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Abstract
Type 2 brittle cornea syndrome (BCS2) is an inherited connective tissue diseasewith a devastating ocular phenotype caused by
mutations in the transcription factor PR domain containing 5 (PRDM5) hypothesized to exert epigenetic effects through histone
and DNAmethylation. Here we investigate clinical samples, including skin fibroblasts and retinal tissue from BCS2 patients, to
elucidate the epigenetic role of PRDM5andmechanismsof its dysregulation in disease. Firstwe report abnormal retinal vascular
morphology in the eyes of two cousinswith BCS2 (PRDM5 Δ exons 9–14) using immunohistochemistry, andmine data from skin
fibroblast expression microarrays from patients with PRDM5 mutations p.Arg590* and Δ exons 9–14, as well as from a PRDM5
ChIP-sequencing experiment. Gene ontology analysis of dysregulated PRDM5-target genes reveals enrichment for extracellular
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matrix (ECM) genes supporting vascular integrity and development. Q-PCR and ChIP-qPCR confirm upregulation of critical
mediators of ECM stability in vascular structures (COL13A1, COL15A1, NTN1, CDH5) in patient fibroblasts. We identify H3K9
di-methylation (H3K9me2) at these PRDM5-target genes in fibroblasts, and demonstrate that the BCS2 mutation p.Arg83Cys
diminishes interaction of PRDM5 with repressive complexes, including NuRD complex protein CHD4, and the repressive
chromatin interactor HP1BP3, by co-immunoprecipitation combined with mass spectrometry. We observe reduced
heterochromatin protein 1 binding protein 3 (HP1BP3) staining in the retinas of two cousins lacking exons 9–14 by
immunohistochemistry, and dysregulated H3K9me2 in skin fibroblasts of three patients (p.Arg590*, p.Glu134* and Δ exons 9–14)
bywestern blotting. Thesefindings suggest that defective interaction of PRDM5with repressive complexes, and dysregulation of
H3K9me2, play a role in PRDM5-associated disease.

Introduction
Brittle cornea syndrome (BCS) is a rare, autosomal recessive,mul-
tisystemic, connective tissue disorder that is associated with ex-
treme corneal thinning and a high risk of spontaneous corneal
rupture (1,2). The condition is caused by mutations in the tran-
scription factors zinc finger protein 469 (ZNF469) (BCS type 1
[MIM 229200]) (3) and PR domain containing 5 (PRDM5) (BCS
type 2 [MIM 614161]) (4), suggested to act on a common pathway
regulating extracellular matrix (ECM) proteins (4,5).

PRDM5, amemberof the PR-domain familyof transcription fac-
tors, is hypothesized to exert epigenetic effects through histone
and DNA methylation (6) and chromatin organization (7). The
PRDM5 protein has a tandem array of 16 zinc fingers and an
N-terminal PR domain (related to the SET domain) that facilitates
protein–protein interactions. It recognizes a consensus DNA-
binding sequence supporting its direct role in transcriptional regu-
lation (6,8–10). Many roles for the transcriptional regulator PRDM5
in gene expression have been suggested, however themechanisms
bywhichmutations in PRDM5 cause disease are not understood. A
role for PRDM5 as a direct activator of collagen genes has been
reported (10). This role is supported by the observation of a signifi-
cant downregulation of structural collagens in fibroblasts of pa-
tients with BCS2 (4). PRDM5 has, however, also been prominently
associatedwith transcriptional repressive (6), and growth suppres-
sive activities, including acting as a putative tumour suppressor
(6,11), since reduced PRDM5 expression has been observed in
breast, cervical, gastric and lung cancers (11–16). In additionmouse
Prdm5 plays a role in chromatin organization by interacting with
the TFIIIC complex proteins and CTCF in embryonic stem cells
(7). Both CTCF and the TFIIIC complex have been shown to have in-
sulator functions, providing amechanism to ensure the separation
of euchromatic and heterochromatic domains, thus ensuring the
stable inheritance of lineage-specific gene expression patterns.

The role of PRDM5 in epigenetic regulation is not fully under-
stood. It is unknown whether the PR domain of PRDM5 possesses
intrinsic histone methyltransferase activity, or whether it acts by
recruiting the H3 lysine 9 methyltransferase EHMT2 (G9a) and in-
teracting with histone deacetylases HDAC1 and HDAC2 (6). G9a is
the predominant lysine methyltransferase of ocular tissue (17,18)
preferentially producing H3K9 di-methylation (H3K9me2) (17–20),
which is associated with transcriptional repression (21,22) and is
amarkerof inactive euchromatin (17,19,21). During retinal develop-
ment, H3K9me2 has a distinctive temporal and spatial expression
pattern (17). Knockdownof G9a in zebrafish (22), and its conditional
knock-out (CKO) in retinal progenitor cells (18), results in decreased
H3K9me2 and retinal morphological abnormalities (18,22).

In this study we investigate clinical samples from BCS2 patients
with different mutations and near-identical clinical presentations.
We propose a role for PRDM5 in vascular development, observing
abnormal retinal vascular morphology in the eyes of two cousins
with BCS2 (PRDM5 Δ exons 9–14) using immunohistochemistry.

We identify dysregulated PRDM5-target genes in skin fibroblasts
from patients with two different PRDM5 mutations (p.Arg590* and
Δ exons 9–14). Our analysis highlights upregulation of a subset of
PRDM5-target genes that are enriched for H3K9me2 in patient
fibroblasts.

We identifyacomponentof theNuRDco-repressorcomplex in-
volved in vascular integrity during embryonic development, CHD4
(23) and the repressive chromatin interactor heterochromatin pro-
tein 1 bindingprotein 3 (HP1BP3), asnovel PRDM5-interactionpart-
ners. These interactions were disrupted in mutant PRDM5 with a
missense mutation predicted to disrupt ligand binding with
S-Adenosyl Methionine and its methylation reaction product,
S-adenosyl-L-homocysteine (AdoHcy). Lastly, we show that the
loss of PRDM5 dysregulates H3K9me2 in BCS2 patient fibroblasts
andHP1BP3 expression in retinal tissue. Together our data suggest
that PRDM5-associated disease may be associated with defective
interaction of PRDM5 with repressive complexes, and altered epi-
genetic modifications surrounding the regulation of H3K9me2.

Results
PRDM5 mutations and associated phenotypes

A summary of clinical samples used in this study is shown in
Table 1.

The PRDM5 mutation Δ9–14 is carried by cousins P1 and P2.
Their clinical details have been described previously and include
significant corneal thinning, corneal rupture after minor trauma,
blue sclera, myopia, scoliosis and joint hypermobility (4). Δ9–14 is
an in-frame deletion mutation resulting in the production of a
smaller, internally deleted protein abrogating zinc fingers 6–13
that has been confirmed by western blotting.

The PRDM5 mutation c.1768C>T p.Arg590* is carried by P3
whose clinical description includes significant corneal thinning,
blue sclera, myopia and joint hypermobility (4). This mutation
results in a protein truncation that has been confirmed by
western blotting.

