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mostly involved in chromatin modification and transcrip-
tional regulation, whilst others indicate an unexpected role 
in connection with the primary cilium. Mapping of the sites 
of protein interaction also indicates key features regarding 
the evolution of the GTF2IRD1 protein. These data provide 
a visual and molecular basis for GTF2IRD1 nuclear func-
tion that will lead to an understanding of its role in brain, 
behaviour and human disease.

Abbreviations
hESC  Human embryonic stem cells
PLA  Proximity ligation assay
STED  Stimulated emission depletion
WBS  Williams–Beuren syndrome
Y2H  Yeast two-hybrid

Introduction

GTF2IRD1 (GTF2I repeat domain containing protein I) 
was initially identified in three independent yeast one-
hybrid screens as a protein that interacted with DNA baits 
composed of triplicated versions of the upstream regions 
of TNNI1 (O’Mahoney et al. 1998), Hoxc8 (Bayarsaihan 
and Ruddle 2000), and goosecoid (Ring et al. 2002). In the 
human, the gene encoding GTF2IRD1 is located in a clus-
ter within chromosome 7q11.23 with two closely related 
genes; GTF2I encoding TFII-I and GTF2IRD2 encoding 
GTF2IRD2. The 7q11.23 region contains three blocks of 
low-copy repeats (LCRs) that cause susceptibility to non-
allelic homologous recombination during meiosis that 
results in offspring carrying hemizygous deletions result-
ing in Williams–Beuren syndrome (WBS OMIM#194050) 
(Franke et al. 1999; Osborne et al. 1999; Pérez Jurado 
et al. 1998; Tassabehji et al. 1999; Tipney et al. 2004) 

Abstract GTF2IRD1 is one of the three members of the 
GTF2I gene family, clustered on chromosome 7 within a 
1.8 Mb region that is prone to duplications and deletions 
in humans. Hemizygous deletions cause Williams–Beuren 
syndrome (WBS) and duplications cause WBS duplica-
tion syndrome. These copy number variations disturb a 
variety of developmental systems and neurological func-
tions. Human mapping data and analyses of knockout mice 
show that GTF2IRD1 and GTF2I underpin the craniofacial 
abnormalities, mental retardation, visuospatial deficits and 
hypersociability of WBS. However, the cellular role of the 
GTF2IRD1 protein is poorly understood due to its very 
low abundance and a paucity of reagents. Here, for the first 
time, we show that endogenous GTF2IRD1 has a punctate 
pattern in the nuclei of cultured human cell lines and neu-
rons. To probe the functional relationships of GTF2IRD1 
in an unbiased manner, yeast two-hybrid libraries were 
screened, isolating 38 novel interaction partners, which 
were validated in mammalian cell lines. These relationships 
illustrate GTF2IRD1 function, as the isolated partners are 
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or duplications that cause WBS duplication syndrome 
(OMIM#609757) (Depienne et al. 2007; Merla et al. 2010; 
Sanders et al. 2011; Somerville et al. 2005; Torniero et al. 
2007; Van der Aa et al. 2009).

Patients with WBS duplication syndrome have only 
recently been described and little mapping data exists 
that can discriminate the individual genetic contribu-
tion to the phenotypes but in WBS, a series of atypical 
deletion patients indicate that loss of GTF2IRD1 and/or 
GTF2I is necessary to manifest the craniofacial abnormal-
ities, mental retardation, visuospatial construction defi-
cits and hypersociability of WBS (Antonell et al. 2010). 
Given the profound importance of copy number variations 
(CNVs) of these genes to the neurological abnormali-
ties of WBS, it is not unreasonable to suppose that CNVs 
which increase GTF2IRD1 and GTF2I gene dosage may 
also play an important role in the consistent speech delay 
and increased rates of autism and schizophrenia found 
in WBS duplication syndrome and evidence from mouse 
models supports this idea (Osborne 2010). Therefore, it is 
very important to understand the function of these related 
proteins to comprehend the consequences of their altered 
dosage.

Cultured cell transfection studies and transgenic 
experiments both indicate that GTF2IRD1 has strong 
gene repression capabilities (Issa et al. 2006; Tay et al. 
2003) and binding studies demonstrated that GTF2IRD1 
has sequence-specific DNA recognition properties for 
GGATTA-containing sequences that are conferred by a 
subset of the five I-repeat domains (RDs) that it contains 
(Polly et al. 2003; Thompson et al. 2007; Vullhorst and 
Buonanno 2003, 2005). The GTF2IRD1 upstream region 
(GUR) contains three GGATTA binding sites and EMSA 
studies have shown that all three are required to achieve 
high-affinity GTF2IRD1 binding (Palmer et al. 2010). This 
may explain why GTF2IRD1 was readily isolated from 
the artificial triplicated bait constructs of the original yeast 
one-hybrid assays. However, it is unclear what evolutionary 
advantage was bestowed by the multiple duplication of this 
DNA binding domain and how the RDs work in DNA bind-
ing site selection of target genes.

