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Genetic studies involving zebrafish and mice have demon-
strated that the protein Gon4l (Gon4-like) is essential for hema-
topoiesis. These studies also suggested that Gon4l regulates
gene expression during hematopoietic development, yet the
biochemical function of Gon4l has not been defined. Here, we
describe the identification of factors that interact with Gon4l
andmay cooperatewith this protein to regulate gene expression.
As predicted by polypeptide sequence conservation, Gon4l
interacted and co-localized with the DNA-binding protein YY1
(YinYang 1). Density gradient sedimentation analysis of protein
lysates from mouse M12 B cells showed that Gon4l and YY1
co-sediment with the transcriptional co-repressor Sin3a and its
functional partner histone deacetylase (HDAC) 1. Consistent
with these results, immunoprecipitation studies showed that
Gon4l associates with Sin3a, HDAC1, and YY1 as a part of com-
plexes that form in M12 cells. Sequential immunoprecipitation
studies demonstrated that Gon4l, YY1, Sin3a, and HDAC1
could all associate as components of a single complex and that a
conserved domain spanning the central portion of Gon4l was
required for formation of this complex.When targeted to DNA,
Gon4l repressed the activity of a nearby promoter, which corre-
lated with the ability to interact with Sin3a and HDAC1. Our
data suggest that Sin3a, HDAC1, and YY1 are co-factors for
Gon4l and that Gon4l may function as a platform for the assem-
bly of complexes that regulate gene expression.

Antibody-secreting B cells are generated throughout life via a
developmental pathway called B lymphopoiesis (1). At an early
stage in this process, B cell progenitors undergo a developmen-
tal transition that results in suppression of residual multi-lin-
eage potentiality and commitment to a B cell fate. This transi-
tion coincides with dramatic changes in gene expression,
resulting in the up-regulation of B cell-specific genes and the
down-regulation of genes that promote alternative lineage fates
(2–5). In addition, B cell progenitors must express functional
immunoglobulin heavy and light chain proteins to develop into

mature B cells. Expression of these proteins requires rearrange-
ment of the encoding loci as controlled by transcriptional and
epigenetic mechanisms (6, 7). Thus, B lymphopoiesis relies on
elaborate mechanisms of gene regulation to generate B cells
that can respond to antigens and make antibodies.
In our previous study (8), we described a novel mouse strain

named Justy (for just T cells). This strain carries a chemically
induced point mutation that, in the homozygous state, causes a
profound arrest in B lymphopoiesis but does not affect other
major aspects of mouse physiology. The identified develop-
mental defect coincideswith sustained expression of genes nor-
mally targeted for repression during the early stages of B lym-
phopoiesis. These data suggest that the mutation impairs
mechanisms required for gene repression in developing B cells.
The lesion responsible was shown to be a point mutation that
disrupts splicing of RNA transcribed from the Gon4l (Gon4-
like) gene, resulting in dramatically reduced expression of the
encoded protein. Collectively, these data demonstrate that
Gon4l is required for B lymphopoiesis and suggest that this
protein is important for the regulation of gene expression dur-
ing this process.
Studies of Caenorhabditis elegans,Drosophila melanogaster,

and zebrafish have also provided evidence that Gon4l is impor-
tant for the regulation of gene expression in developmental
pathways (9–13). For example, a null mutation in the zebrafish
Gon4l ortholog disrupts the expression of critical erythroid
genes and severely impairs primitive erythropoiesis (11). Also,
studies of mutant zebrafish have suggested that the absence of
Gon4l results in cell cycle arrest and increased cellular apopto-
sis in developing embryos (11, 12). Themechanisms underlying
these latter effects are not known, but they could reflect disrup-
tion of gene regulation during development.
Despite its apparent biological importance, the function of

Gon4l is essentially unknown. In this study, we used biochem-
icalmethods to demonstrate thatGon4l can support the forma-
tion of complexes that contain the DNA-binding protein YY1,
the co-repressor Sin3a, and the histone-modifying enzyme his-
tone deacetylase 1 (HDAC1).2 Using a reporter gene assay, we
established that Gon4l can inhibit the activity of a target pro-
moter. Moreover, mutational analysis demonstrated that a* This work was supported, in whole or in part, by National Institutes of Health
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highly conserved region in the center of Gon4l was required for
both interactionwith YY1, Sin3a, andHDAC1 and inhibition of
promoter activity. Our data support a model in which Gon4l
functions together with YY1 and/or Sin3a/HDAC-containing
complexes to regulate gene expression, which may represent a
mechanism important for B lymphopoiesis and other develop-
mental pathways.

EXPERIMENTAL PROCEDURES

Analysis of Gon4l Protein Homologies—Putative protein
structural domains were identified using the SMART (14, 15)
and NCBI BLAST databases. Protein sequence conservation
was determined using Vector-NTI software (Invitrogen).
Accession numbers for the analyzed protein sequences are:
NM_139118 (human YY1AP), NP_001032622 (human
GON4L), Q9DB00 (mouse Gon4l), ABP65284 (Danio rerio
Gon4l), NP_001097352 (D. melanogaster Cdp1), and
NM_001129314 (C. elegans GON-4).
Cell Culture—The B cell lines M12.4.1 (M12) (16), HAFTL1

(17), 38B9 (18), and 18.81A20 (19) were cultured in RPMI 1640
supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin, 100 �g/ml streptomycin, 2 mM L-glutamine, and 50 �M

2-mercaptoethanol. Human embryonic kidney 293T cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin,
100 �g/ml streptomycin, 1 mM sodium pyruvate, and 2 mM