The PRDM5 mutation c.247C>T p.Arg83Cys is carried by P4,
whose clinical details are shown in Figure 1A. This mutation is
within thePR-SETdomainof theprotein, ahighly conserved region
where another PRDM5 mutation has also been described (Supple-
mentary Material, Fig. S1 and Fig. 1B). Based on functional studies
and the crystal structure of PRDM9, our computer modelling
experiments suggest the arginine residue at position 83 is neces-
sary for the binding of the ligand S-Adenosyl Methionine and its
methylation reaction product, S-adenosyl-L-homocysteine
(AdoHcy), formed after donation of the methyl group of S-adeno-
sylmethionine to a methyl acceptor (24) (Supplementary Material,
Fig. S2).

The PRDM5 mutation c.400G>T p.Glu134* is carried by P5,
whose clinical details include blue sclera, significant corneal
thinning, high myopia with choroidal neovascularization,
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scoliosis, arachnodactyly and joint hypermobility. The mutated
nucleotide is in exon 4 and this mutation is predicted to result
in nonsense-mediated decay of the RNA transcript (Fig. 1B).

Retinal vascular abnormalities in BCS-type 2 eyes

Immunohistochemistry was performed on the enucleated eyes
of two cousins with PRDM5-associated disease who had suffered
corneal perforations spontaneously (P1) or after minor trauma
(P2) (4) (Table 1). Both carried a pathogenic in-frame deletion of
exons 9–14 in PRDM5. Both eyes had retinal thinning and reduced
cell densities in the inner nuclear layer (INL) and outer nuclear
layer (ONL) (Fig. 2). Extracellular matrix components were dimin-
ished around retinal capillaries with decreased capillary staining
for collagens I, III and V (Fig. 2A). Other retinal microvascular ab-
normalities included a paucity of retinal capillaries, with reduced
staining for the endothelial marker CD31 (Fig. 2A and B).

Dysregulation of ECM genes associated with vascular
biology in patient fibroblasts

To identify direct targets of PRDM5 that may contribute to retinal
vasculature, wewere guided by expressionmicroarray data of der-
malfibroblasts from twopreviously reported patientswith PRDM5-
associated disease (P2, PRDM5 Δ9–14; and P3, PRDM5 p.Arg590*;
Table 1) (4) and results from a PRDM5 ChIP-seq experiment in
MC3T3 pre-osteoblastic cells derived frommouse (C57BL-6) calvar-
ial osteoblasts (10). Our expression microarray analysis of patient
fibroblasts identified417overlapping transcriptswitha fold change
>3 in onepatient cell line, and>1.5 in the secondpatient cell line, in
the same direction of effect, relative to age and sex-matched con-
trols (Supplementary Material, Table S1). Using the PRDM5 ChIP-
sequencing data, we compared PRDM5 peaks for these 417 most
differentially up and downregulated transcripts, and after removal
of redundant probes, identified PRDM5 peakswith high confidence
in 43 out of 178 upregulated genes (24.2%), and 83 out of 239 down-
regulated genes (35%) (Supplementary Material, Table S2A and B
and Supplementary Material, Fig. S3). Gene ontology analysis of
these 126differentially regulated PRDM5-boundgenes revealed en-
richment for genes implicated in blood vessel development and

maintenance (Table 2A and B). In addition, we noted that 30% of
upregulated PRDM5-bound genes, and 34% of downregulated
PRDM5-bound genes in patient fibroblasts were ECM components,
a number of them with roles in blood vessel development and
structural integrity (http://matrisomeproject.mit.edu) (Supplemen-
taryMaterial, Table S2A and B). Enrichment of dysregulated down-
regulated PRDM5-bound genes in patient skin fibroblasts was
statistically significant using a hypergeometric test (Table 2C).
We confirmed the downregulation of ECM-associated genes
COL4A2, BGN and PLOD2 by qPCR (Supplementary Material, Fig.
S4). Confirmation of upregulated ECM-associated genes COL13A1,
COL15A1,NTN1,CDH5, that play important roles in blood vessel de-
velopment and maintenance of vascular integrity, was also per-
formed by qPCR in patient fibroblasts (Fig. 3A and Supplementary
Material, Table S3). PRDM5 binding to the promoters of COL13A1,
NTN1 and COL15A1 was also validated by ChIP-qPCR in skin fibro-
blasts (Fig. 3B). Our findings suggest that PRDM5 directly targets
ECM genes involved in blood vessel biology, in agreement with
our observation of retinal capillary morphological abnormalities
in the eyes of two patients with BCS2.

PRDM5 interacts with CHD4-containing NuRD complex
proteins and HP1BP3

PRDM5 has been reported to interact with the histone lysine
methyltransferase G9a, leading to transcriptional repression (6).
After identifying further PRDM5-interacting partners by pull-
downwe then assessedwhether these interactionswere affected
by a novel PRDM5 BCS-type 2 mutation in patient P4 (c.247C>T
p.Arg83Cys).

First, we analysed PRDM5-interacting proteins from lysates of
HEK293 cells expressing myc-tagged wild-type (WT) PRDM5.
Spectral counting analysis was employed to assess relative
enrichment of each interaction for WT PRDM5 versus a mock
transfected cell control. As PRDM5 is a transcription factor with
a predominantly nuclear localization (15), only those proteins
with ≥3-fold enrichment in cells expressing WT PRDM5 (versus
control) and with a nuclear or unknown cellular location
identified by gene ontology analysis were retained. In total 71
PRDM5-interacting proteins were identified using these criteria

Table 1. Details of the clinical samples and mutations used in the study PRDM5 (NM_018699.2)

Clinical samples/construct Age Sex Pathology PRDM5
mutation

Mutation consequence Applicationa

P1 (eye and skin fibroblasts) 10 M BCS Δ9–14 exons Smaller, internally deleted protein
product (WB confirmation)

Histology/IHC Q-PCR/WB

P2 (eye and skin fibroblasts) 21 F BCS Δ9–14 exons Smaller, internally deleted protein
product (WB confirmation)

Histology/IHC Q-PCR/WB

P3 (skin fibroblasts) 8 M BCS c.1768C>T
p.Arg590*

Truncated product (WB confirmation) Q-PCR/WB

P4 (skin fibroblasts) 26 F BCS c.400G>T
p.Glu134*

Presumed null WB

P5 (expression construct) 9 F BCS c.247C>T
p.Arg83Cys

Missense mutation Pull-down

Control post-mortem eye #2 48 M None Wild-type Histology/IHC
Control post-enucleation
corneal trauma

M Corneal
trauma

Wild-type Histology

Control skin fibroblasts (4120) 20 F None Wild-type Q-PCR and WB
Control skin fibroblasts (L10) 12 M None Wild-type Q-PCR and WB
Control skin fibroblasts (107) 19 F None Wild-type Q-PCR
Control skin fibroblasts (#2) None Wild-type ChIP-QPCR

aHistology: human eye; IHC: human eye; Q-PCR: skin fibroblasts; WB: skin fibroblasts; ChIP-QPCR: skin fibroblasts.
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(Supplementary Material, Table S4). Using DAVID gene ontology
analysis, nuclear PRDM5-interacting proteins were classified
according to biological functions. Fifteen proteins were assigned
to DNA-dependent transcriptional regulation, six to RNA-
polymerase II transcription and six to chromatin modification/
remodelling and DNA replication and repair processes, including
proteins associatedwith the NuRD complex. Seven proteins were
associated with the regulation of mRNA translation and trans-
port, and another 11 with nuclear splicing ofmRNA (Supplemen-
tary Material, Table S5).