Apart from the RDs, the human GTF2IRD1 protein 
contains a short leucine zipper near the N-terminus impli-
cated in dimerization (Vullhorst and Buonanno 2003), a 
nuclear localization signal (NLS) near the C-terminus, 
two SUMOylation motifs of which one is clearly highly 
conserved and functional (Widagdo et al. 2012), a highly 
conserved C-terminal domain that may be important for 
SUMOylation due to the binding of the E3 SUMO-ligase, 
PIASxβ (Widagdo et al. 2012) and a polyserine tract near 
the C-terminus that is missing in all fish species but present 
in amphibians and may, therefore, be a more recent evolu-
tionary refinement.

Much of the thinking regarding GTF2IRD1 func-
tion is based on homology with TFII-I, which has been 
studied more intensively. It is undisputed that GTF2I and 
GTF2IRD1 evolved from a common ancestor but the level 
of functional overlap and redundancy between TFII-I and 
GTF2IRD1 is currently unclear. Direct protein interaction 
between them is possible (Palmer et al. 2012) and some of 
the data indicates similar target gene sets and mechanisms 
of regulation (Jackson et al. 2005; Palmer et al. 2012; Tan-
tin et al. 2004). However, unlike GTF2IRD1, much of the 
data on TFII-I indicate a very broad role in both the cyto-
plasm and the nucleus and individual isoforms show differ-
ent subcellular localization patterns and functional proper-
ties (Roy 2012). Some isoforms of TFII-I are thought to 
reside in the cytoplasm, where they are tethered by inter-
actions with Bruton’s tyrosine kinase (Yang and Desiderio 
1997) or p190RhoGAP (Jiang et al. 2005) and shuttle into 
the nucleus in response to signalling events and can also 
interact with PLC-γ in a way that competitively inhibits its 
binding to TRPC3, thus altering agonist-induced calcium 
entry into the cell (Caraveo et al. 2006). At the same time, 
TFII-I isoforms have a series of nuclear roles that include 
direct DNA binding to the regulatory regions of various 
genes, including c-fos (Roy 2012).

The majority of studies indicate that Gtf2ird1−/− null 
mice survive but have craniofacial and neurological abnor-
malities (Howard et al. 2012; Schneider et al. 2012; Tassa-
behji et al. 2005; Young et al. 2008), whereas Gtf2i−/− mice 
are embryonic lethal (Enkhmandakh et al. 2009). These 
data, in combination with the data on the cytoplasmic 
roles of TFII-I, might be taken to suggest that TFII-I plays 
a broader and more critical cellular role than GTF2IRD1. 
However, evolutionary conservation studies indicate that 
the common ancestor of these two genes bore a stronger 
sequence similarity to the current GTF2IRD1 (Gunbin and 
Ruvinsky 2013). Thus, during the initial period follow-
ing duplication, proto-GTF2I was presumably liberated 
from functional constraints, whereas the proto-GTF2IRD1 
retained most of the ancestral gene’s role. The GTF2I/
GTF2IRD1 duplication pre-dates the formation of carti-
laginous fish but the GTF2I gene has been lost in the two 
bony fish infraclasses (Teleostei and Holostei), whereas 
GTF2IRD1 has been retained in all vertebrates since its for-
mation (Gunbin and Ruvinsky 2013). These data support 
the likelihood of functional overlaps between these two 
proteins and suggest that, at least in bony fish, GTF2IRD1 
is sufficient to support all of the functions they provide in 
other species.

Based on the well-established DNA binding properties 
of GTF2IRD1 and the clear impact on transcriptional regu-
lation when over-expressed in vitro (Polly et al. 2003; Vull-
horst and Buonanno 2003) and in vivo (Issa et al. 2006), 
it has been assumed that GTF2IRD1 is a conventional 
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transcription factor that has a consistent set of gene tar-
gets that will be dysregulated in its absence. But, despite 
demonstrated alterations in behaviour and motor function 
in Gtf2ird1 knockout mice (Howard et al. 2012; Young 
et al. 2008) and electrophysiological changes in CNS neu-
rons (Proulx et al. 2010), evidence for such a gene set from 
transcriptional analysis of knockout brain tissue has so 
far proved elusive (O’Leary and Osborne 2011). This has 
led to speculation on the possibility of missing roles for 
GTF2IRD1, such as a cytoplasmic function similar to TFII-
I (O’Leary and Osborne 2011).

Therefore, there is a strong need to supply some fun-
damental information regarding GTF2IRD1, which has 
been hampered by the lack of good quality antibodies and 
a lack of understanding about its protein–protein interac-
tions. In this paper, we examine the subcellular localiza-
tion of endogenous GTF2IRD1 and demonstrate that it is 
distributed in a speckled pattern in the nucleus that brings 
it into close proximity with several markers of chromatin/
transcriptional regulation. To identify the range of protein 
interactions engaged in by GTF2IRD1, we used yeast two-
hybrid library screenings to generate an unbiased com-
prehensive list of protein partners. Most of the proteins 
isolated support a role in the regulation of chromatin. Inter-
actions with other DNA binding proteins and transcrip-
tional co-factors suggest that GTF2IRD1 binds to chro-
matin targets using cooperative mechanisms. In addition, 
interactions with several components of the primary cilium 
and ARM repeat proteins offer an intriguing new direction 
in GTF2IRD1 research.

