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Racl is a member of the Rho family of small GTPases that not only regulates signaling pathways involved
in cell adhesion and migration but also regulates gene transcription. Here we show that the transcriptional
repressor BCL-6 is regulated by Racl signaling. Transfection of active Racl mutants into colorectal DLD-1
cells led to increased expression of a BCL-6-controlled luciferase reporter construct. Conversely, inhibition of
endogenous Racl activation by the Racl inhibitor NSC23766 decreased reporter activity. Moreover, BCL-6 lost
its typical localization to nuclear dots upon activation of Racl and became predominantly soluble in a
non-chromatin-bound cell fraction. Racl signaling also regulated the expression of endogenous BCL-6-regu-
lated genes, including the p50 precursor NF-kB1/p105 and the cell adhesion molecule CD44. Interestingly,
these effects were not stimulated by the alternative splice variant Raclb. The mechanism of BCL-6 inhibition
does not involve formation of a stable Rac1/BCL-6 complex and is independent of Rac-induced reactive oxygen
species production or Jun NH,-terminal kinase activation. We show that PAK1 mediates inhibition down-
stream of Rac and can directly phosphorylate BCL-6. Together, these data provide substantial evidence that
Racl signaling inhibits the transcriptional repressor BCL-6 in colorectal cells and reveal a novel pathway that
links Racl signaling to the regulation of gene transcription.

The Rho family of small GTPases contains 20 different
members (7, 69); RhoA, Racl, and Cdc42 have been the best
characterized members of the family (20, 27, 53). These
GTPases typically cycle between an inactive, GDP-bound state
and an active, GTP-bound state. The transition between these
two states is controlled by three distinct types of proteins in
vivo, the guanine nucleotide exchange factors, which activate,
and the GTPase-activating proteins or the guanine nucleotide
dissociation inhibitors, which both inactivate GTPases (re-
viewed in references 6 and 14). Once in the GTP-loaded con-
formation, Rho GTPases become able to interact with down-
stream effector proteins that initiate further signaling events in
the cell. The corresponding cellular responses range from
changes in cell morphology to changes in gene expression.

Racl, in particular, has been documented to stimulate the
polymerization of actin filaments leading to the formation of
lamellipodia and affecting the stability of adherens junctions
(23). Rac signaling further activates the protein kinase PAK
(p21-activated kinase), the Jun NH,-terminal kinase (JNK),
and the production of reactive oxygen species (ROS) (57).
Moreover, recent data have revealed that Racl also has dis-
tinct roles in the regulation of gene transcription (3). For
instance, stimulation of JNK by Rac signaling can lead to
activation of its target transcription factors, c-Jun, ATF, ELK,
and API1. Also, Rac signaling can activate proteins of the Stat
family (49, 57), and the formation of protein complexes be-
tween Racl and Stat3 or Stat5 has been reported (36, 61, 67).
Likewise, an active Racl mutant amplifies the transcriptional
activation mediated by B-catenin and TCF/LEF (18).
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A further important transcription factor stimulated by Racl
is NF-kB. The NF-kB family is composed of five transcription
factors that form homodimers or heterodimers with each
other, namely, RelA, RelB, c-Rel, p50, and p52. Unlike the
three Rel proteins, pS0 and p52 are produced through proteo-
lytic processing from two inhibitory precursor proteins, NF-
kB1/p105 and NF-kB2/p100, respectively. The NF-kB dimers
remain transcriptionally inactive as long as they are associated
with an NF-kB inhibitor protein, such as IkBa or the NF-kB2/
p100 precursor protein. Signaling from GTP-bound Racl ac-
tivates the IKK protein kinase complex, resulting in the phos-
phorylation of both IkBa and NF-kB2/pl00 proteins. In
addition, the inhibitory complexes are recruited to sites at the
plasma membrane where Rac is activated and brings them into
proximity with the SCF ubiquitin ligase complex (8, 44). This
leads to proteolytic degradation of IkBa and subsequent nu-
clear translocation of the transcriptionally competent RelA/
p50 dimer (the canonical NF-kB pathway) but also promotes
proteolytic processing of NF-kB2/p100 to p52, with subsequent
transcriptional activation of RelB/p52 dimers (44). The canon-
ical, IkBa-regulated NF-«kB pathway is also stimulated by
Raclb, an alternative splice variant that exists predominantly
in the active GTP-bound state in cell lines (21, 33, 44, 62).
Whereas Raclb does not activate several classical Rac signal-
ing pathways, including lamellipodium formation or the acti-
vation of PAK1 or JNK activities, it retains the ability to induce
IkBa phosphorylation, nuclear translocation of RelA, and
transcriptional stimulation of luciferase reporter constructs
containing either a consensus NF-kB binding motif or the
native cyclin D1 promoter (19, 43, 44).

BCL-6 is a transcriptional repressor (59) and was identified
as one of the most frequently translocated genes in B-cell
non-Hodgkin’s lymphomas (12, 64). BCL-6 contains carboxy-
terminal zinc finger modules that bind DNA in a sequence-
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specific manner, especially the high-affinity site TTCCT(A/C)
GAA (10, 31). The genes repressed by BCL-6 in germinal
center B cells are involved in lymphocyte activation and dif-
ferentiation, immunoglobulin (Ig) isotype switching, and reg-
ulation of inflammation or cell cycle progression (13, 47, 60).
The repressor activity of BCL-6 can be regulated by posttrans-
lational modifications. Both acetylation and phosphorylation
events were shown to downregulate the ability of BCL-6 to
repress transcription, the former impairing its recruitment of
histone deacetylases (4) and the latter leading to its proteaso-
mal degradation (46, 50).

Here we describe a novel link of Racl signaling to the
regulation of gene transcription. We found that the transcrip-
tional repressor BCL-6 is inhibited in colorectal tumor cells
following Racl activation. This leads to increased expression of
endogenous BCL-6-regulated genes, including NF-kB1/p105,
the p50 precursor, and the cell adhesion molecule CD44. The
mechanism of BCL-6 inactivation requires PAKI1-mediated
phosphorylation of BCL-6 downstream of Racl and is not
triggered by splice variant Raclb.