We identified a number of proteins involved in transcrip-
tional repression as PRDM5-interacting partners, including

NuRD co-repressor complex component CHD4, and HP1BP3
[a member of the repressive HP1 complex that binds H3K9
methylated genomic regions (25)] (Table 3). The interaction
between PRDM5 and several NuRD complex components and
HP1BP3 was validated by co-immunoprecipitation using
a HA-tagged PRDM5 construct (Fig. 4). We also identified a
number of proteins involved in transcriptional activation and
RNA-polymerase II-mediated transcription as PRDM5 interac-
tors, including transcriptional activator protein Pur-alpha
(PURA), NuRD-associated component TOP1 and FACT complex
subunit proteins SPT16 and SSRP1 (Supplementary Material,
Table S5).

Figure 1. Clinical features of patient P4 and schematic diagram of PRDM5. (A) Clinical features of patient P4 (Table 1), a 9-year whose phenotype includes marked corneal

thinning with central corneal thickness measurements of 350 µm left eye and 380 µm right eye (normal range 515–565 µm), shown in panels 1 and 2 (corneal topography

maps). Marked irregular astigmatism is also present, shown by the K-values in the grey boxes (panels 1 and 2). (3) Photograph of the affected child reveals characteristic

sclerae. Extraocular features of BCSwere present in this patient and include arachnodactyly (4), joint laxity, particularly in large joints of the upper extremities (5) and pes

planus (6). (B) Schematic diagram of PRDM5 showing the N-terminal PR-SET domain and 16 zinc fingers. Location of the novel mutation p.Arg83Cys is shown with the

previously published mutations p.Tyr107Cys, mutation p.Glu134*, internal deletion of exons 9–14 and p.Arg590*.
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A BCS-associated mutation diminishes the interaction of
PRDM5 with repressive complexes

We then examined whether the BCS mutation p.Arg83Cys, pre-
sent in patient P4, altered the PRDM5-interaction partners
(Table 4). p.Arg83Cys is a deleteriousmutation, predicted to inter-
fere with binding of the ligand S-Adenosyl Methionine and its
methylation reaction product, AdoHcy (Supplementary Material,
Fig. S2). Thirteen proteins were identified as having significantly
reduced or absent interaction with the mutant PRDM5 protein
versus theWT control, using a fold change of average normalized
spectral counts of ≥2 as a cut-off (Table 4). Proteins with reduced
interaction were involved in chromatin modification (CHD4,
TOP1), DNA transcriptional repression (HP1BP3, MYBBP1A),
DNA transcriptional activation (PURA and SUPT16H) and transla-
tion and processing of mRNA (HNRNPR, LARP1, IGFBP2) (Table 2).
A complete list of the proteins identified in the WT and mutant
PRDM5 constructs are listed in Supplementary Material, Table S6.
Normalized spectral counts (normalized to WT PRDM5 spectral
counts) were used for interpretation. A further 34 proteins de-
monstrated unchanged or increased levels of interactions with

the p.Arg83Cys mutant compared with the WT protein (Supple-
mentary Material, Table S7).

Dysregulation of H3K9me2 in PRDM5-associated disease

The identification of HP1BP3 as a PRDM5 interactor (Table 2), and
its loss when PRDM5 was mutated (Table 3 and Supplementary
Material, Fig. S5), led us to investigate the expression of HP1BP3
in vivo, and investigate a possible role for repressive histone
methylationmarks, particularly H3K9methylation, in the regula-
tory functions of PRDM5. We tested the expression of HP1BP3 in
retinal tissue from two patients with the PRDM5 Δexons 9–14mu-
tation (patients P1 and P2) using IHC, and found it was signifi-
cantly decreased in BCS retinas compared with a control retina
(#2, Table 1; P < 0.01) (Fig. 5A and B). Importantly, the reduction
of HP1BP3 expression in BCS-affected tissue may be specific, as
the expression of another PRDM5 interactor, SUPT16H (a FACT
subunit protein with roles in transcriptional activation/RNA-
polymerase 2 transcription) was unaltered between control and
BCS-affected retinal tissue, suggesting that not all PRDM5

Figure 2. PRDM5-associated disease is associated with retinal thinning and abnormalities of retinal microvasculature in two individuals. (A) H&E stain and IHC for

collagens V, I and III (red) and CD31 (brown) of unaffected control retina (#2—aged 58, Table 1) and BCS patients P1 and P2 carrying the PRDM5 mutation Δexon9–14.

H&E stain demonstrates diminished retinal cell densities in ONL and INL in P1 compared with the control [objective magnification (OM) 20×]. H&E staining of P2 retina

shows retinal degenerative changes with disorganized anatomy of nuclei of the INL and ONL. IHC demonstrates a decrease in capillary staining (blue arrows) in BCS eyes

P1 and P2with decreased staining for collagens V, I and III andCD31 (middle and lower rows) versus a control sample (upper row). Staining for larger vessels such as retinal

arterioles and venules persists (black arrow). Images were recorded and processed identically to allow direct comparisons to be made between them. (B) Graphical
representations of retinal cell counts (left panel), and retinal capillary counts (right panel) in P1, P2 and control retina #2. Left panel: Mean retinal cell densities in the

retinal INL and ONL confirming a significant (*) reduction in cell densities in the retinal INL in P2, and in both retinal INL and ONL in P1 (P < 0.01). Error bars represent

95% confidence intervals around the mean. Right panel: Reduction in retinal capillary staining for CD31 in both P1 and P2 BCS-type 2 retinas is statistically significant

[P < 0.01 (*)].
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interactors display reduced expression in BCS-affected tissue
(data not shown).

We also examined the epigenetic modification H3K9me2 at
upregulated (i.e. not repressed) ECM-related genes COL13A1,
NTN1 and COL15A1 identified as direct PRDM5 transcriptional
targets byChIP-qPCR in control skinfibroblasts and found enrich-
ment for H3K9me1/me2 at these genes (Fig. 3B). Expression of
the H3K9me2 mark was also decreased in three patient cell lines
(P1, P3, P5) compared with fibroblasts from unaffected age-
matched controls (Fig. 6 and Supplementary Material, Fig. S6).
Trimethylation marks H3K9me3 and H3K27me3 were not al-
tered (data not shown).