Results

Endogenous GTF2IRD1 exists in a punctate pattern 
in the nucleus

Previous analyses of endogenous GTF2IRD1 have been 
hampered by a lack of good quality antibodies and the low 
abundance of the protein. However, two commercial anti-
bodies were identified, the first of which (333A) is usable 
in immunofluorescence and immunoprecipitation but is 
specific for the human protein and is a very poor detection 
reagent on western blots. The second (M19) is highly sen-
sitive as a detection reagent on western blots but has rela-
tively poor specificity and does not work for immunofluo-
rescence (Fig. 1).

In whole cell extracts of HeLa cells, M19 detects two 
major bands in the 110–130 kDa range (Fig. 1a). After 
immunoprecipitation using the 333A antibody, only the 
upper band (running at approximately 130 kDa) is detected 
by M19, indicating that this corresponds to endogenous 
GTF2IRD1 (predicted molecular weight: 106 kDa). This 

result was confirmed using a pool of 4 anti-GTF2IRD1 siR-
NAs. While no change in the band pattern from whole cell 
extracts was observed when HeLa cells were treated with 
control siRNA, the upper band at 130 kDa was lost when 
cells were treated with anti-GTF2IRD1 siRNA (Fig. 1a).

The lower molecular weight band detected by M19 
could not be identified. We considered the possibility that 
it constituted TFII-I or GTF2IRD2 and was detected as a 
result of cross-reactivity with the M19 antibody. However, 
this possibility was dismissed by immunoblotting using 
anti-TFII-I and anti-GTF2IRD2 antibodies. These antibod-
ies both identified bands that run at a very similar molecular 
weight to GTF2IRD1 and not at the lower level of approxi-
mately 110 kDa. The possibility that the anti-GTF2IRD1 
siRNAs affected the levels of TFII-I and GTF2IRD2 or 
that M19 was cross-reacting with these related proteins was 
also excluded by probing extracts treated using the siRNA 
knockdown oligonucleotides (Fig. 1a).

Endogenous GTF2IRD1 has never been convincingly 
localized within the cell by immunofluorescence. Using 
the 333A antibody we were able to detect a punctate sig-
nal in the nuclei of HeLa cells and this signal was com-
pletely abrogated in the majority of cells treated with the 
anti-GTF2IRD1 siRNAs (Fig. 1b). Cell counting indicated 
that approximately 98 % of cells had no signal while the 
remaining 2 % showed the normal pattern, indicating that 
they had failed to be transfected by the siRNA oligonu-
cleotides. Use of super-resolution confocal STED (stimu-
lated emission depletion) microscopy demonstrated that 
the speckles were distributed evenly throughout the nuclei 
of HeLa, HEK-293 (Fig. 1c) and SH-SY5Y cells (data not 
shown) in large numbers.

We considered the possibility that the pattern of 
GTF2IRD1 localization was specific to immortalized 
cell lines. Since GTF2IRD1 function has been associ-
ated with neurobehavioural abnormalities in mouse stud-
ies (Howard et al. 2012; Young et al. 2008) and we had 
previously shown expression in the mouse brain (Palmer 
et al. 2007), an understanding of localization in neurons 
was sought. Human cerebellum samples were obtained 
for immunofluorescence analysis but no convincing evi-
dence of GTF2IRD1 localization could be found in frozen 
or fixed tissue (data not shown). Therefore, neurons dif-
ferentiated from human embryonic stem (ES) cells were 
analysed using the 333A antibody. Co-immunofluores-
cence with anti-β-tubulin III and anti-MAP2ab antibodies 
showed punctate nuclear expression of GTF2IRD1 in neu-
ronal cells (Fig. 2), consistent with its expression pattern 
in the immortalized cell lines (Fig. 1). Of note, GTF2IRD1 
nuclear expression was also observed in β-tubulin III nega-
tive and MAP2ab negative cells, which correspond to sub-
populations of early neural progenitors (Dottori, personal 
communication).



 Hum Genet

1 3

Endogenous GTF2IRD1 is found in close proximity 
to elements of chromatin regulation

These results prompted an exploration of co-localization 
with other nuclear speckling bodies as a potential means to 
understand GTF2IRD1 function. Comparison of the distri-
bution patterns using co-immunofluorescence revealed that 
none of the markers tested showed consistent one-to-one 
overlap with GTF2IRD1. However, qualitative assessment 
indicated that some GTF2IRD1 protein showed fractional 
overlap with markers of chromatin and transcriptional regu-
lation, including histone H3 methylation marks, members of 
the heterochromatin protein 1 family and SP1 (Fig. 3). Co-
localization of GTF2IRD1 and the nuclear bodies detected 
by antibodies against, coilin, LAP2, the nuclear pore com-
plex (NPC) and PML was very limited, although the sparse 
PML bodies typically showed at least one overlapping sig-
nal per nucleus (Supplementary Material, Fig. S1).

