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(Bacl(ground: The PHF6 gene is mutated in patients with Borjeson-Forssman-Lehmann syndrome, T-cell acute lympho-
blastic leukemia, and acute myeloid leukemia. The PHF6 protein is a newly identified interactor with the NuRD complex.
Results: The complex structure of the NoLS region of PHF6 bound to RBBP4 was solved.

Conclusion: By interacting with the RBBP4 component, PHF6 associates with the NuRD complex.

Significance: Association with the NuRD complex implicates a role for PHF6 in chromatin structure modulation and gene

J

The NuRD complex is a conserved transcriptional coregula-
tor that contains both chromatin-remodeling and histone
deacetylase activities. Mutations of PHF6 are found in patients
with Borjeson-Forssman-Lehmann syndrome, T-cell acute lym-
phoblastic leukemia, or acute myeloid leukemia. Recently,
PHF6 was identified to interact with the NuRD complex, and
this interaction is mediated by the RBBP4 component. However,
little is known about the molecular basis for the interaction.
Here, we present the crystal structure of the complex of the
NuRD subunit RBBP4 bound to the PHF6 peptide (residues
162-170). The PHF6 peptide binds to the top surface of the
RBBP4 f-propeller. A pair of positively charged residues of the
PHF6 peptide insert into the negatively charged pocket of
RBBP4, which is critical for the interaction between PHF6 and
RBBP4. Corresponding PHF6 mutants impair this interaction in
vitro and in vivo. Structural comparison shows that the PHF6-
binding pocket overlaps with FOG1 and histone H3 on RBBP4/
Nurf55, but it is distinct from the pocket recognizing histone
H4, Su(z)12, and MTA1. We further show that the middle dis-
ordered region (residues 145-207, containing the RBBP4-bind-
ing motif) is sufficient for the transcriptional repression medi-
ated by PHF6 on the GAL4 reporter, and knockdown of RBBP4
diminished the PHF6-mediated repression. Our RBBP4-PHF6
complex structure provides insights into the molecular basis of
PHF6-NuRD complex interaction and implicates a role for
PHF6 in chromatin structure modulation and gene regulation.
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Regulation of gene transcription relies on many multiprotein
complexes that are coordinately recruited and assembled onto
the specific chromatin region, acting by changing histone mod-
ification marks or by induction of conformational changes in
chromatin to fine-tune the transcriptional control of specific
sets of genes. The Mi-2/NuRD (nucleosome remodeling and
deacetylase) complex is one of the four major types of ATP-de-
pendent chromatin-remodeling complexes (1-3). The Mi-2/
NuRD core complex consists of ATPases of CHD3 (chromodo-
main helicase DNA-binding protein 3; also known as Mi-2«)
and CHD4 (also known as Mi-2[3); HDACI (histone deacety-
lase 1) and HDAC2; MBD2 (methyl-CpG-binding domain 2)
and MBD3; MTA1 (metastasis-associated gene 1), MTA2, and
MTAZ3; RBBP4 (retinoblastoma binding protein 4; also known
as RbAp48) and RBBP7 (also known as RbAp46); and p66« and
p66f3 (1-5). The NuRD complex is widely conserved in animal
and plant species and has been shown to play important roles in
gene expression regulation and development (6, 7). Addition-
ally, multiple lines of evidence show that the NuRD complex
functions primarily in gene transcriptional repression through
its association with diverse transcription factors (6, 8). How-
ever, the mechanism by which transcription-associated factors
recruit the NuRD complex to regulate specific gene expressions
is still not well understood.