Discussion
Our findings suggest that altered interactions of PRDM5 with
repressive complexes, and altered epigenetic modifications
surrounding the regulation of H3K9me2 play a role in PRDM5-
associated disease. We suggest that the abnormal retinal vascu-
lar morphology seen in two related BCS2 patients with an
in-frame deletion of exons 9–14 in PRDM5 (Fig. 2) may result
from a disruption in PRDM5 function in the transcription of
ECMcomponents concernedwith vascular integrity and develop-
ment. We identify epigenetic-related proteins as PRDM5-inter-
action partners (Fig. 4 and Tables 3 and 4); H3K9me2-mediated
repression of ECM-related PRDM5-target genes with roles in

vascular development andmaintenance (Fig. 3B) and differential
expression of both H3K9me2 in patient fibroblasts (Fig. 4) and
HP1BP3 expression in retinal tissue (Fig. 5), versus controls. Our
data suggest that altered expression of repressive complexes
and H3K9me2 may be a feature of PRDM5-associated disease.

A strength of our study was the availability of human disease
tissue samples to investigate themorphological effects of PRDM5
mutations. The available samples were from a mixture of
sources, but importantly came from patients with near-identical
phenotypes. The Δexons 9–14 and p.Arg83Cysmutations are both
predicted to significantly impair the function of PRDM5, provid-
ing an opportunity to analyse the impact of PRDM5 mutations
on epigenetic modification. PRDM9 shares significant structural
homology with PRDM5 in its PR domain and distal zinc finger
structure (24), and the formation of the PRDM9—S-Adenosyl Me-
thionine—AdoHcy histone substrate complex has been studied
in detail (24). PRDM9 only folds in the presence of AdoHcy and
H3K4me2, a major histone substrate of PRDM9 (24). Although
PRDM5 may not have direct methyltransferase activity (7), the
prediction that p.Arg83Cys (position equivalent to Tyr341 in
PRDM9 (24), Supplementary Material, Fig. S2) impairs binding of
S-Adenosyl Methionine and AdoHcy may still be relevant, par-
ticularly as this interaction is also predicted to be impaired by
another BCS2 disease-causing mutation, p.Tyr107Cys.

Our work suggests that the retinal microvascular abnormal-
ities and associated cellular loss seen in the retinas frompatients

Table 2. Gene ontology analysis of dysregulated PRDM5-bound genes in skin fibroblasts of BCS2 patients

Gene ontology—Biological
process

P-value Adj P-value

(A)
Blood vessel development 3.50E−05 2.10E−02
Vasculature development 4.00E−05 1.20E−02
Cell adhesion 5.30E−05 1.10E−02
Biological adhesion 5.40E−05 8.10E−03
Hemopoiesis 3.30E−04 3.90E−02
Cell morphogenesis
involved in differentiation

3.80E−04 3.80E−02

Hemopoietic or lymphoid
organ development

5.10E−04 4.40E−02

Immune system
development

6.70E−04 5.00E−02

(B)
Blood vessel development 2.10E−05 2.10E−02
Vasculature development 2.50E−05 1.30E−02
Blood vessel morphogenesis 6.60E−05 2.20E−02
Cell motion 8.20E−05 2.00E−02

Gene regulation status in
expression MA data

Number of genes Predicted PRDM5-
binding ChIP-seq:
UNBOUND

Predicted PRDM5-
binding ChIP-seq:
BOUND

% UNBOUND Hypergeometric
test P-value

(C)
UP 178 135 43 24 0.029
Down 239 156 83 35 1.27E−09
Total 417 291 126 30 2.31E−09

Gene ontology analysis using DAVID for the most upregulated (A) and downregulated (B) genes in patient skin fibroblasts (from P2 and P3) versus control skin fibroblasts

(107 and L10) in the expression microarray (Supplementary Material, Table S1) that were also found to be bound by PRDM5 in a ChIP-sequencing experiment

(Supplementary Material, Table S2) (10) C. A hypergeometric test reveals that enrichment of dysregulated PRDM5-bound genes in patient skin fibroblasts is

statistically significant. For each category (up or downregulated genes in our expression MA data (Supplementary Material, Table S1), we considered the number of

genes that were PRDM5-bound or not (Supplementary Material, Table S2), out of the total number of genes that are up or down regulated in skin fibroblasts in each

category. We then compared these results to the chance of finding a gene out of the ∼20 000 in the genome bound by Prdm5 (out of a total of 3974 Prdm5-bound genes

in the ChIP-seq data (10). Results indicate an enrichment of dysregulated PRDM5-bound genes in PRDM5-related disease.
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with type 2 BCS results from the dysregulation of ECM proteins
due to the loss of PRDM5 function. Collagen 13 A1 has been asso-
ciated with differentiation processes in vasculogenesis (26) and
the C-terminal domains of collagen 15 A1, endostatin and restin,
have potent anti-angiogenic activity (27–30). Netrin 1, an ECM

glycoprotein, has been associated with both vascular develop-
ment and pathological neovascularization (31), particularly in
hypoxia (32–37). We confirmed H3K9me2 at upregulated (i.e. not
repressed) ECM-related genes COL13A1, NTN1 and COL15A1 by
ChIP-qPCR (Fig. 3B). Of note, none of the qPCR-confirmed down-
regulated genes [COL4A2, BGN, PLOD2 (Supplementary Material,
Fig. S4), and COL4A1, COL11A1, HAPLN1, TGFβ2 (4)] demonstrated
H3K9 methylation enrichment alongside PRDM5 binding in the
ChIP-sequencing data.

PRDM5 interactors identified in pull-down experiments in-
cluded major epigenetic modifiers, such as core components of
the NuRD chromatin remodelling complex (38–40). NuRD pro-
teins (e.g. MTA2 and CHD4, and associated component TOP1)
interact with Prdm5 in embryonic stem cells (7) and have been
implicated in developmental vasculogenesis (23). We also identi-
fied proteins associated with transcriptional activation, and
RNA-polymerase II-mediated transcription as PRDM5-interacting
proteins, including TOP1 (Supplementary Material, Table S5),
believed to facilitate gene transcription by removing excess topo-
logical strain induced by the tracking of RNA polymerase. These
findings are in keeping with the reported role of PRDM5 in RNA-
polymerase II transcription regulation (10). However, as with all
such studies, a degree of cautionmust be exercised when protein
interactions are identified using exogenously expressed proteins
in a cell line. Although this approach may not replicate the
physiological situation, we did attempt to validate the salient ob-
servations in clinical samples whenever possible. We found a
BCS2 p.Arg83Cys mutation in the PR domain of PRDM5 reduced
its interaction with a number of proteins, including members of
theNuRD co-repressor complex and othermembers of repressive
complexes such as HP1BP3 and MYBBP1 (Table 4) and members
of activator complexes including NuRD-associated component
TOP1. The reduced interaction with CHD4 is noteworthy, as this
NuRD complex ATPase regulates the transcription of ECM com-
ponents around blood vessels during embryonic development
in mice (23). H3K9 methylation also regulates the transcriptional
activities of CHD4/NuRD, with H3K9methylation bestowing add-
itional affinity to CHD4/NuRD binding to nucleosomes, enhan-
cing its repressive effect (41,42).