MATERIALS AND METHODS

Cell culture and transfection. DLD-1 colorectal cells were maintained in
Dulbecco’s minimal essential medium supplemented with 10% (vol/vol) fetal calf
serum (Invitrogen) and regularly checked for mycoplasma infection. Cells were
transfected at 60 to 80% confluence using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions, and analyzed 16 to 20 h later. The
total amounts of transfected plasmid DNA were 4 pg per 60-mm dish for
immunoprecipitation and 2 pg of DNA per 35-mm dish for immunofluorescence,
cell fractionation, and reporter assays. When required, the amount of DNA was
adjusted with empty vector. Transfection efficiency in DLD-1 cells was 50 to 70%
as judged microscopically by expression of 2 pg of green fluorescent protein
(GFP) expression vector. For RNA interference experiments, DLD-1 cells at 30
to 40% confluence were transfected in 35-mm dishes with 200 pmol of the
indicated small interfering RNAs (siRNAs) using Lipofectamine 2000, trans-
fected again after 24 h with expression vectors or reporter constructs, and
analyzed 24 h later. The predesigned siRNA oligonucleotides were from Santa
Cruz Biotechnology (Santa Cruz, CA) with the following references: aPAK
siRNA (sc29700), yPAK (5¢36183), BCL-6 (s¢29791), and scramble control oli-
gonucleotide (5'-AGG UAG UGU AAU CGC CUU GTT). For drug treat-
ments, cells were incubated for 16 to 20 h with 200 wM Rac inhibitor NSC23766
(Calbiochem) or with 25 uM NADPH oxidase inhibitor diphenyleneiodonium
chloride (DPI) (Sigma), or 10 pM PAK inhibitor IPA-3 (Calbiochem).

DNA plasmids and constructs. The following published constructs were re-
ceived as gifts: pcDNA3-HA-IkBa (A32A36) from M. Karin (University of
California, San Diego); pcDNA3-HA-RelB from C. V. Paya (Mayo Clinic, Roch-
ester, MN), SAPKB-MKK?7 from U. Rapp (Wiirzburg, Germany); PAK1-wt,
PAKI1-K299R, and PAK1-T423E from J. Chernoff (Fox Chase Cancer Center,
Philadelphia, PA); the 3x-kB-luc vector (three copies of the Igk-xB motif im-
mediately upstream of the B-globin TATA box) (39) from B. Baumann (Uni-
versity of Ulm); and the 5XxBCL-6 vector (32) from V. J. Bardwell (University of
Minnesota). Racl and Raclb cDNAs as well as their Q61L mutants in pcDNA3-
Myc or pEGFP vectors were as described previously (43, 44). For their subclon-
ing into pDsRed, the respective pEGFP vectors were cut using the EcoRI/
BamHI restriction sites. pPEGFP-BCL-6 was generated by PCR amplification of
the BCL-6 cDNA from pmT2T-HA-BCL6, provided by R. Dalla-Favera (Co-
lumbia University), using a forward primer (5'-GGT ACC ATG GCC TCG CCG
GCT GAC A) and reverse primer (5'-TCA GCA GGC TTT GGG GAG CT),
followed by subcloning into pEGFP-C3 using Kpnl and Smal. All PAKI con-
structs were subcloned into pEGFP-C3 vector using HindITI/EcoRI restriction
sites. All constructs were confirmed by automated DNA sequencing.

Analysis of transcript expression and semiquantitative reverse transcription-
PCR (RT-PCR). Total RNA was extracted from cell lysates with the RNeasy kit
(Qiagen), and 1-pg samples were reverse transcribed using random primers
(Invitrogen) and Ready-to-Go You-Prime First-Strand beads (GE Healthcare,
Buckinghamshire, United Kingdom). Primers for the specific amplification of
Racl/Raclb were described previously (43). The primers (F, forward; R, reverse)
for the specific amplification of other proteins, genes, or transcription factors
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were as follows: for BCL-6, Bcl6-F (5'-AGA GCC CAT AAA ACG GTC CT)
and Bcl6-R (5'-AGT GTC CAC AAC ATG CTC CA); for NFKBI, p105-F
(5'-CCT GGA TGA CTC TTG GGA AA) and p105-R (5'-TCA GCC AGC
TGT TTC ATG TC); for CD44, CD44-F (5'-TCT GTG CAG CAA ACA ACA
CA) and CD44-R (5'-TAG GGT TGC TGG GGT AGA TG); for PAKI,
PAKI1-444F (5'-GTC AGC TGA GGA TTA CAA TTC) and PAK1-661R (5'-
GAG ATG TAG CCA CGT CCC GAG); for PAK2, PAK2-431F (5'-CTC CTG
AGA AAG ATG GCT TTC) and PAK2-632R (5'-ACA TGT GAA TCA CCA
ACT GGT); for PAK3, PAK3-437F (5'-GTG CAC ATG GAT ACA TAG
CAG) and PAK3-663R (5'-TGT GAC CTC TTT ATT TGG TAC); for BAZF,
BAZF-elF (5'-AGA GCA CAC AAG GCA GTT CTC) and BAZF-e2R (5'-
GTG CAG TGG CTG GAG AGA GG); and for RNA polymerase 1I (Pol II),
Pol II-F (5'-GAG CGG GAA TTT GAG CGG ATG C) and Pol II-R (5'-GAA
GGC GTG GGT TGA TGT GGA AGA). Amplification reactions were per-
formed using AmpliTaq polymerase (Perkin-Elmer, Wellesley, MA) using the
following basic program: 30 s at 94°C, 30 s at the annealing temperature, and 30 s
at 72°C. The annealing temperature and number of cycles for each PCR were as
follows: 62°C and 30 cycles for Racl/Raclb, 58°C and 30 cycles for BCL-6, 64°C
and 30 cycles for BAZF, 56°C and 29 cycles for PAK1 and PAK?2, 58°C and 35
cycles for PAK3, 58°C and 28 cycles for NFKB1, 60°C and 30 cycles for CD44,
and 64°C and 28 cycles for Pol II. All reactions included an initial denaturation
step of 5 min at 94°C and a final extension step of 10 min at 72°C. To allow a
semiquantitative analysis of transcript levels, all amplification conditions were
experimentally optimized to correspond to the linear amplification phase, using
serial dilutions of control cDNAs. The products were separated on 2% agarose
gels containing ethidium bromide, and band intensities were quantified on dig-
italized images using ImageJ software (NIH) followed by normalization to Pol II
expression levels. No amplification was obtained when RNA was mock reverse
transcribed without adding reverse transcriptase.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting. Samples were prepared and detected as described previously
(44). The antibodies used for Western blots were as follows: rabbit polyclonal
anti-c-Myc Al4, anti-histone H2b (sc-10808), and rabbit anti-BCL-6 from Santa
Cruz Biotechnology; rabbit antihemagglutinin (anti-HA) and anti-B-tubulin
clone Tub2.1 (as a loading control) from Sigma; rabbit anti-GFP ab290 and
anti-PAK1 ab40795 from Abcam; anti-Racl from Upstate Biotechnologies, anti-
PAK1/2/3 (catalog no. 2604) from Cell Signaling Technology; and anti-p50 and
anti-RelA from Hypromatrix. For densitometric analysis, films from at least
three independent experiments were digitalized and analyzed using ImageJ soft-
ware (NIH).