PHFG6, located on the X chromosome, was first identified as
the gene associated with human Borjeson-Forssman-Lehmann
syndrome (OMIM 301900) (9, 10), an X-linked mental retarda-
tion disorder characterized by moderate-to-severe mental dis-
ability, epilepsy, hypogonadism, and obesity (11, 12). PHF6 was
identified as a new X-linked tumor suppressor gene (13). Inac-
tivating mutations, including missense, truncation, frameshift,
and deletion mutations, in the PHF6 gene have been detected in
T-cell acute lymphoblastic leukemia and acute myeloid leuke-
mia patients (13, 14). Recently, de novo aberrations in PHF6
were identified in female patients with Coffin-Siris syndrome
(OMIM 135900) and with a phenotype not identical to Borje-
son-Forssman-Lehmann syndrome (15, 16). These loss-of-
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function mutations and disruptions of the PHF6 gene may
selectively impair the tumor suppressor function or other
unknown functions of the protein. The PHF6 gene is highly
conserved among orthologs in other species and appears to be
absent from non-vertebrate genomes (17). The human PHF6
gene is highly expressed in the developing brain as well as in
other embryonic tissues (10, 13, 17). The PHF6 protein contains
two extended plant homeodomain zinc fingers and four puta-
tive nuclear localization sequences (NLSs)® for nuclear and
nucleolar localization, indicating the roles of PHF6 in transcrip-
tional regulation and ribosome biogenesis (10, 18).

PHE®6 has been found to be a novel interactor with the NuRD
complex in the nucleoplasm, which confirms a role for PHF6 in
modifying chromatin structure and gene regulation (19). Fur-
thermore, in our previous work, we showed that the PHF6 pro-
tein can directly interact with the NuRD complex component
RBBP4 and that the interaction is mediated by the nucleolar
localization sequence (NoLS) composed of NLS3 and NLS4 of
PHF6 (20). To study the molecular basis of this interaction, we
subsequently determined the crystal structure of RBBP4 in
complex with a PHF6 peptide (residues 157—171). The complex
structure reveals that the PHF6 peptide binds to the top surface
of the WD40 domain of RBBP4. The interaction between
RBBP4 and PHF6 is highly specific, and mutations or deletions
of the NoLS region of PHF6 reduced or abolished the interac-
tion in vitro and in vivo. The RBBP4-binding motif of PHF6 is
highly conserved in terrestrial vertebrates. In addition, we dem-
onstrated that the middle disordered region of PHF6 (residues
145-207, containing the RBBP4-binding motif) is sufficient for
transcriptional repression and that the repression is moderately
dependent on RBBP4. RBBP4 knockdown by shRNA reduced
the PHF6-mediated transcriptional repression.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—Full-length human
RBBP4 (residues 1-425) was cloned into a pFastBac HT-B vec-
tor encoding an N-terminal His, tag and a tobacco etch virus
protease cleavage site and expressed in Tn5 cells infected with
baculovirus using the Bac-to-Bac expression methodology
(Invitrogen) according to the manufacturer’s instructions.
Infected cells were resuspended on ice in lysis buffer (20 mm
Tris (pH 8.0) and 500 mm NaCl), lysed by sonication, and clar-
ified by centrifugation. The supernatant was incubated with
nickel-nitrilotriacetic acid beads (GE Healthcare) for2h at 8 °C.
The beads were collected and washed with lysis buffer contain-
ing 30 mm imidazole. RBBP4 was eluted with 0.5 M imidazole,
and the N-terminal His, tag was removed with tobacco etch
virus protease. RBBP4 was further purified with 16/60 Super-
dex 200 size exclusion columns (GE Healthcare) and concen-
trated up to 10 mg/mlin 20 mm Tris (pH 7.4) and 150 mm NaCl.

Peptide Synthesis—Wild-type PHF6 (residues 157-171) and
mutant peptides used in the study were chemically synthesized
by GL Biochem (Shanghai, China).

Isothermal Titration Calorimetry Experiments—Isothermal
titration calorimetry (ITC) experiments were performed using

3 The abbreviations used are: NLS, nuclear localization sequence; NoLS, nucle-
olar localization sequence; ITC, isothermal titration calorimetry.
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Crystal Structure of the RBBP4-PHF6 Complex

a MicroCal iTC200 titration calorimeter (GE Healthcare).
PHEF®6 peptides were injected into a sample cell containing 50
M RBBP4 in 20 mM Tris (pH 7.4) and 150 mm NaCl at 24 °C.
The titration data were analyzed using Origin 7 (OriginLab
Corp.), provided with the iTC200 calorimeter.