The p.Arg83Cys mutation also reduced the interaction with
HP1BP3, a member of the repressive heterochromatin protein 1
(HP1) complex involved in chromatin organization (25,43) that
binds H3K9methylated genomic regions (25,44–45) (Table 4, Sup-
plementary Material, Fig. S5). Interestingly, HP1 was previously
reported as a Prdm5-interacting partner in mouse embryonic
stem cells (7). We also observed decreased expression of
HP1BP3 in the retinas of patients with the Δ exons 9–14 mutation
in PRDM5 (Fig. 5). These findings suggest a role for H3K9-interact-
ing proteins in PRDM5 function.

Figure 3. PRDM5mutations result in upregulation of a number of ECM-related genes

with roles in vascular biology, with H3K9me2 being enriched in PRDM5-bound

vasculogenesis-related genes. (A) qPCR analysis of BCS patient skin fibroblasts

from P2 and P3 for PRDM5-target genes COL13A1, NTN1, COL15A1 and CDH5.

mRNA levels were normalized to GAPDH. The Y-axis represents fold changes in

gene expression in logarithmic scale (log2). The X-axis shows the target assessed.

FC1 = fold change in mRNA expression for skin fibroblasts of P2 and age-matched

control fibroblasts 107 (Table 1). FC2 = fold change in mRNA expression for skin

fibroblasts of P3 versus control fibroblasts L10 (Table 1). Error bars represent the

95% confidence intervals around the mean. Transcript levels of COL13A1, NTN1,

COL15A1 and CDH5 were upregulated in BCS-type 2 mutant cell lines relative to

controls with paired two-tailed t-test performed on the mean ΔCt values reaching

statistical significance (P < 0.01) for all cell lines assessed. (B) ChIP-qPCR for PRDM5

and H3K9me1/2 at a subset of ECM-related genes with roles in vascular biology

found to be upregulated in fibroblasts of P2, PRDM5 Δ9–14; and P3, PRDM5

p.Arg590* (Table 1). IgG is used as a negative control and values are indicated as

% enrichment compared with input. Enrichment for H3K9 me1/2 is present at

PRDM5-bound vasculogenesis-related genes COL13A1, COL15A1 and NTN1.

Table 3. PRDM5 interactors identified by protein pull-down and mass spectrometry

Identified proteins (Human) Gene name Uniprot ID MW
(kDa)

Spectral counts Average
spectral counts

CTL1 CTL2 CTL3 WT1 WT2 WT3 Av CTL Av WT

Chromodomain-helicase-DNA-binding protein 4 CHD4 Q14839 218 0 0 0 9 13 12 0 11
DNA topoisomerase 1 TOP1 P11387 91 0 0 0 18 9 6 0 11
Metastasis-associated protein MTA2 MTA2 O94776 75 0 0 0 5 10 10 0 8
Histone deacetylase 2 HDAC2 Q92769 66 2 0 0 7 8 7 1 7
Heterochromatin protein 1-binding protein 3 HP1BP3 Q9BQG0 61 0 0 0 7 6 5 0 6

Four proteins of theNuRD complex (CHD4, TOP1,MTA2 andHDAC2)were identified as significant PRDM5 interactors. Total and average spectral counts are shown.HP1BP3,

a member of the heterochromatin protein 1 complex, was also identified.
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How the expression of HP1BP3 is altered in the retina due to a
mutation in PRDM5 is speculative. We investigated H3K9me2 ex-
pression in the adult retina of two healthy control patients (con-
trol #2 and control #1) and the retinas of two patients with BCS2
(P1 and P2) using IHC andwere unable to detect H3K9me2 expres-
sion, despite strong staining in kidney and placental control tis-
sues. These findings are in keeping with data from mouse retina
that suggest H3K9me2 levels increase during retinal develop-
ment (46–48), but that levels decline after retinogenesis, being
virtually undetectable in adultmouse retina (48). Our results con-
firmed very low expression of H3K9me2 in adult human retinal
tissue. It may be that the decreased H3K9 methylation levels es-
tablished during retinogenesis in the presence of a PRDM5muta-
tion results in reduced HP1BP3 binding (46–48). This would
contribute to the reducedHP1BP3 stainingwe observed in the ret-
inas of two patients with PRDM5-associated disease. In this con-
text, Katoh et al. (18) also speculated that decreased recruitment
of H3K9me2-interacting proteins to the promoter of genes impli-
cated in retinal survival might explain the retinal degenerative
phenotype observed with conditional depletion of the H3K9
methyltransferase G9a in post-mitotic photoreceptor cells (18).
It is also possible that HP1BP3, in the absence of its binding part-
ner PRDM5, is less stable and thereby more easily degraded, as is

the case for the PRC2 complex which is degraded when one of its
protein components is inactivated (49).

Our observed dysregulation of an epigenetic regulatorymech-
anism in one of many inherited ocular diseases caused by a
mutation in a transcription factor suggests that epigenetic mod-
ifications may be a more widespread disease mechanism in in-
herited eye disease. In other genetic conditions such as Kabuki
Syndrome, mutations in two different epigenetic modifier
genesMLL2 (50) andKDM6A (51) acting on acommonhistone sub-
strate have been described. MLL2 is a histone 3 lysine 4 (H3K4)
N-methyltransferase and KDM6A is an H3K27 demethylase
(50,51). In BCS, mutations in both ZNF469 (BCS1) and PRDM5
(BCS2) have been associated with the condition, with indistin-
guishable clinical phenotypes and the transcriptomes of patient
fibroblasts with mutations in either PRDM5 or ZNF469 show con-
siderable overlap (4,5). Both proteins have therefore been sug-
gested to act in the same biological pathway although no direct
protein–protein interaction has been demonstrated. It is possible
that epigenetic regulatory mechanisms are relevant to both
ZNF469 and PRDM5-related BCS.

In conclusion, BCS type 2 has provided an opportunity to ana-
lyse the impact of mutations affecting PRDM5 on a repertoire of
associated epigenetic modifiers, allowing us to propose a role

Figure 4. PRDM5 associates with NuRD complex components and HP1BP3. (A) Co-immunoprecipitation experiments between HA-tagged WT PRDM5 and specified

endogenous HEK293 cell proteins for some NuRD complex proteins (MTA1, MTA2, CHD4) and HP1BP3. (B) Ponceau-S staining shows equal loading of protein samples.
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Table 4. Total spectrum count results from mass spectrometry identification of PRDM5-interaction partners showing proteins demonstrating reduced interaction with p.Arg83Cys PRDM5 mutant
construct versus the WT

Identified proteins Gene
name

Uniprot
ID

MW
(kDa)

Spectral counts Average raw spectral
counts

Average normalized
(to WT) spectral
counts

Fold
change

CTL1 CTL2 CTL3 WT1 WT2 WT3 MUT1 MUT2 MUT3 Av
CTL

Av
WT

Av
MUT

CTL WT
(+1)

MUT
(+1)