L-glutamine.
Generation of M12 Cells Expressing FLAG-Gon4l—A DNA

fragment encoding FLAG-Gon4l was ligated into the
pEFOP.neo expression vector. pEFOP.neo was generated by
replacing the Rous sarcoma virus promotor fragment in
pOPRSV5.neo (20) with the EF1� promotor fragment from
pEF-BOS (21). M12 cells were electroporated with pEFOP-
FLAG-Gon4l or empty pEFOP.neo as described previously
(22). Clonal cell lines were selected for and maintained in the
medium described in the preceding section but containing 400
�g/ml G418 sulfate.
Plasmids and Transient Transfections—pcDNA3.1 (Invitro-

gen) was used as the backbone for all Gon4l expression con-
structs. A synthetic oligonucleotide duplex encoding the FLAG
epitope tag was fused in-frame at the 5� end of Gon4l coding
sequences to generate plasmids that express FLAG-Gon4l pro-
teins. A DNA fragment from pCMV-BD (Stratagene) encoding
the GAL4 DNA-binding domain (DBD) was used to generate
plasmids that express GAL4-DBD-Gon4l fusion proteins.
pSPORT-YY1 and pCMV-SPORT6-HDAC1 were purchased
from Open Biosystems. The latter plasmid was used to PCR
amplify HDAC1 cDNA, which was then inserted into
pCMV-HA (Clontech) to generate pCMV-HA-HDAC1. The
expression plasmid CS2�MT-Sin3a (23) was provided by Dr.
Donald Ayer (University of Utah). All of the transfections were
performed using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.
Immunoprecipitations (IPs) Using Whole Cell Lysates—The

cells were suspended in a lysis buffer containing 50 mM Tris-
HCl, pH 8.0, 120 mMNaCl, 0.5% Nonidet P-40, 0.2 mM sodium
orthovanadate, 100 mM NaF, 50 �g/ml PMSF, and protease
inhibitor mixture (Roche Applied Sciences). The lysates were

gently rotated at 4 °C for 15 min and centrifuged at 16,100 � g
for 10 min, after which supernatants were collected. To immu-
noprecipitate YY1 from M12 cell lysates, anti-YY1 antibody
(SantaCruz; sc-1703) andproteinG-agarose beads (SantaCruz;
sc-2002) were used. For all other IP experiments, Dynal protein
G beads (Invitrogen) coated with the appropriate antibodies
were used as described (20). For sequential IPs, material recov-
ered in the first IP was incubatedwith 100�g/ml FLAGpeptide
(Sigma) in lysis buffer, and eluted material was used for the
second IP. For single-round IPs or the second round of sequen-
tial IPs, immunoprecipitates were eluted with 1� NuPAGE
sample buffer (Invitrogen). Antibodies used for IPs were: anti-
FLAG (Sigma; clone M2), anti-mSin3a (Santa Cruz; sc-994), or
anti-HDAC1 (Santa Cruz; sc-7872). Control IPs were per-
formed using nonspecific mouse or rabbit IgG (Santa Cruz).
Nuclear Extract Preparation and IP—The nuclear extracts

were prepared using previously described buffers (24). All of the
procedures were done on ice or at 4 °C. 3 � 108 cells were
washedwith PBS and resuspended in three packed cell volumes
of Buffer A. The cells were incubated for 10 min, after which
Nonidet P-40was added to a final concentration of 0.25%. After
incubation for 10 min, the cells were transferred to a Dounce
homogenizer (Kontes) and processed through the homoge-
nizer 50 times with pestle B. The nuclei were pelleted by cen-
trifugation at 700 � g for 10 min and resuspended in three
packed cell volumes of Buffer B. The nuclei were transferred to
aDounce homogenizer, processed through the homogenizer 50
times with pestle B, rotated at 4 °C for 1 h, and then centrifuged
at 16,100 � g for 10 min. Supernatants were collected and dia-
lyzed against Buffer D for 4 h. Recovered material was centri-
fuged at 16,100� g for 10min, and supernatantwas collected as
nuclear extract. IPs were performed as described in the preced-
ing section except that Buffer D lacking or containing 0.5%
Nonidet P-40 was used as reaction and wash buffer.
Sucrose Gradient Centrifugation—M12 cells were lysed in

PBS containing 0.5% Triton X-100 and 1 mM EDTA (25). Cell
lysates were separated by centrifugation for 16 h at 41,000 rpm
in a swinging bucket rotor (Beckman SW41Ti). Sedimentation
standards (Bio-Rad precision plus standards mixed with Sigma
thyroglobulin) were separated through gradients run in parallel
with those used to separate cell lysates. The gradients were
collected in 500-�l fractions and analyzed by immunoblot.
SDS-PAGE and Immunoblot Analysis—The proteins were

separated by electrophoresis through 7% or 3–8% NuPAGE
gels (Invitrogen) and transferred to PVDF (Millipore). The
membranes were probed with the following antibodies: affini-
ty-purified polyclonal anti-Gon4l antibodies (8) (supplemental
Fig. S2), anti-FLAG (Sigma; clone M2), anti-YY1, anti-Myc,
anti-HDAC1, anti-mSin3a, anti-GAL4-DBD (Santa Cruz;
sc-1703, -40, -7872, -994, and -510, respectively), or anti-HA
(Roche Applied Sciences; clone 3F10). Donkey anti-mouse or
anti-rabbit IgG HRP (Santa Cruz; sc-2314 and -2313) was used
as secondary antibody. Membrane-bound antibody complexes
were visualized by chemiluminescence (SuperSignalWest Pico,
Thermo Scientific).
Immunofluorescent Confocal Microscopy—293T cells were