Protein Crystallization, Data Collection, and Structure Deter-
mination—The RBBP4-PHF6 peptide (residues 157—-171) com-
plex was prepared by incubating 10 mg/ml protein with peptide
at a 1:1.2 molar ratio overnight at 4 °C and crystallized by mix-
ing equal volumes of protein and crystallization solution using
the hanging-drop vapor-diffusion method. Single crystals were
obtained in 0.1 M potassium thiocyanate and 30% PEG MME
2000 at 16 °C, and the crystals were harvested, soaked in the
mother liquor containing 25% glycerol, and flash-frozen in liq-
uid nitrogen. Data sets were collected on beamline 17U at the
Shanghai Synchrotron Radiation Facility. The initial data were
indexed and integrated with iMosflm (21), and scaled with
SCALA (22) from the CCP4 program suite (23). The structure
of the complex was solved by molecular replacement using the
program MOLREP (24) and free-state RBBP4 (Protein Data
Bank ID 3GFC) as a search model (25). The model was further
built and refined using Coot and Refmac (26, 27), respectively.
Crystal diffraction data and refinement statistics are displayed
in Table 1.

Cell Culture, Transient Transfections, and Reporter Assays—
The HEK293T cell line was cultivated in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% FBS and anti-
biotics (Gibco) at 37 °C under an atmosphere of 5% CO, in air.
Cells were transfected using Lipofectamine Plus (Invitrogen)
with the following plasmids: pGAL-TK-Luc (0.3 ug), pRK5
(GAL4 DNA-binding domain) or pRK5-PHF6 (wild-type or
mutation or deletion mutants; GAL4 DNA-binding domain-
PHF6 fusion; 0.4 ug), or the Renilla reporter vector pRL-lucif-
erase (25 ng) as a normalization control for transfection effi-
ciency. The cells were harvested 24 h after transfection, and
luciferase activity was measured using the luciferase assay sys-
tem (Promega).

Gene Knockdown by shRNA—A lentivirus-mediated knock-
down system (pLKO.1, vesicular stomatitis virus G, Gag, and
Rev) was used to knock down the RBBP4 gene. The RBBP4
knockdown vectors and control vector were present in the
pLKO.1-puro plasmids and were purchased from Sigma-Al-
drich. The RBBP4 shRNA sequence was 5'-CCGGGCCTTTC-
TTTCAATCCTTATACTCGAGTATAAGGATTGAAAGA-
AAGGCTTTTTG-3'. HEK293T cells were grown in the
presence of 1 ug/ml puromycin for selecting the positive cells.

Co-immunoprecipitation and Antibodies—Cells were lysed
by incubation in TBST buffer (50 mm Tris (pH 7.4), 150 mm
NaCl, 1% Triton X-100, and protease inhibitor mixture) for
15-30 min on a shaker, and the extract was cleared by centri-
fugation. The supernatant was incubated with anti-FLAG M2
affinity gel (Sigma-Aldrich) overnight at 4 °C. The resin was
washed three times with TBST buffer and boiled in loading
buffer. The following antibodies were used: anti-RBBP4
(ab79416, Abcam), anti-FLAG (DYKDDDDK tag antibody,
26368, Cell Signaling Technology), and anti-B-actin (sc-47778,
Santa Cruz Biotechnology).
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FIGURE 1. Interaction of the NoLS of PHF6 with RBBP4. A, schematic dia-
gram of PHF6, including two extended plant homeodomain (PHD) zinc-finger
domains and four NLSs (NSL1-NLS4). The sequence of the putative NoLS
(composed of NLS3 and NLS4) is shown below in italic type, and the NLS3 and
NLS4 sequences are underlined. aa, amino acids. B, determination of the affin-
ity of the PHF6(157-171) peptide for the RBBP4 protein using ITC. Data were
fitted to a one-site binding model using Origin 7, and calculated binding
parameters were AH = —15,180 * 225.2,and AS = —27.5.
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RESULTS