Cell fractionation. Nuclear proteins were separated into a soluble pool not
retained in the nucleus and into a chromatin-bound insoluble pool according to
previously described procedures (63). Briefly, cells were washed in cold phos-
phate-buffered saline (PBS), scraped off, and lysed on ice for 10 min in 200 pl of
fractionation buffer (50 mM Tris-HCI [pH 7.9], 0.1% [vol/vol] NP-40, 1.5 mM
MgCl,, 10 mM KCI, and a protease inhibitor cocktail [Sigma]). The soluble
fraction was collected by centrifuging the lysate at 3,500 X g for 5 min and adding
the supernatant to 50 pl of 5X Laemmli SDS sample buffer. The pellet contain-
ing the insoluble nuclear fraction was washed once in fractionation buffer and
then resuspended in 250 pl of 1X Laemmli sample buffer supplemented with 5
mM MgCl, and 50 U endonuclease (Benzonase; Sigma) to digest nucleic acids.
Equal volumes of both fractions were analyzed side by side on Western blots.
Results were confirmed in at least three independent experiments.

Immunoprecipitation. Approximately 2 X 10° DLD-1 cells were seeded in
60-mm dishes, transfected as indicated, and assayed 16 to 20 h later. For copre-
cipitation experiments, cells were washed in cold PBS and lysed on ice in 250 .l
of lysis buffer (50 mM Tris-HCI [pH 7.5], 1% [vol/vol] NP-40, 100 mM NaCl, 10%
[vol/vol] glycerol, 5 mM MgCl,, and a protease inhibitor cocktail [Sigmal]). Total
lysates were then sonicated on ice (10 pulses of 20 s at 40% power on a Sonics
Vibra Cell sonicator) and cleared by centrifugation at 2,500 X g for 5 min. An
aliquot of 0.1 volume was added to 2X Laemmli sample buffer. The remaining
lysate was incubated for 1 h at 4°C with mouse monoclonal anti-c-Myc (9E10;
Sigma) or anti-GFP (ab1218; Abcam) antibodies at 2 pg ml™", precoupled to
protein G-agarose beads (Roche). Beads were then washed five times with an
excess of lysis buffer containing 300 mM of NaCl, and the precipitated protein
complexes were analyzed on Western blots as described above. Immunoprecipi-
tation of protein substrates for in vitro kinase assays followed the same meth-
odology, except that cell lysis was performed using radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI [pH 7.5], 1% [vol/vol] NP-40, 150 mM
NaCl, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS, and a protease
inhibitor cocktail [Sigma]). All results were confirmed in at least three indepen-
dent experiments.
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Confocal immunofluorescence microscopy. Cells were grown on glass cover-
slips (10 by 10 mm), transfected, and incubated as indicated above, then washed
twice in PBS, immediately fixed with 4% (vol/vol) formaldehyde in PBS for 30
min at room temperature, and subsequently permeabilized with 0.2% (vol/vol)
Triton X-100 in PBS for 10 min at room temperature. Myc-tagged Pak (Myc-
Pak) was detected with mouse anti-c-Myc (9E10; Sigma), followed by goat
anti-mouse Texas Red (Jackson ImmunoResearch Laboratories). Cells were
then briefly stained with 0.5 ng/ml 4',6’-diamidino-2-phenylindole (DAPI)
(Sigma) and washed in PBS, and the coverslips were mounted in VectaShield
(Vector Laboratories) and sealed with nail polish. Images were recorded with the
405-nm, 488-nm, and 532-nm laser lines of a Leica TCS-SPE confocal micro-
scope and processed with Leica and Adobe Photoshop software.

Luciferase reporter assay. Approximately 5 X 10° DLD-1 cells were seeded in
35-mm dishes, transfected with 50 ng of the pRL-TK luciferase reporter (for
constitutive expression of Renilla luciferase as internal control; Promega) and 1
pg of either standard NF-kB or pGL3-5xBCL-6 or pGL3 control reporter. For
experiments titrating individual proteins, 500 to 1,000 ng of the indicated con-
struct was cotransfected, whereas for the coexpression of two proteins, the
amount of construct was previously adjusted to yield comparable expression
levels. At 16 to 20 h posttransfection in the absence or presence of the NADPH
oxidase inhibitor DPI or the Rac inhibitor NSC23766, cells were lysed, assayed
with the Dual-Luciferase reporter assay (Promega) following the manufacturer’s
instructions, and measured in an Anthos Lucy-2 luminometer. Lysates were
assayed in duplicate samples, and additional aliquots were analyzed by Western
blotting to document protein expression levels. All firefly luciferase values were
first normalized to the internal control values obtained for Renilla luciferase and
then plotted as the increase over the value of untreated or vector control. The
values displayed were from at least three independent transfection assays.

In vitro protein kinase assays. For in vitro protein kinase assays, either 1 pg
of a recombinant fragment of human BCL-6 (amino acids 3 to 484 lacking the
C-terminal zink finger domains) (sc-858; Santa Cruz) or the beads containing
immunoprecipitated GFP-tagged BCL-6 (GFP-BCL-6) protein were resus-
pended in 20 wl of kinase reaction buffer (30 mM Tris-HCI [pH 7.5], 10%
[vol/vol] glycerol, 1 mM dithiothreitol, 1 mM Na;VO,, 37.5 mM MgCl,, and 250
uM ATP) and incubated in the presence of 5 wCi [y-*P]ATP at 30°C for 60 min
with 25, 50, 100, or 200 ng recombinant PAK1 (Proquinase, Freiburg, Germany).
Then, 5X Laemmli SDS sample buffer was added to the reaction mixtures, and
proteins were separated by SDS-PAGE and then transferred to a polyvinylidene
difluoride membrane. The membrane was first analyzed by autoradiography,
followed by Western blotting using the indicated antibodies.