Proximity ligation assays (PLA) were used as a quan-
titative means to assess the incidence of close proximity 
between endogenous GTF2IRD1 protein and the mark-
ers of chromatin/transcriptional regulation in HeLa cells 
(Fig. 3). These analyses indicated that GTF2IRD1 is found 
in close proximity with the heterochromatin proteins HP1β 
and HP1γ at the highest frequency, followed by SP1, HP1α, 
H3K27Me2/3 and H3K4Me3 in descending order (Fig. 4). 
PLA signal detected for GTF2IRD1 and H3K9Me3 was 
equivalent to the combined background control levels, sug-
gesting that the incidence of close proximity between these 
proteins is equal to or approaching zero.

These observations suggested an association with elements 
of the chromatin regulation machinery, but stronger evidence 
of such interactions prevented firmer functional conclusions. 
While some GTF2IRD1 protein binding partners have been 

reported (Tussie-Luna et al. 2002; Widagdo et al. 2012) this 
area is unexplored and we therefore set out to address this 
need using a comprehensive screening approach.

Yeast two‑hybrid library screening for novel 
GTF2IRD1 interacting partners

Yeast two-hybrid (Y2H) screening was chosen because 
it is unbiased and can identify both transient and stable 

Fig. 1  Detection of endogenous human GTF2IRD1. a Western blot 
analysis of endogenous GTF2IRD1, GTF2IRD2 and TFII-I in HeLa 
cell extracts. A single western blot was cut into strips (indicated by 
the boxes), probed using anti-GTF2IRD1 (M19), anti-GTF2IRD2 
(IRD2) and anti-TFII-I antibodies, and the resulting film expo-
sures realigned. The anti-GTF2IRD1 M19 antibody detects two 
bands above 100 kDa in the whole cell extract (No siRNA) but after 
immunoprecipitation using the anti-GTF2IRD1 333A antibody (IP 
333A), only the upper band is detected. In extracts from cells trans-
fected with a negative control siRNA (CON siRNA), both bands are 
detected but in cells transfected with the anti-GTF2IRD1 siRNA pool 
(IRD1 siRNA), the upper band disappears. Immunoblotting (IB) for 
GTF2IRD2 and TFII-I shows that the lower band does not correspond 
to these proteins and the anti-GTF2IRD1 siRNA lane is unaffected in 
both blots, showing that there is no evidence of compensatory pro-
tein level change or antibody cross-reactivity. b Immunofluorescence 
analysis of endogenous GTF2IRD1 protein using the 333A antibody 
on HeLa cells treated with control or targeting siRNA. c Immuno-
fluorescence analysis of endogenous GTF2IRD1 distribution in the 
nucleus of HeLa and HEK-293 cells using stimulated emission deple-
tion (STED) super resolution confocal microscopy

▸
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interactions. To provide as complete a list of binding part-
ners as possible, two Y2H screens were performed using a 
universal normalized mouse cDNA library (derived from 
a collection of different mouse tissues) and a human brain 
normalized cDNA library. These screens led to the initial 
isolation of 191 positive yeast colonies.

Clones with prey sequences duplicating other clones or 
out of frame with the GAL4 DNA binding domain were 
discarded. Most of the remaining clones were retrans-
formed into haploid AH109 yeast using the original rescued 
prey plasmid or a reconstructed prey plasmid containing the 
full-length prey cDNA (Supplementary Material, Table 1), 
together with the bait construct or the empty pGBKT7 
control plasmid (Supplementary Material, Fig. S2). Prey 
clones that were resistant to the quadruple dropout (QDO) 
media in the presence of the empty control plasmid were 

presumed to encode proteins that bind directly to the GAL4 
DNA binding domain and were also discarded.

This refinement process led to the identification of 40 
individual GTF2IRD1 binding protein candidates (Table 1). 
Five of these clones were not pursued beyond sequence 
identification as they were known to be solely cytoplasmic, 
extracellular or cell membrane localized and were less likely 
to be of biological relevance. Two of the proteins have been 
described previously as interacting nuclear partners (Tussie-
Luna et al. 2002; Widagdo et al. 2012). Of the remaining 
33 proteins, 26 either shuttle into the nucleus or are pri-
marily located in the nucleus according to known func-
tions or predictions summarized in the subcellular locali-
zation database, COMPARTMENTS (Binder et al. 2014). 
The KPNA proteins were predicted to have been isolated 
due to their binding to the GTF2IRD1 nuclear localization 
signal (NLS). Preliminary Y2H studies mapped this inter-
action to the C-terminal domain of GTF2IRD1, where the 
NLS is located, suggesting that this was indeed the case and 
these proteins were not pursued beyond this point (data not 
shown). It was striking that six of the remaining non-nuclear 
proteins are associated with or have links with centrosome 
and primary cilia function (Table 1), an association that has 
never been previously noted in connection with GTF2IRD1.