PHFG6 Binds to RBBP4/RbAp48, Forming a Stable Complex—
We previously reported that residues 152-171 of PHF6 can
directly interact with RBBP4 (RbAp48) in GST pulldown assays
in vitro (20). ITC was conducted using a synthetic optimized
PHEF®6 peptide (residues 157-171) to titrate RBBP4 (Fig. 14) and
therefore determined the binding affinity of RBBP4 for PHF6.
The ITC experimental data revealed that this peptide bound to
RBBP4 with a stoichiometry of ~1:1 and a dissociation constant
(K,) of 7.1 + 0.4 um (Fig. 1B).

Complex Structure of RBBP4/RbAp48 with the PHF6 Pep-
tide—Full-length RBBP4 was co-crystallized with the
PHF6(157-171) peptide to gain insight into how RBBP4 recog-
nizes PHF6. The complex crystallized in space group P2,, and
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TABLE 1
Data collection and refinement statistics

Values in parentheses are for highest resolution shell. r.m.s.d., root mean square
deviation.

Data collection

Space group P2,
Cell dimensions
a, b, c(A) 50.63, 87.55, 95.84
o, B,y . 90°, 90°, 90°
Wavelength (A) 0.979
Resolution (A) 44.77-1.85 (1.95-1.85)
Roperge (%) 104 (57.1)
I/ol 12.5 (3.6)
Completeness (%) 96.6 (91.9)
Redundancy 6.3 (6.4)
Refinement
Resolution (A) 43.83-1.85
No. of reflections 33,938
Ry Rivee (%) 17.64/20.69
No. of atoms
Protein 2902
Peptide 69
Water 267
B-factors (A?)
Protein 18.47
Peptide 27.06
Water 26.51
r.m.s.d. )
Bond length (A) 0.0065
Bond angle 1.178°
Ramachandran values (%)
Most favored 98.1
Additionally allowed 1.6
Outliers 0.3

the structure was solved at 1.85 A by molecular replacement
using the RBBP4 structure as an initial search model. Data col-
lection and refinement statistics are outlined in Table 1. There
was one molecule/asymmetric unit. Among the 15 amino acids
in the PHF6 peptide, only 9 amino acids (residues 162—170) are
visible in the final model (Fig. 24). Furthermore, the structure
of RBBP4 (residues 15—410) encompasses seven WD40 repeats
forming a B-propeller structure with an additional a-helix at
the N terminus (Fig. 2A4). The N-terminal 14 residues; loop
region residues 55— 60, 89 —113, and 354 —359; and C-terminal
residues 411—425 are disordered and invisible in the final elec-
tron density maps. The complex structure shows that the PHF6
peptide binds to RBBP4 in an extended conformation across the
central channel on the smaller face of the B-propeller disc (Fig.
2B).

Interaction between RBBP4/RbAp48 and the PHF6 Peptide—
An electrostatic potential surface representation of the PHF6
peptide-binding pocket of RBBP4 shows that a highly nega-
tively charged surface with a hole at the top of RBBP4 is used to
recognize the PHF6 peptide (Fig. 3A). A refined 2F, — F, map at
1o reveals a clear electron density for residues 162—170 in the
PHF6 peptide (Fig. 3B). The clear electron density for the PHF6
peptide in the map shows the orientation of the peptide in the
complex and multiple hydrogen bond interactions with RBBP4
(Fig. 3B).