transfected, replated 24 h later onto poly-L-lysine-coated cov-
erslips, and cultured overnight. The cells were fixed with ice-
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cold methanol and permeabilized with 0.2% Triton X-100 in
PBS. After incubation with 5% normal goat serum (Sigma), the
cells were incubated overnight at 4 °C with primary antibodies
diluted in blocking solution. The cells were washed and incu-
bated with goat anti-rabbit antibodies conjugated to Alexa
Fluor 568 and/or goat anti-mouse antibodies conjugated to
Alexa Fluor 488, washed, and stained with TO-PRO-3 to visu-
alize nuclei. The images were acquired using a Zeiss 510 confo-
cal microscope attached to a digital camera. Primary antibodies
used were: anti-FLAG (Sigma; clone M2 or polyclonal F7425),
anti-YY1 (Santa Cruz; sc-281), or anti-Myc (Santa Cruz; sc-40,
clone 9E10).
Luciferase Reporter Assays—293T cells cultured in 24-well

plates were transfected with 100 ng of the plasmid pUAS-TK-
Luc (provided byDr. ChristopherGlass, UCSD) (26, 27), 2 ng of
the plasmid pRL-CMV (Renilla luciferase, Promega), and
increasing amounts of expression plasmids encoding FLAG-
Gon4l, GAL4-Gon4l fusions, or the GAL4-DBD. The total
amount of DNA transfected was adjusted to 0.8 �g by adding
pcDNA3.1 lacking a cDNA insert. 24 h after DNA was added,
the cell lysates were prepared, and firefly and Renilla luciferase
activities were determined using the dual luciferase reporter
assay system (Promega) following the manufacturer’s instruc-
tions. All of the samples were analyzed in triplicate, and the
values obtained were used to calculate averages and standard
deviations.

RESULTS

Gon4l Contains Homology to Transcriptional Regulators—
We and others (8, 11, 28) have used bioinformatic tools to
identify structural motifs that may be formed by Gon4l (Fig.
1A). The N-terminal portion of mouse Gon4l (amino acids

1–610) is highly acidic (pI of 4.1) and contains a putative
nuclear localization sequence (NLS) that is conserved among
vertebrate orthologs. Adjacent to the NLS is a region with weak
homology to nucleoplasmins, which have key roles in the reg-
ulation of chromatin structure (29). The central domain of
Gon4l (amino acids 611–1364) is 78% similar to the human
protein YY1AP (YY1-associated protein), which can interact
with DNA-binding protein YY1 and influence YY1-mediated
transcriptional regulation (30). The gene encoding YY1AP is
unique to primates and was apparently generated by partial
duplication of GON4L (31). Amino acids 1600–1850 of Gon4l
span two separate regions that each have strong homology
to the consensus paired amphipathic helix (PAH) repeat
sequence. The mammalian transcriptional co-repressors Sin3a
and Sin3b each contain four PAH repeats, which mediate pro-
tein-protein interactions important for transcriptional regula-
tion (e.g. binding to HDACs) (32). Lastly, NMR analysis (Pro-
tein Data Bank accession code 1UG2) indicates that sequences
near the C terminus of mouse Gon4l (amino acids 2171–2222)
formahelix-loop-helix structure called a SANTdomain (SWI3,
ADA2, N-CoR, and TFIIIB) (33). This motif can mediate pro-
tein-protein interactions involved in transcriptional regulation
(for example, see Ref. 34).
We used the algorithm ClustalW to identify the most highly

conserved amino acids among Gon4l proteins from inverte-
brate and vertebrate species (Fig. 1B). Consistent with roles in
Gon4l function, sequences spanning the putative domains
described above were all highly conserved. Themost conserved
stretches (�90% similarity) were within two segments near the
N terminus of the YY1AP homology region (amino acids 700–
730 and 799–829; supplemental Fig. S1). Based on studies of
YY1AP, these residues may be important for interaction with
YY1 (30).
Gon4l Interacts with the Transcription Factor YY1—To

detect Gon4l expression in cells, we generated two different
anti-Gon4l polyclonal antibodies as described previously (8).
One antibody preparation is specific for the C-terminal region
of Gon4l, and the other is specific for a fragment within the
YY1AP homology region (supplemental Fig. S2A). The C-ter-
minal antibodies detected full-length Gon4l and a slightly
smaller protein inwhole cell lysates (WCLs) froma set ofmouse
transformed B cell lines (supplemental Fig. S2B, top panel).
Both of these proteins were detected in WCL from primary
pro-B cells (8), suggesting that they are characteristically
expressed in B lineage cells. Antibodies specific for the YY1AP
homology region also detected full-length Gon4l but not the
smaller species (supplemental Fig. S2C), suggesting the latter is
either a Gon4l isoform that lacks the YY1AP homology region
or a protein encoded by another gene that cross-reacts with the
C-terminal Gon4l antibodies.
Given the homology to YY1AP, we determined whether

mouse Gon4l and YY1 could interact. WCLs were prepared
fromM12 B cells and used to perform IPs with control IgG and
YY1 antibodies. Immunoblot analysis of the recoveredmaterial
using the C-terminal Gon4l antibodies showed that Gon4l co-
immunoprecipitated with YY1 (Fig. 2A). The same result was
obtained when Gon4l antibodies raised against the YY1AP
homology domain were used to immunoblot material recov-