Domain characterization for the novel protein 
interactions of GTF2IRD1

To map the binding domains of these proteins in 
GTF2IRD1, a range of Y2H bait plasmids was con-
structed containing 8 separate 88 amino acid regions of the 
GTF2IRD1 protein (Fig. 5a) containing known functional 
units or sequences that are strongly conserved between 
species, as described previously (Widagdo et al. 2012). A 
selected set of prey proteins was co-transformed with each 
of the 8 domain-specific plasmids and plated on QDO/x-α-
GAL media (Fig. 5b). Protein interactions were mapped to 
several of the domains, sometimes multiple domains. The 
highest number of interactions mapped to the regions con-
taining the SUMOylation motifs (Fig. 5c).

Subcellular localization of GTF2IRD1 and its novel 
protein partners

To gather further evidence for interactions in a mamma-
lian cell context and to check the subcellular localization 
characteristics of the putative protein partners, plasmids 
encoding epitope-tagged versions or EGFP fusion proteins 
were either obtained or constructed (see Supplementary 
Material, Table S1). These plasmids were co-transfected 
into HeLa cells with plasmids encoding either GTF2IRD1-
EGFP or Myc-tagged GTF2IRD1 and co-localization was 
analysed by fluorescence microscopy (Fig. 6).

Fig. 2  Endogenous GTF2IRD1 adopts a speckled nuclear pattern in 
hESC-derived neuronal cell cultures. Immunofluorescence analysis 
of hESC-derived cells, driven into the neuronal pathway of develop-
ment, shows that GTF2IRD1 has the same nuclear pattern found in 
immortalized cell lines. GTF2IRD1 is expressed in all cells including 
differentiating neurons, as marked by β-tubulin III and MAP2ab anti-
bodies. Scale bars represent 20 µm
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The majority of the candidate proteins localized to the 
nucleus, as expected, with some degree of nuclear speck-
ling in many cases but most showed little direct overlap 
with the tagged GTF2IRD1 protein (Fig. 6a). Candidate 

proteins that localized predominantly outside of the nucleus 
in these assays (Fig. 6b) may shuttle into the nucleus under 
normal circumstances to interact with GTF2IRD1 and 
thus, these findings should not prejudice the likelihood of 

Fig. 3  Co-localization of 
endogenous GTF2IRD1 with 
markers of chromatin/transcrip-
tional regulation using confocal 
immunofluorescence analysis 
and PLA. The markers include 
HP1 α, β, γ, H3K9Me3 (K9), 
H3K27Me2/3 (K27), H3K4Me3 
(K4) and SP1. The PLA images 
show representative Z-stack 
confocal reconstructions of 
DAPI-stained nuclei overlaid 
with the PLA dots generated 
by the same antibody pairings 
as the adjacent immunofluores-
cence images
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a genuine biological interaction. However, these proteins 
were not analysed in the next stage of verification, involv-
ing co-immunoprecipitation (co-IP), since they were not 
occupying the same cellular compartment as GTF2IRD1.

GTF2IRD1 interacts with chromatin modifiers 
and transcriptional regulators in mammalian cells

The majority of the candidate proteins that showed signifi-
cant distribution in the nuclear compartment were selected 
for a further level of validation using co-IP analysis of the 
recombinant proteins. Plasmids encoding tagged fusion 
proteins of GTF2IRD1 and each candidate protein were 
co-transfected into HeLa cells and protein complexes were 
immunoprecipitated using the anti-GFP antibody. Co-IP 
proteins were analysed on western blots using the anti-Myc 
antibody. Negative controls were performed by co-transfec-
tion with the empty pEGFP vector.

PKP2 is a member of the plakophilin family that plays 
dual roles in the nucleus and in desmosomes (Chen et al. 

2002). In HeLa cells, the protein predominantly local-
ized to the cell surface and, therefore, interaction with 
GTF2IRD1 was not tested by co-IP. However, the family 
member PKP1 is known to localize more readily to the 
nucleus (Hatzfeld et al. 2000) and we considered the pos-
sibility that the interaction of GTF2IRD1 with PKP family 
members may be conserved. To address this question, the 
prey vector pGADT7 containing the PKP1 open reading 
frame was co-transformed with GTF2IRD1 and an inter-
action in yeast was verified (Supplementary Material, Fig. 
S2). Second, the localization of PKP1-EGFP to the nuclei 
of HeLa cells was confirmed (Fig. 6b) and PKP1 was 
included in the co-IP experiments.

All of the candidate proteins tested were found to co-
immunoprecipitate with GTF2IRD1 from the HeLa cell 
extracts with varying levels of recovery and all the con-
trol interactions with GFP were negative as expected 
(Fig. 7). The majority of experiments were performed 
using EGFP-tagged versions of the candidate proteins and 
GTF2IRD1-Myc (Fig. 7a) but SETD6 and ZMYM2 co-IPs 
were performed using the reverse configuration (Fig. 7b) 
because only Myc-tagged versions of these constructs were 
available.