A network of hydrogen bonds and van der Waals contacts
anchor the PHF6 peptide into its binding cleft at the top of
RBBP4 (Fig. 3, B and C). The side chain of Arg-163 directly
inserts into the acidic central channel, which traverses the core
of RBBP4 (Fig. 3A). Furthermore, its guanidinium group is
sandwiched between the aromatic side chains of Tyr-181 and
Phe-321 in this cleft, forming cation- interactions (Fig. 3, B
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PHF6 (162-170) peptide

FIGURE 2. Crystal structure of the PHF6 peptide bound to RBBP4. A, two orthogonal views of RBBP4 bound to the PHF6 peptide, with the N and C termini
of RBBP4 labeled. The PHF6 peptide is shown in yellow. B, electrostatic surface of RBBP4 showing the PHF6 peptide-binding pocket. The PHF6 peptide is shown

asinA.

and C). The guanidinium group of Arg-163 is further pinioned
through hydrogen bonding to the side chain of Glu-231, water-
mediated hydrogen bonding to the main chain carbonyl groups
of Glu-231 and Asn-277, and its main chain carbonyl group
interacting with the Lys-376 side chain in RBBP4 (Fig. 3, B and
C). Lys-164 in the PHF6 peptide interacts with RBBP4 through
its side chain, forming polar interactions with the side chains of
Glu-179 and Glu-126 and a hydrogen bond with the side chain
of Asn-128. In addition, van der Waals contacts occur between
the side chain of Leu-45 in RBBP4 and the aliphatic part of
Lys-164 (Fig. 3, Band C). The backbone amide of Gly-165 in the
peptide forms a water-mediated hydrogen bond with the side
chain of Glu-395 in RBBP4. Pro-167 in the peptide forms van
der Waals contacts within a small pocket composed of His-71,
Thr-72, Ser-73, and Pro-43 in the peptide-binding cleft. The
backbone amide and carbonyl oxygen of Arg-168 participate in
direct and water-mediated hydrogen bonds with the side chain
of Asn-397 and the main chain carbonyl oxygen of Glu-395
in RBBP4 (Fig. 3, B and C). Lys-169 in the peptide forms polar
interactions with the side chain of Glu-75, and further van der
Waals contacts occur between its aliphatic part and the side
chains of Trp-42 and Glu-41 in RBBP4 (Fig. 3, B and C). The
final visible residue in the PHF6 peptide, Thr-170, interacts
with RBBP4 through three hydrogen bonds between its back-
bone amide, the hydroxyl group, and the main chain carbonyl
groups of Leu-40 and Glu-41 (Fig. 3, B and C).

Functional Analysis of PHF6 Recognition by RBBP4/RbAp48 —
To elucidate the determinants that are crucial for conferring
binding specificity, the affinities of RBBP4 for PHF6 peptide
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mutants were measured by ITC. Affinities between the
PHF6(157-171) peptide with mutations R163A, K164A, or
R163A/K164A and RBBP4 were reduced by 7-, 5-, and 30-fold,
respectively, compared with that of the wild-type PHF6 peptide
(Fig. 3D).

To assess the interaction of PHF6 with RBBP4 in vivo, co-
immunoprecipitation assays were performed using full-length
PHF6. Lysates from HEK293T cells expressing FLAG-tagged
full-length PHF6 or mutants were immunoprecipitated with
anti-FLAG M2 affinity gel, followed by Western blot analysis
with anti-RBBP4 antibody. Compared with FLAG-tagged wild-
type full-length PHF6, the mutants led to a significant reduc-
tion or loss of binding to RBBP4 (Fig. 3E). These results support
the structural basis for PHF6 recognition by RBBP4 in vivo and
in vitro.