RESULTS

Racl activation leads to an increase in NFKB1/p50 protein
levels. Previously we reported that Racl signaling stimulates
NF-kB transcriptional activity through both the canonical
RelA/p50 pathway and the RelB/p52-dependent pathway in
colorectal cells (44). In the course of these studies, we noticed
that the expression of active Racl not only increased NF-«kB
reporter vector activity but also the protein level of p50,
whereas expression of its dimerization partner RelA remained
unaffected (Fig. 1). Moreover, we observed that p50 levels
decreased when activation of endogenous Racl was repressed
by the inhibitor NSC23766 (24).

The p50 subunit is produced through constitutive proteolytic
processing of the precursor protein p105, which is transcribed
from the NFKBI gene. A previous report has shown evidence
that the NFKBI gene promoter could be stimulated by RelA/
p50 itself in hematopoietic cells (11). In order to test whether
the RelA complex is involved in regulating NFKB1/p50 expres-
sion in colorectal cells, we first cotransfected DLD-1 cells with
expression vectors encoding a constitutively active Racl-L61
mutant and the nondegradable superrepressor IkBa (A32A36)
(16), which inhibits RelA/p50 activation. We found that the
presence of the superrepressor significantly inhibited the Racl-
mediated activation of the NF-«B transcriptional reporter, but
the increase in p50 levels was still detected (Fig. 1). This
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FIG. 1. Racl activation modulates NFKBI/p50 protein levels.
DLD-1 colorectal cells were transfected or treated with drug as indi-
cated in the figure (+, transfected or treated with drug; —, not trans-
fected or treated with drug) and lysed 24 h later. In one lysate aliquot,
the luciferase activity of the cotransfected NF-«kB reporter plasmid was
measured, whereas in another aliquot, the indicated protein levels
were determined by Western blotting. Note that the presence of an
active Racl mutant was particularly efficient in stimulating reporter
gene activity and in increasing p50 protein levels, while the amount of
RelA remained unchanged (tubulin levels served as a loading control).
Whereas reporter gene transcription was strongly inhibited by DPI
(inhibitor of NADPH oxidase and ROS formation) or by the superre-
pressor IkBa (A32A36), both treatments had no effect on the Racl-
L61 stimulated p50 increase. (NSC23766 is an inhibitor of endogenous
Racl activation.)

increase in p5S0 was also observed when the Racl-mediated
production of ROS, an upstream event of RelA/p50 activation,
was inhibited by the NADPH oxidase inhibitor DPI.

Racl regulates NFKBI expression by releasing BCL-6-me-
diated transcriptional repression. A previous report has dem-
onstrated that the NFKBI promoter contains binding sites for
the transcription factor BCL-6 (40), a repressor identified in
B-cell lymphoma (12, 59, 64). In addition, a highly related
repressor protein, BAZF/BLCo6b, has been identified (56),
which binds the same promoter sites as BCL-6 does. To ana-
lyze the contribution of both factors to NFKBI expression, we
first determined by RT-PCR whether endogenous BCL-6 and
BAZF transcripts were expressed in three colorectal cell lines
as well as in the B-cell precursor leukemia 697 cell line and
erythroleukemia HEL cells as positive controls. We found en-
dogenous BCL-6 expression in the three colorectal cell lines
and the erythroleukemia cell line, whereas BAZF was ex-
pressed only in HEL cells (Fig. 2A). These data identified
BCL-6 as a candidate regulator of NFKBI/p50 expression in
colorectal cells, prompting us to transfect cells with increasing
amounts of an expression vector encoding the BCL-6 protein.
Intriguingly, the endogenous NFKBI transcript expression
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FIG. 2. Racl modulates NFKBI expression via BCL-6. (A) The expression of endogenous BCL-6 and the highly related repressor protein
BAZF/BLC6b was tested by RT-PCR in three colorectal cell lines and two hematopoietic cell lines, as indicated. The amplification of RNA
polymerase II (Pol II) served as internal control. (B and C) Role of BCL-6 overexpression or modulation of Racl signaling in NFKB1/p50
expression. DLD-1 cells were transfected with either GFP control vector versus increasing amounts (indicated by the height of the black triangle)
of GFP-BCL-6 or with Myc control vector versus increasing amounts of Myc-Racl-L61 or mock transfected and treated with the Racl inhibitor
NSC23766. Cells were lysed following 24 h to isolate either total RNA or whole protein. Symbols: +, transfected or treated with drug; —, not
transfected or treated with drug. (B, left) NFKBI or control Pol II transcripts were amplified by semiquantitative RT-PCR, and (right) band
intensities were quantified from digital images by densitometry. (C, left) Western blot showing NFKBI1/p50 protein levels as well as levels of
transfected GFP-BCL-6 or Myc-Rac1-L61. a-GFP, anti-GFP antibody. (Right) Detection of endogenous Racl served as a loading control, and

band intensities were quantified by densitometry.

(Fig. 2B), as well as the corresponding NFKBI/p50 protein
levels (Fig. 2C), were clearly inhibited by the expression of
BCL-6. In contrast, expression of active Racl led to increased
expression of both the NFKBI transcript (Fig. 2B) and NFKB1/
p50 protein (Fig. 2C). Conversely, when the endogenous Racl
activation in DLD-1 cells was impaired by treating cells with
the Rac inhibitor NSC23766, expression of NFKBI transcript
and NFKBI/p50 protein was inhibited (Fig. 2B and C). These
data indicated that Racl signaling could modulate NFKBI
gene expression via the transcriptional repressor BCL-6.

