fig. 6B), we conclude that
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Figure 6. The ZF domains of JAZ are not necessary for Rb and E2F1
binding in vitro but are required for JAZ-repression of E2F1 in vivo.
(A) The GST-JAZ beads containing the individual ZF mutation (H91A,
H152A, H203A or H257A) or the NF mutant in which all the four zinc
fingers are point mutated were used to “pull down” HA-E2F1 from the
NIH3T3 cell lysate followed by protein gel analysis using an anti-HA
antibody. The bottom part represents Fast-green staining of GST-JAZ
proteins. (B) Wt JAZ-GFP and its ZF mutants' were co-transfected with
HA-E2F1/pcDNA3 and pE2F-TA-luc vectors into p53”- MEFs. After 48 h,
cells were FACS (fluorescence activated cell sorting)-sorted and assayed
for luciferase activity. *p < 0.01.
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nuclear JAZ functionally interacts with and regulates E2F1’s
activity.

In summary, findings here demonstrate that in addition to
acting as a direct regulator of p53, JAZ can also directly bind
and repress E2F1 transcriptional activity in a p53-independent
manner to mediate inhibition of G /S cell cycle progression.
Results support a necessary role for JAZ in negative growth sig-
naling that results in G, cell cycle arrest following growth factor
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Figure 7. (A) “Knockdown” of JAZ by siRNA increases E2F transcriptional activity and attenu-
ates serum withdrawal-induced G, arrest in both p53** and p53” MEFs. The JAZ-siRNA was
transfected into p53** or p537- MEFs. After 48 h, cells were lysed for protein gel analysis using
JAZ111 and a Tubulin antibody (top part). Endogenous JAZ expression was “knocked down” by
~70%, as determined by densitometry." The JAZ-siRNA was also co-transfected into the MEFs
with pE2F-TA-luciferase vector and a carrier vector pEGFPN1 (GFP). After 48 h, cells were grown
with or without serum for 24 h and then assayed for luciferase activity (middle part). *p < 0.01;
**p < 0.001 vs. the control siRNA. In addition, the JAZ-siRNA had no effect on the activity of the
pTA-luciferase control vector (data not shown). Furthermore, after siRNA transfection for 48 h
followed by serum deprivation for 24 h, flow cytometry analysis was performed (bottom part).
*p < 0.001; **p = 0.001 vs. the control siRNA. (B) “Knockdown” of JAZ expression accelerates
serum-stimulated G,/S progression in M1 cells. p53-deficient M1 leukemic cells in which JAZ
was stably “knocked down” (Sup. Fig. 1sB) were synchronized in the G, phase by incubation
with 1.5 mM hydroxyurea for 18 h. Cells were then washed and repleted with fresh growth me-
dia containing 10% FBS. At 0, 3, 6, 9 and 12 h following serum stimulation, cells were harvested
for flow cytometry analysis (top part). The changes in G,/G, (decreased percentage) at 3 h and 6

h after serum stimulation are shown (bottom part). *p = 0.008; **p = 0.003 vs. the control siRNA.

removal from growing cells. Thus, JAZ can inhibit E2F1 activ-
ity and, if functional p53 is also expressed, thus may be a more
potent negative regulator of the cell cycle following physiologic
stress(es), including growth factor withdrawal. A model pro-
poses that JAZ’s dual role may represent a novel interconnection
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between the p53 and E2F1 pathways and,
as such, may be a new molecular target
that can be exploited in cancer therapy

(Fig. 8).
Materials and Methods

Cell culture and transfection. p53** and
p537 isogenic mouse embryonic fibroblasts
(MEFs), NIH3T3 murine fibroblasts and
COS-7 monkey kidney cells were grown
in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal
bovine serum (FBS) and cultured in a humid-
ified incubator at 37°C and 5% CO,. M1
murine myeloid leukemic cells were grown
as described in reference 14. Transfection
was performed using LipofectAMINE or
LipofectAMINE2000 (Invitrogen) accord-
ing to the manufacturer’s instruction.

Immunoprecipitation, protein gel blot
analysis and subcellular fractionation. All
antibodies used were obtained from Santa
Cruz Biotechnology, except p21 (Ab-1,
Oncogene Research Products), FLAG (M2,
Sigma-Aldrich), HA (12CA5, Roche) and
JAZI111. JAZI111 is an affinity-purified rab-
bit polyclonal antibody against JAZ, and
the control Ab for JAZ111 was produced by
antigen (peptide) competition."

Co-immunoprecipitation ~ (IP)  and
protein gel blot analysis were performed
similarly as described in reference 14. For
subcellular fractionation, the nuclei of p53*/*
MEFs were isolated, and both nuclear and
cytoplasmic lysates were prepared.”” For
JAZ-GFP or GFP transfected cells, fluores-
cence-activated cell sorting (FACS) was used
to sort out GFP positive cells for protein gel
analysis."

In vitro GST “pull-down” assay. The
E2F1 and Rb expression constructs used
were kindly provided by W. Douglas Cress
(Moffitt Cancer Center).*

GST-JAZ and GST-E2F1 glutathione-
Sepharose beads were prepared and used as
described in reference 14 and 54. The GST
protein beads were incubated at 4°C for
1 h with cell lysates containing ectopically
expressed HA-tagged E2F1 or FLAG-tagged
JAZ (in the pcDNA3 vector). Following

GST “pull down,” protein gel analysis was performed using an
antibody against HA or FLAG. His-tagged, recombinant JAZ
protein was also prepared and purified.” GST-E2F1 beads were
incubated with His-JAZ in the presence or absence of RNase V1
similarly as described in reference 8 and 14. GST-JAZ ZF
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mutants were also prepared and used to determine the effect of
the ZF motifs on the binding of JAZ to HA-E2F1.