Structure Comparison of the RBBP4-PHF6 Complex with Other
RbAp46/48 Complexes—The PHF6-binding site on RBBP4 has
previously been shown to be occupied by N-terminal residues
1-15 of FOG1 (friend of GATAL) (28). Comparison of the
RBBP4-PHF6 peptide complex structure with the reported
crystal structure of the RBBP4-FOG1 complex reveals that the
PHE®6 peptide binds to the same groove in an extended confor-
mation as the FOG1(1-12) peptide on the top surface of the
WD40 repeats of RBBP4 (28). Similar to the recognition of
FOG1 by RBBP4, Arg-163 of the PHF6 peptide extends inside
the same central cavity of RBBP4 as FOG1 Arg-4, and PHF6
Lys-164 and Pro-167 interact with the same residues of RBBP4
as FOGL1 Lys-5 and Pro-9, respectively (Fig. 4, A and B). The
detailed comparison of the RBBP4-PHF6 structure with that of
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FIGURE 3. Recognition of the PHF6 peptide by RBBP4. A, electrostatic surface potential representation of the binding pocket with the PHF6 peptide (shown
in yellow stick model). B, a simulated annealing omit map (blue) contoured at 1.0a shows the electron density for the PHF6 peptide bound to RBBP4. RBBP4
residues are shown in gray, and water molecules are shown as red dots. C, schematic representation of the interactions observed between RBBP4 and the PHF6
peptide. Residues in RBBP4 (green labels) that engage in van der Waals contacts and hydrogen bonds or salt bridge interactions with the PHF6 peptide (purple
labels) are shown. Hydrogen bonds and salt bridge interactions are delineated by red dashed lines. D, ITC assays for determining the interaction between RBBP4
and PHF6 peptide mutants. E, co-immunoprecipitation (/P) assays with PHF6 and RBBP4. FL, full-length; aa, amino acids.

FOG1 bound to RBBP4/RbAp48 strongly suggests that the
binding of PHF6 and FOG1 is mutually exclusive (Fig. 4, A and
B). Sequence alignment between PHF6 orthologs reveals that
the RBBP4-binding motif is highly conserved in terrestrial ver-
tebrates, but not in fishes and frogs (Fig. 4C). Interestingly, the
structure revealed that Arg-163 and Lys-164 of PHF6 interact
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with RBBP4 in a manner similar to FOG1 with RBBP4/RbAp438
and histone H3 with Nurf55 (28, 29), suggesting that this pair of
positive residues is important for recognition and binding (Fig.
4C). The structural and biochemical data provide clear evi-
dence that RBBP4/RbAp48, RbAp46, and Nurf55 can interact
with different partners using different sides of their surfaces.
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C D.rerio [Q803W6e] 154
X.laevis [Q5XH47] 158
A.carolinensis[H9GBL8] 155
O.hannah [VBNPN8] 150
T.guttata [HOYXN2] 157
G.gallus [E1C281] 157
B.taurus [QO8DRO] 157
M. lucifugus [G1P0OI4] 157
M.musculus [Q9D4J7] 157
P.abelii [Q5R5Z2] 157
H.sapiens [Q8IWS0] 157
hFOG1 [Q8IX07] 1
hSALL1 [Q9H165] 1
hBCL11A [QONSC2] 1
hBCL11B [Q9COKO] 1
hZNF827 [Q17R98] 1
H3 [P68431] 1

Crystal Structure of the RBBP4-PHF6 Complex

RBBP4-MTA1
-H4

RBBP4-
-H3
-H4
-Su(z)12

FIGURE 4. Comparative analysis of PHF6 peptide-binding properties of RBBP4 with other reported complex structures. A, superimposition of RBBP4-
bound PHF6 (yellow) and FOG1 (green) peptides on RBBP4. B, detailed interaction analysis of PHF6 and FOG1 peptides with RBBP4. The RBBP4 residues from the
RBBP4-FOG1 and RBBP4-PHF6 complexes are colored pink and gray, respectively. Hydrogen bonds and salt bridge interactions are depicted as green and red
dashed lines, respectively. C, sequence alignment of PHF6 proteins. Only the NoLS region involved in the interaction with RBBP4 is shown. Identical residues are
in blue boxes. Representative sequences of the corresponding FOG1, SALL1, BCL11A/B, ZNF827, and histone H3 motifs are aligned with PHF6. D, structural
alignment of RBBP4 (gray and pink) and RbAp46 (green). The PHF6, histone H4, and MTA1 peptides are shown in yellow, blue, and red, respectively. E, structural
alignment of RBBP4 (gray) and Nurf55 (green). The PHF6, histone H3, H4, and Su(z)12 peptides are shown in yellow, red, blue, and magenta, respectively.