FIGURE 1. Putative domains and amino acid sequence conservation in
Gon4l. A, schematic of mouse Gon4l showing the locations of structural
domains predicted to be formed based on bioinformatic analysis of the pri-
mary amino acid sequence. Descriptions of the indicated domains are pro-
vided in the text. B, similarity (top plot) and absolute complexity (bottom plot)
plots generated using the ClustalW program to compare the amino acid
sequences of human YY1AP and Gon4l proteins from human, mouse,
zebrafish, D. melanogaster, and C. elegans. The similarity plot was generated
by assigning values between 0 and 1 to each of the amino acids in the differ-
ent Gon4l proteins, with values being directly proportional to the similarity of
each residue to the corresponding amino acid in the consensus sequence.
The values shown represent the sums of values for each amino acid position
divided by the number of sequences analyzed. The absolute complexity plot
was generated by performing pair-wise substitutions between all of the
sequences analyzed. Scores were assigned to each pair-wise substitution that
are directly proportional to the similarity between the amino acids involved.
The values shown are the sums of all scores generated by pair-wise compar-
ison divided by the number of pairs analyzed. The black boxes above the
similarity plot span the most highly conserved regions of Gon4l.
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ered by IP (data not shown). Notably, the recovered material
did not contain the smaller protein detected in M12WCL by
the C-terminal Gon4l antibodies. This result is consistent
with the apparent absence of the YY1AP homology in this
protein as shown by immunoblot analysis (supplemental Fig.
S2, B and C).
Wenext determinedwhetherYY1 andGon4l expressed from

plasmids could interact, thus allowing us to define parts of
Gon4l required for interaction with YY1 (see Fig. 8). A plasmid
encoding FLAG epitope-tagged Gon4l (FLAG-Gon4l) was
transiently co-transfected into 293T cells together with a plas-
mid encoding mouse YY1. Lysates from transfected cells were
used to perform IPs with control IgG and FLAG antibodies.
Immunoblot analysis demonstrated that YY1 specifically co-
immunoprecipitated with FLAG-Gon4l (Fig. 2B). We also
determined whether FLAG-Gon4l and YY1 co-localized in
cells. The expression plasmids described above were co-trans-
fected into 293T cells, which were then stained with the appro-
priate antibodies and analyzed by immunofluorescent confocal
microscopy (Fig. 2C). FLAG-Gon4lwas detected in the nucleus,
whereas YY1was seen in both the cytoplasm and the nucleus as
previously reported (35). Among 60 cells staining positive for
both proteins, 57 (�95%) showed overlapping nuclear localiza-
tion of YY1 andGon4l. These data demonstrate that Gon4l and
YY1 interact in cells and co-localize within the nucleus.
Gon4l Co-sediments with YY1, Sin3a, andHDAC1—To iden-

tify other proteins that associate with Gon4l, density gradient
sedimentation analysis was performed. WCLs from M12 cells

were separated in 20–50% linear sucrose gradients by centrifu-
gation. Protein standards were separated in identical gradients
run in parallel so that molecular masses could be assigned to
regions of the gradients. After centrifugation, gradient fractions
were collected, and those containing M12WCL were analyzed
by immunoblot (Fig. 3A). A portion of the Gon4l protein
expressed in M12 cells was detected in fractions containing
species with molecular masses of �250 kDa, which is roughly
themass of monomeric Gon4l. However, themajority of Gon4l
expressed inM12 cells was found in gradient fractions contain-
ing species with molecular masses greater than 670 kDa, sug-
gesting that Gon4l within these fractions was stably associated

FIGURE 2. Mouse Gon4l interacts with the zinc finger DNA-binding pro-
tein YY1. A, co-IP of YY1 and Gon4l from M12 WCLs. Anti-YY1 antibodies were
used to IP YY1 from WCL. Nonspecific IgG was used to perform control IPs in
parallel. Recovered material was immunoblotted with antibodies specific for
the C terminus of Gon4l (top panel) or YY1 (bottom panel). The wedges at the
top of the blots signify that serially increased amounts of sample were loaded.
The asterisk in the top panel marks the position of Gon4l. B, co-IP of YY1 and
FLAG-Gon4l expressed in transfected 293T cells. Anti-FLAG and nonspecific
IgG were used to IP proteins from 293T WCLs. Recovered material was immu-
noblotted with antibodies specific for the FLAG epitope to detect Gon4l (top
panel) or those specific for YY1 (bottom panel). C, co-localization of Gon4l and
YY1 in the nucleus. The images shown were obtained by immunofluorescent
confocal microscopy of 293T cells expressing FLAG-Gon4l and YY1 from
transfected plasmids as noted at the left. 293T cells transfected with expres-
sion plasmid lacking a cDNA insert were used as a control. The cells were
stained with anti-FLAG and anti-YY1 antibodies and then with the nuclear
stain TO-PRO-3. The reagents used for staining are noted at the top. Yellow
color in the merged images signifies co-localization of FLAG-Gon4l and YY1.
All of the data shown are representative of at least three independent exper-
iments. MW, molecular mass.