WT/
MUT

La-related protein 1 LARP1 Q6PKG0 124 0 0 0 24 11 8 0 0 0 0 14 0 0 15 1 15
FACT complex subunit SPT16 SUPT16H Q9Y5B9 120 0 0 0 14 12 13 0 0 0 0 13 0 0 14 1 14
DNA topoisomerase 1 TOP1 P11387 91 0 0 0 18 9 6 0 0 0 0 11 0 0 12 1 12
Insulin-like growth factor 2

mRNA-binding protein 2
IGF2BP2 P18065 67 0 0 0 12 6 11 0 0 0 0 10 0 0 11 1 11

Transcriptional activator protein
Pur-alpha

PURA Q00577 35 0 0 0 12 6 7 0 0 0 0 8 0 0 9 1 9

ATP-dependent RNA helicase
DDX18

DDX18 Q9NVP1 75 0 0 0 11 5 7 0 0 0 0 8 0 0 9 1 9

F-box only protein 11 FBXO11 Q6X9E4 104 0 0 0 9 6 6 0 0 0 0 7 0 0 8 1 8
Heterochromatin protein 1-

binding protein 3
HP1BP3 Q5S5J5 61 0 0 0 7 6 5 0 0 0 0 6 0 0 7 1 7

Small nuclear
ribonucleoprotein Sm D2

SNRPD2 P62316 14 0 0 0 10 5 2 0 0 0 0 6 0 0 7 1 7

Splicing factor 3B subunit 1 SF3B1 O75533 146 0 0 0 5 10 4 0 0 0 0 6 0 0 7 1 7
Chromodomain-helicase-

DNA-binding protein 4
CHD4 Q14839 218 0 0 0 9 13 12 0 0 3 0 11 1 0 12 5 2.4

Myb-binding protein 1A MYBBP1A Q9BQG0 149 0 0 0 18 17 7 4 0 0 0 14 1 0 15 7 2
Heterogeneous nuclear

ribonucleoprotein R
HNRNPR O43390 71 3 6 0 13 14 11 4 0 0 3 13 1 3 14 7 2

Normalized spectral counts (normalized toWT) and fold change of average normalized spectral counts of ≥2 are used. Highlighted in grey are the NuRD-associated proteins CHD4 and TOP1. HP1BP3 (in bold) also demonstrates reduced

interaction with mutant PRDM5. Proteins involved in transcriptional activation and/or control of RNA-polymerase II-mediated transcription are shown in italics.
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for defective interaction of repressive complexes and H3K9me2
in BCS type 2.

Materials and Methods
Subjects, clinical evaluation and genetic analyses

Informed written consent was obtained and investigations con-
ducted in accordance with the principles of the Declaration of

Helsinki, with Local Ethics Committee approval (NHS Research
Ethics Committee reference 06/Q1406/52). Diagnosis of BCS in
five patients [P1 and P2, with PRDM5 Δ9–14; P3 with PRDM5
p.Arg590*; P4 with PRDM5 p.Arg83Cys, P5 with PRDM5 p.Glu134*
(Table 1)] was based on clinical examination and confirmed by
mutation analysis of ZNF469 (NM_001127464.1) and PRDM5
(NM_018699.2), as described (3,4). A detailed ophthalmic, systemic,
family and drug history was obtained. PRDM5 variants identified
in P4 were checked against control data sets including dbSNP

Figure 5.HP1BP3 expression is reduced in the retinas of two patientswith BCS. Immunohistochemistry for HP1BP3. (A1 and 2). HP1BP3 staining in peripheral (1) and central

retina (2) of a control eye (#2), showing nuclear staining for HP1BP3 in both the INL and ONL (OM 20×). (A3). HP1BP3 staining in control retina at higher magnification (OM

40×). (A4 and 5) HP1BP3 staining in peripheral (4) and central (5) retina of P2 with PRDM5 Δexons9–14 (OM 20×), and P2 peripheral retina at higher magnification (OM 40×)

(A6). (A7 and 8). HP1BP3 staining in peripheral (4) and central (5) retina of P1 with PRDM5 Δexons9–14 (OM 20×), and P1 peripheral retina at higher magnification (OM 40×)

(A9). Imageswere recorded andprocessed identically to allowdirect comparisons to bemade between them. (B) Graphical representation of percentage of HP1BP3-positive

nuclei in INL and ONL for P1 and P2 versus a control sample (#2). Values are expressed as amean of eight blinded cell counts. Error bars represent 95% confidence intervals

around themean. Results showa significant reduction in HP1BP3 staining (*) (P < 0.01) in the INL of P2 (P = 0.006), and a significant reduction in HP1BP3 staining for both P1

and P2 in the ONL (P = 0.001 for P1 and P = 0.006 for P2).
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(Build 137) (http://www.ncbi.nlm.nih.gov/SNP), the 1000 Gen-
omes Project (May 2012 release) (http://browser.1000genomes.
org/index.html), and the NHLBI Exome Sequencing Project
(http://evs.gs.washington.edu/EVS).

Clinical samples

A summary of the clinical samples used in this study is shown in
Table 1. BCS-affected ocular tissuewas obtained from theDepart-
ment of Histopathology, Manchester Royal Infirmary. Human
ocular tissue samples from control individuals were obtained
from the Manchester Eye Bank (Table 1). Informed written con-
sent and ethics committee approval was granted (14/NW/1495).

Computational modelling

We used the 3D-structure of the PRDM9 SET domain as a tem-
plate (reference 24095733) to model the PRDM5 SET domain.
These two domains share 30% sequence identity, which is suffi-
cient to build a model that will give an overall impression of the
domain. We used the WHAT IF (PMID: 2268628) & YASARA

(PMID:11948792) Twinset for homology modelling and subse-
quent analysis.

Histology and immunohistochemistry

Histological analysis of BCS eyes was carried out in accordance
with standard diagnostic protocols. 4 µm paraffin-embedded
slides were stained with haematoxylin and eosin and elastin
with van Gieson. Mouse monoclonal antibodies against collagen
I (ab90395, Abcam); collagen III (ab6310, Abcam); collagen V
(ab78056, Abcam); CD31 (clone JC70A, Dako); di-methyl histone
3 lysine 9 (H3K9me2) (Abcam ab1220) and rabbit polyclonal
HP1BP3 (HPA 028215, Sigma-Aldrich), SUPT16H (Abcam
ab204343) were used. Staining was performed on a Ventana
Benchmark XT Automated Immunostaining Module (Ventana
Medical Systems, Tucson, AZ, USA) together with the XT ultra-
ViewUniversal Red Alkaline Phosphatase detection system (Ven-
tana Medical System) for all antibodies except H3K9me2, HP1BP3
and SUP16H, where DAB was used as the chromogen. Primary
antibodies were diluted in Dako REAL™ Antibody Diluent
(Dako, Agilent Technologies, UK) to the indicated optimal dilu-
tions. The antibody dilutions were: collagen III, collagen V,
CD31 and H3K9me2: 10 µg/ml; collagen I: 3 µg/ml; SUPT16H:
1 µg/ml and HP1BP3: 20 µg/ml, respectively. Collagen V antibody
required heat-induced antigen retrieval using 0.2 M boric acid
buffer pH7.0 at 60°C for 16 h. Sections of patient eye tissue were
processed in parallel with the control tissue and were sorted
and fixed in an identical manner. Tissue section slides were
masked for origin and scored for cell densities in the retinal INL
and ONL), the number of retinal capillaries and HP1BP3 nuclear
staining, subjectively by an independent human observer.
HP1BP3 nuclear staining was scored as present/absent and the
tissue was considered positive when >20% of the cells displayed
HP1BP3 nuclear staining. Eight blinded cell counts were per-
formed for all observationswith themeans used to calculate stat-
istical significance between patient and control samples using a
non-parametric t-test with significance set at P < 0.01.