The FOG1, PHF6, or histone H3 peptide binds to the top sur-
face of the WD40 domain of RBBP4 or Nurf55 (Fig. 4, D and E),
whereas the histone H4, Su(z)12, or MTA1 peptide-binding site
on RbAp46, RBBP4, or Nurf55 is located on the side of the
propeller between the N-terminal helix and the PP-loop (Fig. 4,
D and E) (29-31). The two recognition sites on the WD40
domain surface are distinct and separable, and the two binding
interactions are independent.

Transcriptional Repression Is Mediated by the Middle Disor-
dered Region of PHF6 and Is Moderately RBBP4-dependent—A
reporter system in which PHF6 was expressed as a fusion with
the GAL4 DNA-binding domain and coexpressed with report-
ers controlled by GAL4 response elements (GAL4-TK-lucifer-
ase) was used to investigate the function of the PHF6-NuRD
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complex. Our results demonstrate that targeting PHF6 to a
promoter resulted in repression of transcription, and the
middle disordered region of PHF6 (residues 145-207) was
sufficient for transcriptional repression (Fig. 54). However,
mutating or deleting the NoLS region (residues 158 —180) of
full-length PHF6 could only moderately recover transcrip-
tional repression (Fig. 5A4), suggesting that more mecha-
nisms are involved in PHF6-mediated transcriptional repres-
sion. Because the RBBP4-interacting motif is located in the middle
disordered region of PHF6, we conducted reporter assays in
RBBP4 knockdown cells to investigate whether the NuRD com-
plex is involved in transcriptional repression mediated by PHF®6,
which we predicted would be inhibited. Indeed, RBBP4 knock-
down significantly reduced PHF6-mediated transcriptional
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FIGURE 5. Repression mediated by PHF6 is diminished as a result of knockdown of RBBP4. A, luciferase reporter assays of PHF6 constructs and mutants. A
schematic representation of the reporter and expression vectors used in the transfection experiments is also shown. TK, thymidine kinase; LUC, luciferase;
GDBD, GAL4 DNA-binding domain; FL, full-length; aa, amino acids. B, knockdown of RBBP4 reduces the repression mediated by PHF6. The quantifications

represent means = S.D. of three independent experiments.

repression, demonstrating that RBBP4 is required for this func-
tion (Fig. 5B).

DISCUSSION

The RBBP4-PHF6 Interaction Is Highly Conserved—Previous
studies using co-immunoprecipitation and mass spectrometry
identified PHF6 as a new interaction partner with the NuRD
complex (19). In addition, our previous work showed that the
NoLS region of PHF6 mediates the direct interaction between
PHF6 and RBBP4, a component of NuRD complex (20). Here,
our biochemical and crystallographic data reveal that a short
motif located in the NoLS region of PHF6 is able to bind inde-
pendently to RBBP4. Specifically, residues 162-171 of PHF6
adopt an extended conformation, binding to the top smaller
surface of RBBP4. In particular, PHF6 Arg-163 and Lys-164 are
important for the interaction because mutations or deletions of
the motif (both in the PHF6 peptide and full-length PHF6)
result in a reduction or loss of RBBP4 binding. Although PHF6
is highly conserved in vertebrates, a sequence alignment shows
that the RBBP4-binding motif is conserved only in terrestrial
vertebrates. This sequence is an evolutionary phenomenon that
may be associated with some specific functions of PHF6 in
higher species.