FIGURE 3. Gon4l interacts with the transcriptional co-repressor Sin3a and
its functional partner HDAC1. A, co-sedimentation of Gon4l, YY1, Sin3a, and
HDAC1 in sucrose density gradients. WCLs from M12 cells were loaded onto
the top of a 20 –50% sucrose gradient. After centrifugation, the fractions indi-
cated across the top of the panel (odd numbers only are shown) were col-
lected and analyzed by immunoblot using the antibodies listed on the right
side of the panel. M12 WCL was used as a positive control for immunoblots
(left side of panel). Protein standards were separated in parallel gradients, and
fractions containing these are indicated at the top of the panel. The data
shown are representative of at least three independent experiments. B, co-
immunoprecipitation of Gon4l, Sin3a, and HDAC1 from M12 cell nuclear
extracts (NE). Sin3a antibodies and nonspecific IgG were used to IP proteins
from M12 NE. Recovered material was immunoblotted with antibodies spe-
cific for Gon4l (top panel), Sin3a (middle panel), or HDAC1 (bottom panel). M12
NE was used as a positive control for immunoblots. C, co-immunoprecipita-
tion of FLAG-Gon4l and Myc-tagged Sin3a (Myc-Sin3a) expressed in trans-
fected 293T cells. Anti-FLAG and nonspecific IgG were used to immunopre-
cipitate proteins from 293T WCLs. Recovered material was immunoblotted
with antibodies specific for the FLAG or Myc epitopes to detect FLAG-Gon4l
(top panel) and Myc-Sin3a (bottom panel), respectively. The wedges at the top
of the blots signify that serially increased amounts of sample were loaded.
293T WCLs were used as control for immunoblots. D, co-localization of Gon4l
and Sin3a in the nucleus. The images shown were obtained by immunofluo-
rescent confocal microscopy of 293T cells expressing FLAG-Gon4l and Myc-
Sin3a from transfected plasmids. 293T cells transfected with expression plas-
mid lacking a cDNA insert were used as a control (data not shown). The cells
were stained with anti-FLAG and anti-Myc antibodies and then with
the nuclear stain TO-PRO-3 as noted at the top of the panel. Yellow color in the
merged images signifies co-localization of FLAG-Gon4l and Myc-Sin3a. The
upper and lower sets of panels are each from an independent experiment. All
of the data shown are representative of at least three independent experi-
ments. MW, molecular mass.
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with other factors. Further, a substantial amount of YY1 was
detected in the same high molecular mass fractions.
Our previous study showed that the lack of Gon4l impairs

gene repression in B cell progenitors (8). Because protein com-
plexes containing HDACs are critical for gene repression, we
determined whether Gon4l co-sedimented with HDACs and
their functional partners. Immunoblot analysis revealed that
HDAC1 and its associated co-repressor, Sin3a, were contained
within the same high molecular mass fractions as Gon4l and
YY1 (Fig. 3A). These results suggested that Sin3a and HDAC1
interact with Gon4l.
Gon4l Interacts with the Co-repressor Sin3a and Its Func-

tional Partner HDAC1—We next determined whether Gon4l,
Sin3a, and HDAC1 expressed in M12 cells could interact as
suggested by the gradient analysis. Nuclear extracts were pre-
pared fromM12 cells and used to perform IPs with control IgG
and Sin3a antibodies (Fig. 3B). As expected, HDAC1 was spe-
cifically recoveredwith Sin3a. In addition, Gon4l was recovered
with Sin3a, indicating the two proteins associate in M12 cells.
We also determined whether YY1 expressed by M12 cells co-
immunoprecipitated with Gon4l, Sin3a, and HDAC1. YY1 was
recovered with the other three proteins when IPs were per-
formed using Sin3a antibodies, but only when the reaction and
wash buffers used lacked detergent (supplemental Fig. S3).
These data suggest that YY1 associates with a subset, rather
than most or all, of the complexes formed by Gon4l, Sin3a, and
HDAC1 in M12 cells.
Wenext determinedwhether Sin3a andGon4l could interact

when expressed from plasmids in transfected cells. An expres-
sion plasmid encodingMyc-Sin3awas co-transfected into 293T
cells together with that encoding FLAG-Gon4l. Lysates were
prepared from transfected cells and used to perform IPs with
control IgG and anti-FLAG antibodies. Immunoblot analysis
of recovered material demonstrated that Sin3a was co-immu-
noprecipitated with Gon4l (Fig. 3C). We also determined
whether Gon4l and Sin3a co-localize in cells. Expression plas-
mids encoding FLAG-Gon4l orMyc-Sin3a were transiently co-
transfected into 293T cells, which were then stained with
antibodies that recognize the FLAG or Myc epitope tags.
Immunofluorescent confocal microscopy analysis showed that
both Sin3a and Gon4l localized almost exclusively to the
nucleus (Fig. 3D). Although the distribution of Sin3a was
slightly broader than that ofGon4l, substantial overlap between
the localization patterns of the two proteins was observed.
FLAG-Gon4l Expressed from a Transgene Associates with

Endogenous Sin3a, HDAC1, and YY1—To confirm the findings
described above, we created a system inwhichGon4l expressed
in M12 cells could be directly targeted for IP. Thus, we gener-
ated an M12 cell line (M12FG4L) that contains a stably inte-
grated transgene encoding FLAG-Gon4l. Immunoblot analysis
demonstrated that FLAG-Gon4l was expressed in M12FG4L
cells and that the total amount ofGon4l protein present in these
cells was similar to that maintained in parental M12 cells (Fig.
4A). Sucrose gradient sedimentation analysis of M12FG4L
WCL demonstrated that FLAG-Gon4l distributed in the gradi-
ent in a manner essentially identical to that of native Gon4l,
with the majority of FLAG-Gon4l being detected in fractions
containing highmolecular mass species (supplemental Fig. S4).