Co‑immunofluorescence analysis of endogenous 
ZMYMs in mammalian cells

Of the previously unreported candidate proteins isolated 
in these screens, the proteins ZMYM2 and ZMYM3 were 
the most prominent to us because they have been previ-
ously isolated using immunoaffinity purification from 
endogenous HeLa cell extracts as part of a complex that 
contained TFII-I, BHC110, BHC80, CoREST, HDAC1 
and HDAC2 (Hakimi et al. 2003). Therefore, while direct 
binding of TFII-I to ZMYM2 and ZMYM3 had not been 
demonstrated, it seemed plausible that direct interactions 
between ZMYM proteins and members of the TFII-I fam-
ily, including GTF2IRD1, are a conserved feature that con-
fers the ability to integrate into HDAC-containing silencing 
complexes.

To examine this hypothesis, anti-ZMYM2 and anti-
ZMYM3 antibodies were obtained and co-immunoflu-
orescence analysis of their endogenous co-localization 
with endogenous GTF2IRD1 and TFII-I was conducted 
in HeLa cells. All 4 of these proteins were distributed in 
punctate patterns, and some co-localization was appar-
ent, but the overlap was not one-to-one as a proportion of 
the red and green signal was still very obvious (Fig. 8a). 
However, it was noteworthy that the co-localization of 
GTF2IRD1 and the ZMYMs was not dissimilar from the 
co-localization of TFII-I and the ZMYMs; previously 
associated by co-immunoprecipitation in HeLa cells 
(Hakimi et al. 2003).

Fig. 4  PLA quantification of the incidence of mean close proxim-
ity per nucleus between GTF2IRD1 and markers of chromatin/tran-
scriptional regulation. The markers include HP1 α, β, γ, H3K9Me3 
(K9), H3K27Me2/3 (K27), H3K4Me3 (K4) and SP1. a Histogram 
representing the total mean PLA dots per nucleus, the contribution of 
the total caused by GTF2IRD1 (IRD1) background signal, the marker 
background signal and the resulting estimate of the corrected PLA 
mean. b Table of the same data shown in A (rounded to integers) with 
associated estimates of standard deviation (SD) for each mean
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To explore these associations quantitatively, the frequency of 
close proximity per nucleus between endogenous GTF2IRD1 
or TFII-I and ZMYM2 and ZMYM3 was estimated using PLA 

(Fig. 8b). These data indicated that the incidence of close prox-
imity per nucleus was similar and at relatively high levels for 
both GTF2IRD1 and TFII-I with the ZMYM proteins.

Table 1  Summary of Y2H screens

Combined results of GTF2IRD1 interacting partners identified in two independent screens (mouse universal and human brain): gene symbols are 
sorted alphabetically. Location data are based on reported subcellular localizations or predicted/inferred information using COMPARTMENTS 
(Binder et al. 2014). Several clones occurred in both screens (a) and 2 genes (b) have been described previously (Tussie-Luna et al. 2002; Widagdo 
et al. 2012). Some interactions were not pursued beyond sequence analysis (not done—n.d.). Other clones were either validated solely by retrans-
formation in yeast (yeast), or by yeast retransformation and subsequent transfection into HeLa cell lines and co-immunoprecipitation (co-IP)

Gene symbol Name Location Validation

AKIRIN2 Akirin 2 Nuclear Yeast

ALMS1 Alstrom syndrome 1 Primary cilia/centrosome Yeast

ARMCX5 Armadillo repeat containing, X-linked 5 Nuclear/cytoplasmic Yeast

ATF7IP Activating transcription factor 7 interacting protein Nuclear co-IP

ATP2C1 ATPase, Ca++ transporting, type 2C, member 1 Cytoplasmic n.d.

BBS4 Bardet–Biedl syndrome 4 Primary cilia/centrosome Yeast

CSPP1 Centrosome and spindle pole associated protein 1 Cilia/centrosome Yeast

DCAF6a DDB1 and CUL4 associated factor 6 Nucleus co-IP

ELF2 E74-like factor 2 (ets domain transcription factor) Nucleus Yeast

FAM47E Family with sequence similarity 47, member E Nucleus Yeast

FBXW10 F-box and WD repeat domain containing 10 Nuclear/cytoplasmic Yeast

FHAD1 Forkhead-associated (FHA) phosphopeptide binding domain 1 Unknown Yeast

HOMEZ Homeobox and leucine zipper encoding Nucleus co-IP

HSF2BP Heat shock transcription factor 2 binding protein Cytoplasm Yeast

HTRA4 HtrA serine peptidase 4 Extracellular n.d.

INTS12 Integrator complex subunit 12 Nucleus co-IP

KPNA1 Karyopherin alpha 1 (importin alpha 5) Nucleus Yeast

KPNA2a Karyopherin alpha 2 (RAG cohort 1, importin alpha 1) Nucleus Yeast

KPNA3 Karyopherin alpha 3 (importin alpha 4) Nucleus Yeast

KPNA4 Karyopherin alpha 4 (importin alpha 3) Nucleus Yeast

MBD3L1 Methyl-CpG-binding domain protein 3-like 1 Nucleus co-IP

NAP1L2 Nucleosome assembly protein 1-like 2 Nucleus co-IP

OPHN1 Oligophrenin 1 Cytoplasm Yeast

PARPBP PARP1 binding protein Nucleus Yeast

PIAS1a Protein inhibitor of activated STAT-1 Nucleus Yeast

PIAS2b Protein inhibitor of activated STAT, 2 Nucleus Reported

PKP2 Plakophilin 2 Desmosome/nucleus Yeast

SCNM1 Sodium channel modifier 1 Nucleus Yeast

SETD6 SET domain containing 6 Nucleus co-IP

SPTLC1 Serine palmitoyltransferase, long chain base subunit 1 Endoplasmic reticulum n.d.