GST-E2F1 mutant (113-284) and (388-437) beads were pre-
pared and incubated at 4°C for 2 h with 250 g of the lysate of
COS-7 monkey kidney cells (that were transfected by HA-Rb or
FLAG-JAZ/pcDNA3), followed by protein gel analysis using an
HA or FLAG antibody.'**

Luciferase assay. pE2F-(containing the E2F response
elements)-TA and pTA-control luciferase reporter vectors were
obtained from BD CLONTECH.” To determine the effect
of JAZ on E2F transcriptional activity, 1.0 wg of FLAG-JAZ/
pCDNA3 was co-transfected with 0.1 g of pE2F-TA-luc vec-
tor into NIH3T3 cells, p53** or p537- MEFs that were grown
in 6-well culture plates. 0-1.0 pg of FLAG-JAZ/pcDNA3 and
0.1 ng of HA-E2F1/pcDNA3 were co-transfected with 0.1 pg
of pE2F-TA-luc vector into p53”7 MEFs. After 48 h, cells
were harvested for luciferase assays using the Luciferase Assay
System (Promega). 0.1 g of pAc-B-GAL vector containing a
B-galactosidase gene under control of a B-Actin promoter was
also included as an internal control as described in references
14 and 56.

EMSA analysis. The electrophoretic mobility shift assay
(EMSA) was performed using Nushift™ Cell Cycle Regulators
kit (Active Motif) according to the manufacturer’s protocol. The
radioactive E2F oligo WT probe (containing the conserved E2F
DNA binding sequence) was prepared using [y-*P]JATP and T4
polynucleotide kinase (Invitrogen) and purified. According to the
manufacturer’s recommendation, 10 pg of Raji nuclear extract
(containing endogenous E2F1) was added in the reaction mix-
tures (for induction of bandshifts, formation of oligonuccleotide/
protein complexes). The specific E2F DNA binding was verified
by bandshift competition in the presence of unlabeled WT or
mutant E2F oligonucleotides. To induce supershift(s), 4 pl of the
E2F1 antibody was added. 100 ng of purified GST-JAZ (GST as
a control) or His-JAZ was also included in the mixtures to deter-
mine the effect of JAZ on E2F1’s specific DNA binding. The
samples were then loaded onto 5% native polyacrylamide gel and
run for 3 h at 150 V and 4°C in buffer containing 22.5 mM Tris
borate, pH 8.0 and 0.5 mM EDTA, followed by autoradiography.

Alternatively, 10 pg of NIH3T3 nuclear extract that contains
exogenously expressed HA-E2F1 alone or co-expressed HA-E2F1
and FLAG-JAZ was used in the EMSA analysis. To prepare the
NIH3T3 nuclear extract, 8 pg of pcDNA3 or FLAG-JAZ/
pcDNA3 was co-transfected with 2 pg of HA-E2F1/pcDNA3
(pcDNA3 as a control) into NIH3T3 cells that were grown in
10-cm-diameter culture plates. After 24 h, cells were harvested,
and the nuclei were isolated and extracted as described previously
in reference 5.

siRNA interference and flow cytometry analysis. JAZ-
specific and control siRNAs were used as described previously
in reference 14. To assess the effect of the JAZ-siRNA on E2F

References

1. Vogelstein B, Lane D, Levine AJ. Surfing the
p53 network. Nature 2000; 408:307-10; DOI: 3.
10.1038/35042675; PMID: 11099028.

2398

2. Levine AJ, Oren M. The first 30 years of p53: growing 4.
ever more complex. Nat Rev Cancer 2009; 9:749-58;

DOI: 10.1038/nrc2723; PMID: 19776744.

Vousden KH, Prives C. Blinded by the light: the grow- 5.
ing complexity of p53. Cell 2009; 137:413-31; DOI:
10.1016/j.cell.2009.04.037; PMID: 19410540.

Cell Cycle

Cellular stress
(e.g. growth factor withdrawal)

}
—— JAZ
}
p33
l
p21
l
Rb deP
1

— E2F (c.g. E2F1)

l

G1/8S transition

p53-independent
p53-dependent

Figure 8. A model of how JAZ negatively regulates E2F activity to
inhibit G /S transition. Cellular stress (such as growth factor withdrawal)
upregulates/activates JAZ that interacts with and activates p53. Tran-
scriptionally activated p53 induces upregulation of p21 expression,
which leads to dephosphorylation of Rb, and thus inhibition of E2F
activity, results in G, cell cycle arrest. JAZ can also directly interact with
E2F1 to inhibit G,/S transition in a p53-indpendent manner.

transcriptional activity, 20 pmol of the JAZ-siRNA was co-trans-
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with 10% FBS) for 18 h and then washed and repleted with fresh
medium containing 10% FBS."*% At 0 to 12 h post-serum stimu-
lation, cells were harvested for flow cytometry analysis.

Student’s ttest (p-value) was performed in analyzing data
obtained from at least three independent experiments done for
luciferase activity and flow cytometry measurements.
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