In order to test whether Racl activation can regulate the
transcriptional activity of BCL-6, we utilized a previously de-
scribed BCL-6-controlled reporter gene (32). When this re-
porter was coexpressed with BCL-6, a clear repression of tran-
scriptional activity was observed (Fig. 3A). Repression was also
evident when activation of endogenous Racl was inhibited
with NSC23766. In contrast, transcriptional activity of the re-
porter was clearly promoted by siRNA-mediated depletion of
endogenous BCL-6 or upon cotransfection with Rac1-L61, in a
dose-dependent manner (Fig. 3A). These data provide sub-
stantial evidence that Racl signaling regulates gene expression
via BCL-6. Interestingly, we observed that the splice variant
Raclb could not significantly affect the BCL-6-controlled re-
porter gene (Fig. 3A).

We next asked whether another endogenous BCL-6 target
gene, the cell adhesion molecule CD44 (60), was modulated by
Racl activation in DLD-1 cells. We observed that ectopic
expression of BCL-6 or inhibition of endogenous Racl activity
led to decreased CD44 transcript expression, whereas trans-

fection of Racl-L61 promoted an increase (Fig. 3B). Together,
our results strongly indicate that Racl activation releases
BCL-6 repression from target genes including NFKB1, CD44,
and a BCL-6-specific luciferase reporter.

Active Racl induces nuclear redistribution and chromatin
release of BCL-6. In order to obtain mechanistic insights into
how Racl activation would influence BCL-6 activity, we first
studied its effect on the subcellular localization of BCL-6 using
immunofluorescence microscopy and cell fractionation. As
shown in Fig. 4A, expression of BCL-6 alone revealed a strictly
nuclear localization in DLD-1 cells with the typical concentra-
tion of BCL-6 in numerous nuclear dots that has previously
been described (9, 32). In the presence of Racl-L61, BCL-6
lost accumulation in nuclear dots and appeared diffuse in the
nucleoplasm. In contrast, splice variant Raclb-L61 had little
effect on the accumulation of BCL-6 in dots in the nucleus
(Fig. 4A). This is in agreement with the poor stimulation of the
BCL-6-controlled reporter gene that we observed for Raclb-
L61 (Fig. 3A).

In order to test whether these differences in localization
would represent altered chromatin binding, we applied a pre-
viously described cell fractionation protocol (15, 37, 63), which
separates transcription factors into a soluble pool that is ex-
tracted from the nucleus and into a chromatin-bound pool that
remains insoluble. Under these experimental conditions, the
expression of BCL-6 alone revealed the majority of the protein
in the insoluble chromatin-bound fraction (Fig. 4B). This is
compatible with its role as a transcriptional repressor and
corroborates the inhibition of NFKBI and CD44 gene expres-
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FIG. 3. Racl releases transcriptional repression by BCL-6. (A) DLD-1 cells were transfected with a transcriptional luciferase reporter vector
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sion observed in Fig. 2B and 3B. When we determined the
fractionation of BCL-6 in cells coexpressing an active mutant
of the splice variant Raclb, only a very small increase in the
soluble fraction was observed. In contrast, coexpression of
activated Racl led to a remarkable transition of BCL-6 from
the chromatin-bound insoluble fraction into the soluble pool
(Fig. 4B). In these experiments, the total amount of BCL-6
protein apparently remained unaffected.

Altogether, these data demonstrate that upon activation of
Racl, the transcription factor BCL-6 becomes relocalized
within the nucleus, is no longer retained in the chromatin-
bound fraction, and loses its activity to repress target genes.

Modulation of BCL-6 by Racl signaling requires PAK1. For
further insights into the effect of Racl on BCL-6 activity, we
tested the interaction of Racl and BCL-6 by coimmunopre-
cipitation. Whereas Racl-L61 coprecipitated with RelB, in
agreement with previously described data (44), we found no
evidence for the formation of a stable complex between BCL-6
and active Racl under the same experimental conditions (Fig.
5). The lack of interaction between Racl and BCL-6 suggested
that Racl affects BCL-6 activity indirectly through a down-
stream signaling pathway.

The generation of ROS through the stimulation of NADPH
oxidase activity is a Rac function conserved in immune and

epithelial cells. Moreover, ROS are known to modulate the
activity of several transcription factors (72), including NF-«B
downstream of Racl and Raclb (44). We therefore treated
Racl-L61-expressing cells with DPI, a cell-permeable inhibitor
of the NADPH oxidase widely used to block the generation of
ROS (5, 44, 65, 66). We found that although this treatment
clearly inhibited activation of an NF-kB-driven luciferase re-
porter (Fig. 1), it had no effect on the increase in the BCL-6-
driven reporter activity (Fig. 6A).

In order to determine whether the observed modulation of
BCL-6 repression was Racl specific, we compared the effects
of activated RhoA, Racl, and Cdc42. We found that active
Cdc42 also produced a moderate but significant stimulation of
the BCL-6 reporter (Fig. 6A).

Stimulation of the protein kinases PAK and JNK are two
classical downstream pathways that are stimulated by Racl and
Cdc42, but not by RhoA or by the Rac1b splice variant (43, 62),
both of which failed to inhibit BCL-6 activity (Fig. 6A). Thus,
the activity of the BCL-6 luciferase reporter was analyzed in
cells transfected with previously described constitutively active
mutants of JNK (SAPKB-MKK7) (52) and PAKI1 (PAKI-
T423E) (58). As shown in Fig. 6A, active JNK had no effect,
whereas the expression of constitutively active PAK1 signifi-
cantly stimulated transcription from the BCL-6 reporter. We
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FIG. 4. Active Racl affects subnuclear location and chromatin
binding of BCL-6. (A) DLD-1 cells were cotransfected with GFP-
BCL-6 and either DsRed empty vector, DsRed-Racl-L61, or DsRed-
Racl1b-L61 as indicated. Cells were fixed after 24 h, nuclei were coun-
terstained with DAPI, and fluorescent signals were recorded by
confocal microscopy. (B) Presence of BCL-6 in a soluble or chromatin-
bound form. DLD-1 cells were cotransfected with GFP-BCL-6 and the
indicated Myc-tagged vectors and lysed after 24 h so that a soluble
(S) and a nonsoluble (NS) chromatin-bound fraction was obtained.
Western blot analysis of these fractions is shown. Histone 2B was
detected as a marker for insoluble chromatin-bound proteins, and
B-tubulin was detected as a marker for soluble factor. a-GFP, anti-
GFP antibody.

further determined whether the catalytic activity of PAK1 was
involved in the observed BCL-6 reporter stimulation. The re-
porter vector was cotransfected with active Racl-L61 in the
presence of a dominant-negative, kinase-dead PAK1 mutant
(PAK1-K299R) (58). These experiments revealed a clear re-
duction in Racl-mediated transcriptional stimulation (Fig.
6A), suggesting that the Racl-L61-stimulated transcription
from the BCL-6 reporter required Racl-induced PAK activa-
tion.