As expected, these fractions also contained YY1. FLAG anti-
bodies were used to immunoprecipitate FLAG-Gon4l from
M12FG4L WCLs. Immunoblot analysis of recovered material
demonstrated that Sin3a, HDAC1, and YY1 all co-immunopre-
cipitated with FLAG-Gon4l (Fig. 4B). As observed when Sin3a
was targeted for IP, a limited amount of YY1was recoveredwith
FLAG-Gon4l, Sin3a, and HDAC1. This result again suggests
that YY1 associates with only a subset of Gon4l-containing
complexes formed in cells. These data confirm thatGon4l asso-
ciates with Sin3a, HDAC1, and YY1 when all are expressed at
physiologic levels within cells.
Gon4l, YY1, Sin3a, and HDAC1 All Associate as Components

of a Single Complex—We next determined whether Gon4l
could simultaneously interact with Sin3a and YY1. All three
proteins were co-expressed in 293T cells, and IPs were per-
formed using WCLs and anti-FLAG antibodies. FLAG-Gon4l,
Sin3a, and YY1 were all detected in the recovered material
(Fig. 5A, left panel). Sequential IP analysis was then performed:
anti-FLAG antibodies were used for the first IP to capture
Gon4l-containing complexes, and the recovered material was
subjected to a second IP using anti-Sin3a antibodies, thus
capturing Sin3a-containing complexes. Immunoblot analysis
showed thatGon4l, Sin3a, andYY1were all recovered by this pro-

FIGURE 4. Gon4l expressed at low levels from a stable transgene associ-
ates with endogenous Sin3a, HDAC1, and YY1. A, characterization of
M12FG4L B cells, which express FLAG-Gon4l from a stably integrated trans-
gene. M12 B cells were transfected with an expression plasmid encoding
FLAG-Gon4l, and stable transfectants were obtained by drug selection, gen-
erating the M12FG4L line. M12FG4L WCLs were immunoblotted with anti-
bodies specific for the FLAG epitope (top panel), the C terminus of Gon4l
(middle panel), or �-actin (bottom panel), with the latter confirming equal
protein loading in each lane. B, FLAG-Gon4l associates with endogenous
Sin3a, HDAC1, and YY1. Anti-FLAG and nonspecific IgG were used to IP pro-
teins from M12FG4L WCLs. Material recovered by IP was immunoblotted with
the antibodies indicated on the right side of the panel to detect FLAG-Gon4l,
Sin3a, YY1, and HDAC1. WCLs from M12FG4L and parental M12 cells were
included in the immunoblot as controls. All of the data shown are represen-
tative of three independent experiments. MW, molecular mass.
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cedure (Fig. 5A, right panel), demonstrating that these three pro-
teins could interact as parts of a single complex.
Sequential IP analysis was performed to determine whether

HDAC1 could associate with the complex formed by Gon4l,
YY1, and Sin3a. Expression plasmids encoding the four pro-
teins were co-transfected into 293T cells, and sequential IPs
were carried out to first isolate complexes containing Gon4l
and then those containing HDAC1. All four proteins were
recovered by both the first and second IPs (Fig. 5B). Similar
results were obtained when anti-Sin3a antibodies were used for
the second IP instead of those for HDAC1 (data not shown).
These results demonstrate that HDAC1 binds to the complex
formed by Gon4l, YY1, and Sin3a.
Gon4l Tethered to DNA Can Inhibit the Activity of a Nearby

Promoter—The finding that Gon4l associates with Sin3a and
HDAC1 supports the conclusion that Gon4l functions in path-
ways that mediate gene repression. This idea is consistent with
data from our previous study, which showed that the lack of
Gon4l impairs repression of non-B-lineage genes in developing
B cells (8). To determine whether Gon4l can mediate gene
repression, we employed a reporter gene assay system in which
Gon4l was directed toDNA-binding sites located upstream of a

target promoter (Fig. 6A). An expression plasmid was con-
structed that encodes the DNA-binding domain of yeast GAL4
(GAL4-DBD) fused to the N terminus of Gon4l (GAL4-Gon4l).
As controls, expression plasmids encoding the GAL4-DBD
only or FLAG-Gon4l were used. Immunoblot analysis ofWCLs
from293T cells transfectedwith these plasmids confirmed pro-
tein expression (Fig. 6A). Different amounts of each expression
plasmid were transiently transfected into 293T cells together
with a plasmid containing a reporter gene. This reporter gene
consists of an upstream activating sequence (UAS) encoding
five GAL4-binding sites upstream of a promoter element from
the herpes simplex virus that drives expression of firefly lucif-
erase (26, 27). As a control, empty expression plasmid was
co-transfected with the reporter construct. A plasmid that
expresses Renilla luciferase was included in all transfections.
24 h after the DNA was added, cell lysates were prepared and
analyzed for firefly and Renilla luciferase activities, with the
latter being used to normalize transfection efficiencies. Relative
to the control, luciferase activity was decreased in a dose-de-
pendent manner when the GAL4-Gon4l expression plasmid
was co-transfected with the reporter plasmid (Fig. 6B). In con-
trast, co-transfection of the FLAG-Gon4l expression plasmid

FIGURE 5. Gon4l, YY1, Sin3a, and HDAC1 can associate as parts of a single
complex. 293T cells were co-transfected with the combination of expression
plasmids indicated at the bottom of each panel. WCLs from transfected cells
were subjected to sequential IPs. Nonspecific IgG was used to perform control
IPs. Aliquots of material recovered from each IP were immunoblotted with
antibodies that detect FLAG-Gon4l, Myc-Sin3a, YY1, or HA-HDAC1. The
wedges at the top of the blots signify that serially increased amounts of WCLs
were loaded. A, Gon4l, YY1, and Sin3a are all components of a single complex.
Left panel, immunoblot analysis of proteins recovered by the first IP, which
was performed using anti-FLAG antibodies. Right panel, immunoblot analysis
of proteins recovered by the second IP, which was performed using anti-
Sin3a antibodies. B, Gon4l, YY1, Sin3a, and HDAC1 are all components of a
single complex. Left panel, immunoblot analysis of proteins recovered by the
first IP, which was performed using anti-FLAG antibodies. Right panel, immu-
noblot analysis of proteins recovered by the second IP, which was performed
using anti-HDAC1 antibodies. Immunoblotting for HA-HDAC1 was done
using membranes already bound by YY1 antibodies, producing the signals
marked with asterisks. All of the data shown are representative of at least
three independent experiments. MW, molecular mass.