TAF1B TATA box binding protein (TBP)-associated factor, RNA polymerase I, B, 63kD Nucleus Yeast

TMEM55A Transmembrane protein 55A Membrane n.d.

TRIP11 Thyroid hormone receptor interacting protein 11 Golgi/primary cilia Yeast

USP20 Ubiquitin specific peptidase 20 Cytoplasm/centrosome Yeast

USP33 Ubiquitin specific peptidase 33 Cytoplasm/centrosome Yeast

VIMP VCP-interacting membrane protein Endoplasmic reticulum n.d.

ZC4H2a Zinc finger, C4H2 domain containing Nucleus co-IP

ZMYM2 Zinc finger, MYM-type 2 Nucleus co-IP

ZMYM3 Zinc finger, MYM-type 3 Nucleus co-IP

ZMYM5a,b Zinc finger, MYM-type 5 Nucleus Reported
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Discussion

In this paper, we have shown for the first time that the 
endogenous human GTF2IRD1 protein is localized primar-
ily to the nucleus in immortalized human cell lines and in 
neurons and progenitors differentiated from human embry-
onic stem cells. The expression of GTF2IRD1 in progeni-
tor and neuronal populations derived from human ES cells 
suggests a function of this protein from early stages of 
human neuronal development.

The localization of GTF2IRD1 within the nucleus 
assumes a speckled pattern that is similar to the TFII-I pat-
tern in HeLa cells (Tanikawa et al. 2011). GTF2IRD1 is 
clearly excluded from the nucleoli but the distribution does 
not directly match any of the standard markers of nuclear 

subcompartments (Sleeman and Trinkle-Mulcahy 2014). 
However, PLA quantification demonstrated that the strong-
est potential association of the markers chosen was the HP1 
proteins. HP1 proteins have a chromodomain that recog-
nizes the H3K9me2/3 mark and were originally associated 
with heterochromatin but are now recognized as having 
multiple roles in transcriptional activation, sister chroma-
tid cohesion, chromosome segregation, telomere mainte-
nance, DNA repair and RNA splicing (Canzio et al. 2014). 
While HP1α and HP1β are generally localized to hetero-
chromatin, HP1γ is often found in euchromatin at tran-
scription start sites (Sridharan et al. 2013). GTF2IRD1 was 
also found in close proximity with the transcription fac-
tor SP1, which is positively regulated by direct binding of 
ATF7IP (Fujita et al. 2003); identified as a novel interaction 

Fig. 5  Mapping of interac-
tion domains in GTF2IRD1 
with the proteins identified in 
the Y2H screens. a Diagram 
of human GTF2IRD1 and the 
corresponding subdomains 
used for mapping (black bars 
above). The domains include 
the leucine zipper region 
(LZ), five repeat domains 
(RDs), two regions containing 
SUMO motifs and a nuclear 
localization signal (NLS). b 
Representative example images 
of yeast colonies plated on 
double dropout agar (DDO) as 
a control, or quadruple dropout 
(QDO) agar containing x-α-gal. 
Each colony represents yeast 
co-transformed with the empty 
vector control (V), domain-
specific or full-length (FL) bait 
plasmids together with the prey 
plasmid identified in the Y2H 
screen. The example shown is 
the NAP1L2 interaction. Slight 
background activity in some 
surviving yeast is typical of 
Y2H assays and is ignored. 
c Summary of the domain 
mapping results using yeast co-
transformation
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partner in this study. Close proximities were observed at 
a lower frequency with the chromatin mark H3K4Me3, 
found at the transcription start site of active genes and with 
H3K27Me2/3, which is a mark mediated via PRC2, a key 
repressive factor for the regulation of developmental genes 
(Golbabapour et al. 2013).

Based on these associations alone, one might specu-
late that GTF2IRD1 plays a role in transcriptional 
regulation and developmental gene silencing. These 
ideas fit very well with previous observations regard-
ing the repression of multiple tissue-specific genes in a 
transgenic system (Issa et al. 2006), the direct negative 

Fig. 6  Subcellular localization of constitutively expressed 
GTF2IRD1 and the novel putative protein partners. a Confocal 
immunofluorescence analysis of HeLa cells transfected with plasmids 
encoding human GTF2IRD1-Myc (red) or GTF2IRD1-EGFP (green) 
together with plasmids encoding the partner, also tagged with Myc, 
EGFP or FLAG (PIAS1 only). All of the proteins in a were found 
to localize to the nucleus. Over-expression of some proteins typically 

causes abnormal appearance of the nucleus, which is apparent in the 
DAPI images. This is assumed to be a consequence of the impact of 
the partner on nuclear behaviour. b An identical analysis with partner 
proteins that were found to show cytoplasmic and nuclear localiza-
tion. PKP1 was not identified in the Y2H screens but was selected 
due to homology to PKP2, which localizes to the cell periphery. Scale 
bars represent 20 µm (color figure online)
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autoregulation of the GTF2IRD1 promoter/enhancer by 
its own protein product (Palmer et al. 2010) and the fact 
that mouse Gtf2ird1 is widely and robustly expressed 
during development but restricted to specific cell types 
such as neurons and brown adipose tissue during adult-
hood (Palmer et al. 2007).