Chromatin immunoprecipitation

PRDM5 chromatin immunoprecipitation experiments and ChIP-
seq data were previously published (10) and have been deposited
in the NCBI GEO database (GSE62271, unlocked upon request).We
re-analysed our previously published dataset by performing peak
calling using MACS software (version 1.3.7.1), setting IgG signal
for the background noise definition and a lower fold change cut-
off for model building to 5. An additional significance cutoff was
set to P-value ≤ 10−8. Gene annotation was performed using
GREAT (52) and gene ontology of genes overlapping with micro-
array analysis was performed using DAVID (53).

Expression microarray analysis

Expression microarray was performed as previously described
(4). The full data set was submitted to ArrayExpress (reference
E-MEXP-3077). Transcripts with fold changes >3 compared with
age and sex-matched controls in one of the two BCS cell lines
studied, with a fold change ≥1.5 in the other BCS cell line in the
same direction of effect were analysed with respect to PRDM5
binding using the ChIP-seq data described in the above section.

Quantitative PCR

Extracted total RNAwas reverse-transcribed into single-stranded
cDNA using a High Capacity RNA-to-cDNA Kit (Lifetechnologies,

Figure 6. H3K9me2 is reduced in fibroblasts from patients with BCS2. Western

blots of nuclear extracts of BCS patient fibroblasts with different PRDM5

mutations and an unaffected control sample (4120) for: H3K9me2; GAPDH and

total histone H3 (loading controls). P5; p.Glu134*; P3; p.Arg590*; P1; Δexons9–14;

4: control sample (4120, Table 1). Lanes were run on the same gel but were non-

contiguous.
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Paisley, UK). RT-PCR was performed using first-strand cDNAwith
TaqMan FastUniversal PCRMasterMix (Life Technologies) as pre-
viously described (4). The assay numbers for themRNA endogen-
ous control (GAPDH) and target genes were as follows: GAPDH
(Hs02758991_g1), CDH5 (Hs00901464_m1), COL13A1 (Hs00193225_
m1), NTN1 (Hs00924151_m1), COL15A1 (Hs00266332_m1), COL4A2
(Hs01098873_m1), BGN (Hs00959141_g), PLOD2 (Hs01118190_m1)
(Life Technologies).

ChIP-qPCR

Dermal fibroblasts growing in monolayer were crosslinked in 1%
formaldehyde for 10 min at room temperature after which the re-
action was stopped by addition of 0.125 M glycine. Cells were
lysed and harvested in ChIP buffer (100 mM Tris at pH 8.6, 0.3%
SDS, 1.7% Triton X-100 and 5 mM EDTA) and the chromatin dis-
rupted by sonication using a Diagenode Bioruptor sonicator
UCD-300 to obtain fragments of 200–500 bp in size. A total of
50 µg (measured as DNA) of chromatin was incubated with the
following antibodies overnight: IgG (Sigma, I8140), Prdm5-Ab2
(7) and H3K9me1/2 (Abcam, Ab1220). Immunoprecipitated com-
plexes were recovered on Protein-G dynabeads (Invitrogen) and,
after extensive washes DNA was recovered by reverse crosslink-
ing (incubation for 8 h at 65°C in 0.1 M Sodium Bicarbonate and
1% SDS in TE buffer) and purification using QIAquick PCR purifi-
cation kit (Qiagen, Manchester, UK). qPCR was performed on a
StepOne Plus system (Life Technologies) using Fast SYBR green
reagents (Life Technologies) according to manufacturer’s recom-
mendations. Primers used for ChIP-qPCR included: ChIP_Co-
l13a1_fwd, TGCCCTGAGAGTCACCTTTAGT; ChIP_Col13a1_rev,
TGTCTTCAGAGGTTTGACCAGA; ChIP_Col15a1_fwd, GACACTGG
TTTACCTGGCTTTC; ChIP_Col15a1_rev, CTGAAACGTTTAGCAA
ATTCCA; ChIP_Ntn1_fwd, CTGAAATCTGGAGAGGGATTTG; ChIP_
Ntn1_rev, GCCTCTGAGTGTGTTTGTGAAG.

DNA constructs

BothMyc andHA-tagged PRDM5 in pcDNA3.1 have been described
(6,7). Myc-PRDM5 c.247c>t encoding the PRDM5 p.Arg83Cys muta-
tion was generated using the QuickChange II XL site-directed
mutagenesis kit (Stratagene, CA, USA) using primers 5′-GCACTC
CAACTGGCTTTGCTTCGTTCATGAGGC-3′ (forward sequence) and
5′-GCCTCATGAACGAAGCAAAGCCAGTTGCACTGC-3′ (reverse
sequence).

HEK293 cell culture, transfection and extract preparation

HEK293 EBNA cells were grown and routinely maintained as
above. Equal cell numbers were transfected using Effectene
transfection reagent (Qiagen) according to the manufacturer’s
protocol. Extracts from HEK293 cells were harvested and lysed
in RIPA buffer [containing 50 mMTris (pH 8), 150 mMNaCl, 1% tri-
ton-X100, 0.5% deoxycholic acid, 0.1% SDS and protease and
phosphatase inhibitors (Roche mini-Complete EDTA-free)]. Elu-
ates were analysed by SDS-page on 4–12% bis-tris protein gels
(LifeTechnologies) and expression confirmed by western blotting
using anti c-myc antibody (anti-c myc monoclonal, Roche),
HA (Biosite, PRB-101C) and GAPDH (Santa Cruz) (Supplementary
Material, Fig. S7).