GTP-bound Racl can activate PAK-1 (a-PAK), PAK-2 (y-
PAK), and PAK-3 (B-PAK). Thus, we determined which
endogenous PAK isoform could be mediating the observed
effects downstream of active Racl in DLD-1 cells. Using RT-
PCR, we found that only PAK-1 and PAK-2 were expressed in
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FIG. 5. Active Racl and BCL-6 are not found in a protein complex.
DLD-1 cells expressing Myc control vector or Myc-Racl-L61 were
cotransfected with either GFP-BCL-6 or GFP-RelB. Whereas RelB
coimmunoprecipitated with Myc-Rac1-L61, confirming previously de-
scribed data (44), no such complex was detected between Racl-L61
and BCL-6. IP: a-Myc, immunoprecipitation with anti-Myc antibody.

colorectal cells, whereas PAK-3 was detected in a glioblastoma
cell line (Fig. 6B). In order to directly compare the expression
levels of PAK1 and PAK2, colorectal cell lysates were analyzed
by Western blotting using an anti-PAK1/2/3 antibody. We
found that PAK1 was by far the most prominent isoform ex-
pressed (Fig. 6C).

We then determined whether the Racl-L61-stimulated tran-
scription from the BCL-6 reporter required endogenous
PAKI. Expression of endogenous PAK1 or expression of
PAK2 was depleted by transfection of cells with specific
siRNAs. As shown in Fig. 7A, these oligonucleotides specifi-
cally depleted either PAK1 or PAK2; however, only the deple-
tion of PAKI affected both the endogenous and Racl-L61-
stimulated 5xBCL-6 activation (Fig. 7B). In addition, prior
incubation of DLD-1 cells with IPA-3, a specific inhibitor that
prevents activation of group I PAKs by allosteric targeting of
their autoregulatory domain, blocked the effect of Racl-L61
on the 5xBCL-6 reporter (Fig. 7B). In these experiments, no
detectable changes in the total amount of BCL-6 protein were
observed (not shown).

Altogether, these data indicate that PAKI1 is a critical link
between Racl activation and transcriptional repression by
BCL-6.

PAK1 binds to and phosphorylates BCL-6. Since PAKI1
overexpression stimulated the BCL-6 reporter, we used immu-
nofluorescence microscopy to test whether PAK1 could also
affect the nuclear redistribution of BCL-6 observed in the
presence of active Racl. As shown in Fig. 8A, overexpression
of the kinase-dead Myc-PAK1-K299R mutant apparently en-
hanced the dot-like localization pattern of BCL-6 in the nu-
cleus, whereas overexpression of a kinase-competent PAKI1
redistributed BCL-6 to a more diffuse nucleoplasmic pattern
(Fig. 8B). In addition, the expression of PAKI1 decreased the
amount of BCL-6 remaining in the insoluble chromatin-bound
cell fraction, whereas kinase-dead PAKI1 did not affect chro-
matin binding (Fig. 8C). PAK1 also clearly localized to the
nucleus. In fact, we observed a correlation between the expres-
sion level of BCL-6 and the recruitment of PAK1 from the
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FIG. 6. PAKI acts downstream of Racl in the release of transcrip-
tional repression by BCL-6. (A) DLD-1 cells were transfected with the
transcriptional BCL-6 luciferase reporter vector and one of the indi-
cated GFP-tagged expression vectors encoding either activated small
GTPase mutants or protein kinase mutants. Luciferase activity was
determined in cell lysates, and expression of transfected proteins was
documented by Western blotting. A graph with the observed changes
in luciferase activity relative to GFP empty vector-transfected control
cells (top panel) and immunoblots with the expression levels of the
GFP-tagged proteins (middle panel) and B-tubulin as a loading control
(bottom panel) are shown. The migration of molecular size markers is
indicated. Note that transcriptional repression by BCL-6 was released
in the presence of Racl-L61, Cdc42-V12, and a constitutively active
(CA) PAK1 mutant, whereas a kinase-dead (KD) PAK1 prevented the
Racl-L61 mediated increase in luciferase activity. a-GFP, anti-GFP
antibody. Symbols: +, transfected or treated with drug; —, not trans-
fected or treated with drug. (B) RT-PCR analysis to determine the
expression of PAK1, PAK2, and PAK3 in DLD-1 and HT29 colorectal
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FIG. 7. Interference with PAK1 by depletion or inhibitor treatment
blocks Racl-mediated activation of BCL-6. (A) Western blot showing
the efficiency and specificity of PAK1- or PAK2-specific siRNAs trans-
fected into DLD-1 cells. Detection of B-tubulin served as a loading
control. (B) DLD-1 cells were transfected with the indicated siRNAs
and 24 h later transfected again with the 5xBCL-6 transcriptional
luciferase reporter vector in the presence (+) or absence (—) of Racl-
L61. When indicated, cells were incubated with 10 puM PAK inhibitor
IPA-3. Symbols: +, transfected or treated with drug; —, not transfected
or treated with drug. Ctrl, control.

cytoplasm into the nucleus. In particular, a pixel intensity anal-
ysis in confocal images revealed that cells with an equivalent
overall level of ectopic PAK1 expression (Fig. 8D, top graph)
differed in their nuclear PAK1 signal (Fig. 8D, bottom graph),
depending on the expression level of BCL-6 (Fig. 8D, middle
graph).

The generation of pixel overlap maps from the confocal
images allowed the calculation of Pearson’s correlation values,
which suggested colocalization between nuclear PAK1 and
BCL-6 (data not shown). We thus analyzed whether a PAK1/
BCL-6 complex could be isolated by coimmunoprecipitation
from DLD-1 colorectal cells. Using the previously described
coprecipitation of Racl-L61 with PAK1 (43) as a positive con-
trol, we demonstrate that PAK1 can form a stable complex
with BCL-6 (Fig. 8E).