A similarly conserved N-terminal RRKQXXP motif is also
found in several corepressors and transcription factors, includ-
ing FOG1/2, SALL12/3/4, BCL11A/B, and ZNF827 (28, 32). In
particular, Arg-4 and Lys-5 of FOG1 and SALL1 have been
found to be important for recruitment of the NuRD complex;
Arg-3 does not appear to be absolutely required (28, 33). Con-
sistent with our ITC data, RBBP4 mutants (E126A/E179A or
E231A/D248A/E275A/E219A) impaired the interactions with
the FOG1(1-15) peptide (28), suggesting that they are likely to
recruit the NuRD complex through a similar mechanism.
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The Interactions of PHF6, FOG1, and Histone H3 with RBBP4
Are Mutually Exclusive—Our data clearly show that PHF6
occupies the same RBBP4 pocket that was previously shown to
bind the N-terminal of FOG1, and histone H3 also shared the
same surface on Nurf55 (28, 29). The structure of the RBBP4/
Nurf55 B-propeller domain and its ability to bind histone H3
(K, 0.8 £ 0.1 um), the FOG1 peptide (K;: 0.6 * 0.13 um), and
PHF6 NoLS motif (K;: 7.1 = 0.4 um) are well documented, thus
it is unlikely that PHF6, FOG1 and histone H3 could be inter-
acting simultaneously with the same molecule of RBBP4. Sim-
ilarly, there are overlapping binding sites at the propeller edge
of RBBP4/RbAp46/Nurf55 for binding histone H4, Su(z)12 and
MTA1 (29-31). These two separate binding interactions are
compatible and independent. Previous studies have shown that
the N-terminal residues 1-15 of FOG1 can interact with two
different components of the NuRD complex, MTA1l and
RBBP4 (28). Because of the significant sequence similarity
between the NoLS region of PHF6 and the N-terminal residues
1-15 of FOG1, PHF6 may also be able to associate with MTA1
in a similar way. It is possible that RBBP4 and MTA1 can simul-
taneously interact with separate PHF6 molecules at target loci
in vivo.

PHF6 Mutations Might Affect the Developmental Pathways
Regulated by the NuRD Complex—The NuRD complex is a
multifunctional regulator and has important roles in processes
such as transcriptional regulation, cell cycle progression, and
normal development (6, 7). For example, during hematopoiesis,
transcriptional repression of multiple lineage-specific genes by
the NuRD complex is mediated by FOG1, which binds MTA
proteins and RBBP4/RbAp46 and recruits NuRD to GATA
family transcription factors (34, 35). Additionally, other hema-
topoiesis lineage-specific transcription factors such as BCL11B
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are also associated with the NuRD complex (36). PHF6 was
identified as a new key X-linked tumor suppressor gene, and
tumorigenic mutations have been almost exclusively detected in
male T-cell acute lymphoblastic leukemia or acute myeloid leuke-
mia patients (13, 14). Any event impairing the association of PHF6
with the NuRD complex or with the targeted promoters may affect
recruitment of the NuRD complex to the promoters and control of
the target genes. The NuRD complex is the only RBBP4-contain-
ing complex known to interact with the PHF6 protein, but it is
possible that PHF6 might associate with other RBBP4-containing
complexes, such as the CAF-1 and PRC2 complexes, in a parallel
manner. RBBP4/RbAp48 decline in the dentate gyrus is responsi-
ble for age-related memory loss (37), and the PHF6 gene is associ-
ated with human Borjeson-Forssman-Lehmann syndrome, an
X-linked mental retardation disorder, and is also expressed in the
dentate gyrus in the adult brain (17). However, it is unclear
whether there is a relationship between RBBP4-PHF6 interaction
and human mentality and memory.

In summary, we have demonstrated that PHF6 binds to
RBBP4 via a mechanism involving a highly specific interaction
of its NoLS region with the top surface of RBBP4. This RBBP4-
binding motif of PHF6 is highly conserved, and a similar motifis
also likely to exist in other transcription cofactors to recruit the
NuRD complex in a similar mechanism. The middle region (con-
taining the RBBP4-binding motif) of PHF6 is sufficient to mediate
the transcriptional repression of the GAL4 reporter, and RBBP4 is
required for this function. Our data provide the structural basis
and functional role of PHF6 associated with the NuRD complex.
Further identification and analysis of PHF6 target genes will pro-
vide more insight into the mechanisms of PHF6-mediated repres-
sion and regulation and an understanding of the roles of PHF6
during normal development and in the pathogenesis of Borjeson-
Forssman-Lehmann syndrome, T-cell acute lymphoblastic leuke-
mia, and acute myeloid leukemia.
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