FIGURE 6. The Gon4l protein can repress transcription when bound to
DNA near a promoter. A, schematic (upper panel) representing the luciferase
reporter gene used and the GAL4-Gon4l fusion protein. FLAG-Gon4l is fused
at the N terminus to the DBD of the yeast protein GAL4. Expression plasmids
encoding FLAG-Gon4l or GAL4-DBD were used as controls. The UAS-TK-Lucif-
erase reporter gene consists of a UAS encoding five tandem GAL4-binding
sites upstream of the TK promoter region that drives luciferase expression.
Immunoblots (lower panels) confirmed expression of the indicated proteins.
B–D, 293T cells were co-transfected with the UAS-TK-Luciferase reporter con-
struct and the indicated amounts of the relevant expression plasmids. A plas-
mid expressing Renilla luciferase was also co-transfected to provide a normal-
ization control. 24 h after the addition of DNA, the cells were harvested, and
the lysates were analyzed for firefly and Renilla luciferase activities. Graphs
show the normalized luciferase activity (y axis) expressed from the reporter
plasmid when co-transfected with the indicated amount of expression plas-
mid (x axis): GAL4-Gon4l (B), FLAG-Gon4l (C), or GAL4-DBD (D). The values
shown are the averages and standard deviations of triplicate samples after
normalization to Renilla luciferase activity. All of the plots are representative
of data obtained from at least three independent experiments. MW, molecu-
lar mass.
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had essentially no effect on luciferase activity (Fig. 6C), whereas
co-transfection of the GAL4-DBD only expression plasmid
modestly increased luciferase activity (Fig. 6D). These data
show that Gon4l bound to DNA can repress the activity of a
nearby promoter.
The YY1AP Homology Region of Gon4l Mediates Both Tran-

scriptional Repression and Interaction with YY1, Sin3a, and
HDAC1—To determine the regions of Gon4l required to
repress reporter gene activity, we constructed expression plas-
mids encoding Gon4l C-terminal truncation mutants fused to
theGAL4-DBD (Fig. 7A). Expression of the encoded proteins in
transiently transfected 293T cells was confirmed by immuno-
blot (Fig. 7B). The reporter gene assay showed that luciferase
activity was decreased when the reporter construct was co-
transfected with an expression plasmid encoding either a
GAL4-Gon4l fusion protein lacking sequences encoding the
SANT domain or one lacking those spanning both the SANT
domain and PAH repeats (Fig. 7, C and D). In contrast, co-
transfection of the reporter gene with an expression plasmid
encoding aGAL4-Gon4l fusion lacking sequences spanning the
YY1AP homology region did not reduce luciferase activity (Fig.
7E), despite greater expression of this protein relative to the
other GAL4-Gon4l fusion proteins (Fig. 7B). These data indi-

cate that transcriptional repression by Gon4l requires the
region spanning the YY1AP homology.
To correlate these results with the ability to interact with

Sin3a and HDAC1, expression plasmids encoding the Gon4l
C-terminal truncation mutants fused to the FLAG epitope tag
were generated and used for IP studies (Fig. 8A). Each of these
proteins was expressed in 293T cells together with Sin3a,
HDAC1, and YY1 (Fig. 8B, left panel). WCLs from these cells
were used to conduct IPs with control or FLAG antibodies.
Recovered material was probed for the presence of Myc-Sin3a,
YY1, and HA-HDAC1 (Fig. 8B, right panel). The lack of amino
acid sequences spanning the SANT domain and the two PAH
repeats had no obvious effect on interactions between Gon4l
and the other proteins. However, the absence of the YY1AP
homology region in Gon4l prevented association with Sin3a
and HDAC1 as well as that with YY1. Thus, the YY1AP homol-
ogy region in Gon4l is required for both transcriptional repres-
sion and association with Sin3a and HDAC1. These data sup-
port the conclusion that repression of promoter activity by
Gon4l involves interaction with Sin3a and HDAC1.

DISCUSSION

Gon4l orthologs are found throughout the phylogeny ofmul-
ticellular organisms (31). Studies of mutations in invertebrate
and vertebrate species have demonstrated that Gon4l is impor-
tant for several developmental processes, including somite for-
mation, erythropoiesis, and B lymphopoiesis (8–13, 36). Fur-
ther, these studies have provided evidence thatGon4l functions

FIGURE 7. The YY1AP homology domain of Gon4l is required for tran-
scriptional repression. A, schematic showing the structures of GAL4 DBD-
Gon4l fusion proteins used for the experiments shown in B–E. B, immunoblot
analysis of whole cell lysates from 293T cells transfected with the indicated
GAL4 DBD-Gon4l expression plasmids. Anti-GAL4 antibodies were used for
the immunoblot. C–E, 293T cells were co-transfected with the pUAS-TK-Lucif-
erase reporter construct and the indicated amounts of GAL4 DBD-Gon4l
expression plasmids. A plasmid expressing Renilla luciferase was also
co-transfected to provide a normalization control. Graphs show the normal-
ized luciferase activity (y axis) expressed from the reporter plasmid when
co-transfected with the indicated amount of GAL4-Gon4l expression plasmid
(x axis). All of the plots are representative of data obtained from at least three
independent experiments. MW, molecular mass.