Since BCL-6 can be phosphorylated by mitogen-activated pro-
tein kinases (46), we asked whether it could be a direct substrate
for PAKI. Using an in vitro phosphorylation assay, we added
increasing amounts of full-length, recombinant PAK1 to a recom-

cells compared to SW1088 glioblastoma cells. (C) Western blot anal-
ysis to directly compare the expression levels of PAK1 and PAK2 in
DLD-1 or HT29 cells using an anti-PAK1/2/3 antibody. Note that
PAKT1 is the most prominent isoform expressed.
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mutant (A) or with wild-type Myc-PAK1 (B). The cells were fixed after 20 h and analyzed by confocal microscopy. Note in panel A, the increase
in nuclear dot localization of BCL-6 in the presence of dominant-negative PAK1 but the diffuse nucleoplasmic pattern with wild-type PAK1 in
panel B. ROI 1, region of interest 1. (C) Presence of BCL-6 in the chromatin-bound fraction. DLD-1 cells were cotransfected with GFP-BCL-6
and the indicated Myc-tagged vectors and separated into a soluble (S) and a nonsoluble (NS) chromatin-bound fraction, as described in the legend
to Fig. 4B. a-GFP, anti-GFP antibody. (D) The intensity of the overall fluorescent PAK1 signal in the two representative cells shown in panel B,
with different amounts of BCL-6 expression, was determined (top panel, compare regions of interest ROI 1 and ROI 2) and found to be equivalent.
Then the intensities of the nuclear versus cytoplasmic PAK1 and BCL-6 signals were compared along the axes indicated as ROI 3 and ROI 4. Note
that the distribution of PAKI1 signal between the nucleus and cytoplasm (ROI 3 and ROI 4 in the red channel [bottom panel]) correlates with the
signal intensity of BCL-6 in the nucleus (ROI 3 and ROI 4 in the green channel [middle panel]). (E) BCL-6 and PAK1 coimmunoprecipitate.
DLD-1 cells were cotransfected with Myc-PAK1 and either GFP control vector or GFP-BCL-6 or GFP-Rac1-L61 as a positive control. Cells were
lysed after 24 h, extracts were incubated with anti-GFP antibodies (a-GFP), and the presence of coprecipitated Myc-PAK1 was analyzed (top
panel). Successful precipitation of GFP-tagged proteins (middle panel) as well as equal expression of Myc-PAK1 in total cell extracts (preimmu-
noprecipitation [Pre-IP]; bottom panel) is also shown.

binant 484-amino-acid fragment of the BCL-6 protein. Under
these conditions, a concomitant increase of BCL-6 phosphoryla-
tion was observed (Fig. 9A, top panel), which generated electro-
phoretic band shifts that were confirmed by Western blot analysis
with an anti-BCL-6 serum (Fig. 9A, middle panel). These data
suggest the presence of multiple phosphorylation sites for PAK1
in the BCL-6 fragment.

To confirm that PAK1 also phosphorylates the full-length
protein, GFP-BCL-6 was immunoprecipitated from DLD-1
cells using stringent RIPA buffer conditions to avoid back-
ground phosphorylation events and then incubated in vitro
with recombinant PAK1. As shown in Fig. 9B, full-length GFP-
BCL-6 became clearly phosphorylated by PAKI1, although the
higher molecular weight of the GFP-tagged protein did not

allow the detection of possible band shifts. We then analyzed
whole-cell lysates and detected two BCL-6 protein bands of
about 80 and 120 kDa by Western blotting, both of which
became specifically depleted upon transfection of cells with
BCL-6 siRNAs (Fig. 9C). The higher-molecular-mass band
was clearly increased upon transfection of cells with PAKI,
indicating a phosphorylation-dependent band shift of the en-
dogenous BCL-6 protein.

DISCUSSION

The main finding in this work is that Racl regulates the
transcription factor BCL-6 via PAK1 and counteracts repres-
sion of its target genes.
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FIG. 9. PAKI1 phosphorylates BCL-6. (A) A recombinant N-termi-
nal BCL-6 fragment (rBCL-6) and increasing amounts of recombinant
PAKI1 (rPAK1) were incubated in an in vitro protein kinase assay
before proteins were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Membranes were exposed to
X-ray films (top panel), followed by sequential immunoblot detection
of BCL-6 (middle panel) and PAK1 (bottom panel). Note the shifts in
electrophoretic migration of the phosphorylated recombinant BCL-6
as well as of autophosphorylated PAK1 bands. The presence (+) or
absence (—) of rBCL-6 and the increasing amount of rPAKI is indi-
cated by the height of the black triangle or black rectangle. (B) GFP
control vector or full-length GFP-BCL-6 were transfected into DLD-1
cells, immunoprecipitated with anti-GFP antibodies (a«-GFP) using
RIPA buffer and then incubated in vitro in the presence (+) or ab-
sence (—) of 200 ng recombinant PAK1. Western blots to document
successful protein precipitation (top panel) and the presence of re-
combinant PAK1 (middle panel) are shown. The corresponding auto-
radiograph shows phosphorylation of GFP-BCL-6 by PAK1 as well as
PAK1 autophosphorylation (bottom panel). (C) Detection of endog-
enous BCL-6 by Western blotting in DLD-1 cells transfected with
either BCL-6-specific sSiRNAs (siBCL-6) or control siRNA (siCtrl) in
the presence or absence of Myc-PAKI1. Two specific bands were de-
tected, and the shift in electrophoretic migration upon transfection of
PAKI1 indicates that the top BCL-6 band is endogenous phospho-
BCL-6 (p-BCL-6) (bars show migration of 75- and 100-kDa markers).
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The BCL-6 transcriptional repressor is one of the most fre-
quently translocated genes in B-cell non-Hodgkin’s lympho-
mas (12, 64). BCL-6 translocations do not alter the BCL-6
coding sequence but associate the gene with other promoter
region, such as the IgH enhancer, and this deregulates BCL-6
expression. Moreover, the activity of BCL-6 can be modulated
through posttranslational modifications. For instance, acetyla-
tion of lysine 379 downregulates its ability to repress transcrip-
tion, probably due to impaired recruitment of histone deacety-
lases (4), while phosphorylation by mitogen-activated protein
kinases in B cells was shown to target BCL-6 for rapid degra-
dation by the ubiquitin-proteasome pathway (46, 50).