Immunoprecipitation and pull-down

Pull-down experiments were performed using lysates from
HEK293 EBNAcells transiently expressing eitherWTor p.Arg83Cys
myc-tagged or HA-tagged PRDM5. Untransfected HEK293 EBNA

cells undergoing identical experimental steps in parallel were
used as a control. In vivo crosslinking was performed. Co-immu-
noprecipitation experiments were performed using Myc and HA
agarose beads (Sigma-Aldrich, Gillingham, UK). Antibodies used
for co-immunoprecipitations were: HA (Biosite, PRB-101C), G9a
(MBL bio D141-3), MTA1 (Abcam Ab751), MTA2 (Abcam, Ab8106),
CHD4 (Santa Cruz, SC12541) and HP1BP3 (Sigma-Aldrich
SAB1407417) as described previously (7). In brief, control untrans-
fected HEK293 cells, WT HA-PRDM5 cells, WT myc-PRDM5 cells
and mutant p.Arg83Cys myc-PRDM5 cells were crosslinked with
2.5 mM DSS for 30 min, before the reaction was quenched with
10–20 mM Tris, pH 7.5 final concentration. Cells were washed in
PBS before being lysed in RIPA buffer. Lysates were incubated
on ice for 30 min and cleared by centrifugation. The supernatant
was removed and the clearing step repeated. Each complex (WT,
p.Arg83Cys and control cells) was run in triplicate. Following a
pre-clearing step using Sepharose protein G Fast-flow agarose
(Sigma-Aldrich), lysates were incubated at 4°C with anti-myc
agarose beads (Sigma-Aldrich) overnight. Myc-PRDM5 protein
complexes were eluted from the beads with 20 µl 2× SDS sample
buffer and incubated at 95 °C for 5 min. The eluates were run on a
10% NuPAGE gel (Lifetechnologies) and run at 200 V until the dye
front was 1 cm into NuPAGE gel, enabling in-gel buffer exchange
and total protein collection. Gels were washed in Milli-Q water
(Merck Millipore) before staining with Instant Blue (Expedeon)
for 1 h. Gels were de-stained by washing overnight in Milli-Q
water.

Mass spectrometry analyses of PRDM5 complexes

The protein bands were excised from the gel and in-gel digestion
performed as per Shevchenko et al. (54). Samples were analysed
by LC-MS/MS using an UltiMate® 3000 Rapid Separation LC
(RSLC, Dionex Corporation, Sunnyvale, CA, USA) coupled to an
Orbitrap Elite (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer. Peptide mixtures were separated using a
gradient including 92% buffer A (0.1% formic acid in water) and
8% buffer B (0.1% FA in acetonitrile); to 33% buffer B (104 min at
300 nl min−1); then 60% buffer B (105 min at 300 nl min−1) using
a 250 mm× 75 µm i.d. 1.7 mM BEH C18 analytical column
(Waters). Peptides were selected for fragmentation automatically
by data-dependent analysis.

Data processing and functional analyses of PRDM5
complexes

The acquired data were processed with the standard pipeline of
Progenesis version 4.1 to obtain label-free quantification values,
where peptides and proteins are identified using MASCOT (www.
matrixscience.com) matching all MS-MS spectra against the
human sequences from Uniprot May 2013 database. Carbamido-
methylated cysteins were set as fixed and oxidation of methio-
nine and N-terminal acetylation as variable modifications. The
triplicates of each bait immunoprecipitation (IP) were analysed
against the three control IPs. The following criteria were used
to identify proteins and the following confidence filters selected
to reduce peptide and protein global false discovery rate to <1:
99% protein confidence, 95% peptide confidence and minimum
of three peptide identificationswith at least two unique peptides.
Significant interactors were determined by a volcano plot245-
based strategy, combining t-test P-value and ratio information.
T-test based comparison of bait IPs versus control IPs was per-
formed with P-value threshold set at 0.05 and a bend of the
curve value set at 1. Label-free quantification protein intensity
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ratios of bait relative to control was plotted against the negative
logarithmic P-value of the t-test as a stipulated line representing
the permutation-based false discovery rate separating specific
from non-specific binders. Data were also processed independ-
ently to generate total spectral count analyseswith a protein con-
fidence of 95%, by processing each sample dataset through
Mascot version 2.4 for protein identification and Proteome-
Software Scaffold version 4.0.8 (55) to qualify and validate those
results. Three datasetswere generated for each construct [control
(CTL), wild-type (WT), mutant (MUT)]. Comparisons between
peptides identified in the WT PRDM5 construct and control;
as well as between WT PRDM5 construct and a BCS-mutant
p.Arg83Cys PRDM5 construct were performed (Supplementary
Material, Fig. S8).

To determine co-isolated proteins that were enriched in
PRDM5 derivatives versus the control, the following spectral
counting approach was performed (56): (1) spectral counts from
biological replicates were averaged; (2) proteins with <5 average
spectral counts in at least one condition were excluded; (3) pro-
teins with ≥3-fold enrichment in PRDM5 WT isolation (versus
control) were retained; (4) spectral counts for co-isolated pro-
teins from the PRDM5 WT and PRDM5 p.Arg83Cys conditions
were normalized by the factor ‘PRDM5 WT spectral counts/
PRDM5 mutant spectral counts’ and finally (5) proteins with
≥3-fold enrichment in PRDM5 WT isolation (versus control)
were retained for further gene ontology analysis using DAVID
(53). Proteins with a cytoplasm cellular component gene ontol-
ogy term, but lacking nuclear, nucleoplasm or nucleolus gene
ontology terms were excluded. Upregulated peptides were de-
tected by dividing the normalized peptide counts of the WT
PRDM5 construct by the CTRL (WT/CTRL), or theWT PRDM5 con-
struct by the mutant construct (WT/MUT), with a minimum of 2
fold difference and ≥to 5 peptides difference. Downregulated
peptides were determined by analysis of normalized spectral
counts of CTRL/WT and/or MUT/WT with a minimum of 2 fold
difference and ≥5 peptides. A spectral count of 1 was added to
all total spectral counts to facilitate calculation of fold enrichment
of downregulated peptides.

Fibroblast cell culture and immunoblotting

Primary dermal fibroblast cultures were established from skin
biopsies by routine procedures. Control samples were obtained
from normal skin of age and sex-matched patients. Fibroblasts
were maintained in DMEM supplemented with 10% fetal calf
serum (PAA, Somerset, UK) at 37°C in 5% CO2, expanded until
confluent and harvested by trypsin treatment at the same pas-
sage number (between 6 and 9 passages). Fibroblast cell lysis
and preparation of nuclear extracts were performed according
to Schnitzler GR (57). Total protein content was quantified
using a BioRad protein quantification BCA assay (BioRad La-
boratories, Hemel Hempstead, UK). Skin fibroblasts nuclear ex-
tracts were subjected to standard SDS-PAGE using the following
antibodies: di-methyl histone 3 lysine 9 (H3K9me2) (Abcam
ab1220), tri-methyl histone 3 lysine 9 (H3K9me3) (Abcam
ab8898); tri-methyl H3K27 (H3K27me3) (Abcam ab6002) and
loading controls total H3 (Cell Signalling Technology, #9715)
and GAPDH (Santa Cruz sc-47724). Experimentswere performed
on equal amounts of nuclear fraction protein (nuclear extracts
10μg). Membranes were blocked with TBST (0.1% Tween 20)
containing 5% non-fat dry milk, and incubated with primary
antibodies overnight. Visualization was performed with an en-
hanced chemiluminescence western blotting kit (Cell Signal-
ling Technologies #7003).

Supplementary Material
Supplementary Material is available at HMG online.
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