FIGURE 8. The YY1AP homology domain of Gon4l is required for associa-
tion with YY1 and Sin3a/HDAC1. A, schematic showing the structures of
FLAG-Gon4l C-terminal truncation mutants used for the experiments shown
in B. B, 293T cells were transfected with expression plasmid lacking a cDNA
insert or with the indicated FLAG-Gon4l expression plasmid together with
expression plasmids encoding YY1, Myc-Sin3a, and HA-HDAC1. Left panel,
immunoblot analysis of WCLs probed with the indicated antibodies. Right
panel, FLAG antibodies were used to IP FLAG-Gon4l proteins from WCLs. Non-
specific IgG was used to perform control IPs in parallel. Recovered material
was immunoblotted with the indicated antibodies. The data shown are rep-
resentative of at least two independent experiments. MW, molecular mass.
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to regulate gene expression during these developmental pro-
cesses, yet nothing is known about the molecular function of
Gon4l. This report provides data supporting the conclusion
that Gon4l regulates gene expression by associating with YY1,
Sin3a, and HDAC1.
The central region of Gon4l bears strong homology to the

human protein YY1AP, which interacts with the zinc finger
transcription factor YY1 (30). Similar towhat has been reported
for YY1AP, we found Gon4l and YY1 co-immunoprecipitated
and co-localized in the nucleus. These data suggest that inter-
action with YY1 is one mechanism by which Gon4l and associ-
ated factors are recruited to target genes. In addition, our data
demonstrate that Gon4l, YY1, and Sin3a/HDAC1 form a com-
plex, which supports the idea that Gon4l functions in pathways
that mediate gene repression, as suggested by our previous
study (8). As components of a Gon4l-containing complex, YY1
and Sin3a/HDAC1 (and perhaps other factors that interact
with Sin3a) could serve DNA binding and catalytic functions,
respectively, resulting in repression of gene expression. Con-
sistent with this idea, our data demonstrate that Gon4l bound
to DNA can repress the activity of a nearby promoter. Notably,
we found that this activity and the ability to interact with YY1,
Sin3a, and HDAC1 both require the highly conserved YY1AP
homology inGon4l. These data suggest that the YY1AP homol-
ogy domain of Gon4l mediates the assembly of functionally
important complexes that, at least in some cases, contain Sin3a
and HDAC1.
Our data show that co-IP of YY1 with Gon4l is more difficult

to detect than Sin3a/HDAC1. Although multiple explanations
can be imagined, this result is nonetheless consistent with the
possibility that the extent of constitutive interaction between
YY1 and Gon4l is modest. This could reflect competition be-
tween YY1 and other DNA-binding proteins for interaction
with Gon4l-containing complexes. This idea is appealing given
the apparent central role of Gon4l in regulating B cell develop-
ment (8). This scenario would also be consistent with studies
showing that Sin3a, and thus likely complexes containing Sin3a,
can interact with several different DNA-binding proteins (32).
Functional roles for the SANT domain or PAH repeats in

Gon4l were not revealed by our study. However, it seems highly
likely that these domains are important for Gon4l function.
Indeed, it has been demonstrated that sequences spanning the
SANTdomain inGon4l are required to rescue erythropoiesis in
Gon4l mutant zebrafish (11). The PAH repeats in the Sin3 pro-
teins mediate interaction with transcription factors or with
non-DNA-binding co-factors (32, 37). Thus, the association of
Gon4l-containing complexes with DNA may in some cases
depend on interactions mediated by the PAH repeats (38, 39).
The importance of such interactions would likely depend on
the promoter structure of a given target gene. In addition, draw-
ing from the examples of Sin3a and Sin3b, the presence of two
PAH repeats in Gon4l suggests the ability to interact with other
proteins in addition to YY1 and Sin3a/HDAC1. In support of
this conclusion, Gon4l was detected in gradient fractions con-
taining complexes of at least 670 kDa in mass, which is larger
than the total molecular mass of Gon4l, YY1, and Sin3a/
HDAC1 combined (�520 kDa). Thus, it is likely that other co-
factors for Gon4l remain to be identified. Of note in this regard,

a recent report provided evidence that the PAH repeats and
SANT domain of zebrafish Gon4l mediate interaction with the
proteins MCM3 and MCM4 (12), which are important for
DNA replication but likely function in additional pathways
(40).
Our findings suggest that Gon4l functions by collaborating

with YY1 and Sin3a/HDAC1. YY1 is a highly conserved mem-
ber of the polycomb group protein family that mediates tran-
scriptional activation and repression (41). Several studies have
demonstrated that Sin3a functions as a transcriptional co-re-
pressor (32).However, both of these proteins likely have roles in
additional pathways, including those that control cell division,
genome stability, and DNA repair (42–45). Further, analysis of
mice engineered to lack YY1 in B cell progenitors has demon-
strated that YY1 has a role in immunoglobulin gene rearrange-
ment (36), a process that requires DNA repair. With regard to
Gon4l, studies of zebrafish bearing null mutations in theGon4l
ortholog ugly duckling have provided evidence that this protein
is important for cell division and genome stability in addition to
the regulation of gene expression (11, 12). These findings, com-
bined with our observations linking Gon4l to Sin3a and YY1,
suggest that Gon4l may be important for pathways in addition
to those that mediate gene repression. Thus, further character-
ization of the functional relationships betweenGon4l, YY1, and
Sin3a could not only increase our understanding of how gene
repression is enforced but may also provide novel insights
regarding mechanisms that regulate cell proliferation and
genome integrity.
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