More recently, evidence has accumulated that BCL-6 is also
expressed in nonhematopoietic cells. Its expression was de-
tected in olfactory sensory neurons (48), in healthy skin and
epidermal neoplasms (34), in uroepithelial cells (30, 41), and in
epithelial cells of the mammary gland (42). BCL-6 expression
has also been detected in HeLa cells (1), and in this study, we
document for the first time its expression in colorectal cells.

Here we found that Racl signaling affects the subnuclear
localization and transcriptional repressor activity of BCL-6 and
demonstrated these effects using four different approaches.
First, a reporter construct expressing the luciferase gene under
the control of five BCL-6 binding sites immediately upstream
of the simian virus 40 promoter (32) was used and shown to
become repressed in cells cotransfected with BCL-6, as ex-
pected. Repression of reporter activity was further observed
when endogenous Racl activation was diminished by treating
cells with the Racl-specific inhibitor NSC23766. In contrast,
expression of an active Racl mutant led to increased luciferase
activity. These data clearly indicate a modulation of BCL-6 in
response to Racl signaling. Second, the expression of two
previously described endogenous BCL-6 target genes, NFKBI
(40) and CD44 (60), was analyzed. As was observed with the
BCL-6 reporter, overexpression of BCL-6 and inhibition of
endogenous Racl activation by NSC23766 decreased expres-
sion of these genes. In contrast, transfection of activated Racl
increased their expression up to 2- and 2.6-fold, respectively.
Third, we determined the subnuclear distribution of BCL-6,
which has previously been reported to accumulate in charac-
teristic nuclear foci (9, 32). In the presence of active Racl, a
clear redistribution of BCL-6 from these nuclear foci to a more
diffuse, homogenous nucleoplasmic localization was observed
(Fig. 4A). Fourth, our cell fractionation studies corroborate
these results by showing the transition of BCL-6 from an in-
soluble, chromatin-bound form into a soluble form in the pres-
ence of active Racl (Fig. 4B). Together, these data provide
substantial evidence that BCL-6-mediated gene repression is
negatively regulated by Racl signaling.

The mechanism of how Racl affects BCL-6 activity appar-
ently does not involve formation of a stable complex between
BCL-6 and active Racl, because both proteins did not coim-
munoprecipitate (Fig. 5). Although one cannot disregard the
possibility of a transient interaction occurring between the two
proteins, these data suggest that BCL-6 rather responds to a
signaling pathway downstream of Racl.

Rac signaling activates the production of ROS via NADPH
oxidases (57), and ROS are known to modulate the activity of
several transcription factors, such as AP1, Ets, Smad, Snail,
and NF-«kB (72). However, we demonstrate that Racl-induced
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production of NADPH oxidases had no effect on BCL-6 activ-
ity. Overexpression of activated Cdc42 also induced a weak but
significant stimulation of the BCL-6 reporter, and Cdc42
shares the downstream effectors PAK and JNK with Racl (28).
Because BCL-6 can be downregulated by phosphorylation in B
cells (46, 50), we tested the effect of constitutively active kinase
mutants on BCL-6 activity.

We found that the activation of PAK was required for the
observed changes in BCL-6 activity. PAK1 was found to be the
predominantly expressed PAK isoform in the colorectal cells
studied, and its overexpression mimics the effect of active Racl
on nuclear distribution, chromatin binding, or transcriptional
activity of BCL-6. Moreover, interfering with PAKI1 function
by siRNA-mediated depletion, cell treatment with inhibitor
IPA-3, or expression of a dominant-negative PAK1 mutant
strongly inhibited the effect of Racl-L61 on the BCL-6 re-
porter. In all these experiments, no detectable changes in the
total amount of BCL-6 protein were observed. PAK1 could be
isolated in a protein complex with BCL-6 and was able to
phosphorylate BCL-6 in vitro (Fig. 9). PAK1 was further re-
cruited to the cell nucleus in BCL-6-overexpressing cells and
colocalized with BCL-6 in the nucleoplasm. Together, these
data identify PAK1 as the critical mediator between Racl
activation and BCL-6 downregulation.

PAKI1 phosphorylation has been found to modulate various
transcriptional regulators with respect to their transcriptional
activity, subnuclear location, and nuclear import or export
(38). Our results therefore reveal that the regulation of BCL-6
repressor activity by PAK1 constitutes yet another pathway
through which this kinase exerts its control over specific tran-
scriptional events. In addition, the identification of PAKI as
the link between Racl and BCL-6 is in agreement with our
observation that splicing variant Raclb, which was previously
shown unable to stimulate PAKI activation (44, 62), had no
significant effect on the BCL-6 transcriptional reporter activity,
on the subnuclear localization of BCL-6, and on its transition
into a soluble nuclear fraction.

One of the physiological target genes for BCL-6 repression
is NFKB1 encoding the p105 precursor protein for the NF-«kB
member p50. In response to Racl signaling, we found in-
creased levels of p105 transcripts and of p50 protein, which is
generated from p105 via a constitutive proteolytic pathway (35,
45). p50 can dimerize with various Rel partner proteins, and
the resulting protein complexes can either activate or repress
transcription (2, 17, 22, 26, 68, 73). Therefore, the physiolog-
ical effect of increasing p50 levels in response to Racl activa-
tion is not readily apparent. We speculate that a short-term
effect will be an increased availability of transcriptionally com-
petent Rel protein/p50 dimers that make any NF-«kB stimula-
tion more robust. On a longer term, however, increasing p50
levels may favor the formation of p50/p50 homodimers that
can act as repressors and downregulate the NF-kB response,
similar to what has been described during the inflammatory
response (2, 17).

Another endogenous BCL-6 target gene that is expressed in
the colon is CD44 (60). The CD44 family is a family of cell-
surface glycoproteins involved in cell-matrix adhesion and
growth factor presentation and was shown to influence cell
growth, survival, and differentiation. Members of the CD44
family have been implicated in the progression and metastasis
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of tumors (51), including colorectal tumors (25, 29, 54, 70, 71).
Our data therefore suggest that a deregulation of Racl signal-
ing may contribute to the altered CD44 expression described in
colorectal tumors.
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