Fig. 7  Novel GTF2IRD1 interactions with nuclear proteins revealed 
by co-immunoprecipitation in mammalian cells. Panels show western 
blot analyses of HeLa cells transiently transfected with the indicated 
constructs. a Protein partners were immunoprecipitated (IP) with 
anti-GFP antibody and immunoblotted (IB) with anti-GFP to show 
successful immunoprecipitation. In one case (INTS12-GFP), the load-
ing of the input was too low to be detected but sufficient protein was 
recovered in the IP. Immunoblotting with anti-Myc to reveal co-immu-
noprecipitation (Co-IP) of GTF2IRD1-Myc showed that GTF2IRD1 
was recovered in all experiments, except for the pEGFP vector con-
trol (CON GFP). b Due to limited plasmid clone availability, some 
partners were assayed in the reverse configuration. HeLa cells were 
transfected with plasmids encoding GTF2IRD1-EGFP or EGFP alone 
and SETD6-Myc or ZMYM2-Myc. Proteins were immunoprecipitated 
using anti-GFP antibody and the interactions detected by immunoblot-
ting with anti-Myc antibody. Numbers below the construct names rep-
resent the molecular weight in kDa, which was assessed as approxi-
mately correct in all cases against molecular weight markers

Fig. 8  Endogenous co-localization of GTF2IRD1 and TFII-I with 
ZMYM2 and ZMYM3 using confocal immunofluorescence analy-
sis and PLA. a Confocal immunofluorescence analysis of HeLa cells 
using antibodies against the proteins indicated. Despite the previously 
reported association of TFII-I with ZMYM2 and ZMYM3 in immu-
noaffinity analysis of HeLa cell extracts, only partial co-localization is 
observed. b PLA quantification of the incidence of mean close prox-
imity per nucleus between GTF2IRD1 and TFII-I with ZMYM2 and 
ZMYM3. The table indicates the total combined mean PLA dots per 
nucleus, the contribution of the total caused by GTF2IRD1 (IRD1) 
background signal, the ZMYM background signal and the resulting 
estimate of the corrected PLA mean. The adjacent columns show the 
associated estimates of standard deviation (SD) for each mean
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A large group of novel GTF2IRD1 protein–protein inter-
actions was identified by Y2H screening. Many of these 
interactions were tested in mammalian cells via co-local-
ization and co-IP; the latter approach forming the basis 
for a broader interactional network summary (Supplemen-
tary Material, Fig. S3). As anticipated, a large number of 
GTF2IRD1 novel partners are nuclear-localized or have the 
capability to shuttle into the nucleus, while some are gen-
erally cytoplasmic or extracellular and are therefore more 
likely to be artefacts of the screening system, although 
there is no additional evidence to support that conclusion. 
Putting the proteins of primary interest into functional 
groups, several broad categories emerge; such as nuclear 
import functions (KPNA1-4), post-translational modifica-
tions of ubiquitination (e.g. USP20, USP33 and FBXW10) 
and SUMOylation (PIAS1 and PIAS2), DNA binding 
proteins and transcriptional co-regulators (e.g. ELF2, 
HOMEZ, TRIP11, ZC4H2) and the largest group, which 
is primarily associated with chromatin regulation (e.g. 
SETD6, ATF7IP, DCAF6, ZMYM2, ZMYM3, ZMYM5, 
MBD3L1 and NAP1L2).

The association of GTF2IRD1 with gene silencing func-
tions is consistent with the identification of multiple bind-
ing partners that play a role in transcriptional regulation 
through chromatin modification (Supplemental Material, 
Table S2). One might predict on this basis that a major 
functional role for GTF2IRD1 is to nucleate complexes 
of proteins that are capable of changing histone marks 
and direct them to specific locations in the genome, either 
through the direct DNA binding properties of GTF2IRD1 
or by association with other transcription factors. The iden-
tification of 3 members of the ZMYM family in the screens 
is consistent with the isolation of ZMYM2 and ZMYM3 
in association with TFII-I in the same HDAC-containing 
complex using immunoaffinity purification from endog-
enous HeLa cell extracts (Hakimi et al. 2003). This would 
suggest that the interaction between ZMYM proteins and 
members of the GTF2I family is an evolutionary con-
served feature. Endogenous co-immunofluorescence anal-
ysis of the ZMYM proteins suggested some overlap with 
GTF2IRD1 and TFII-I and the PLA quantification demon-
strated frequent close proximity of GTF2IRD1 and TFII-I 
with the ZMYMs. However, it was also clear that only a 
fraction of the GTF2IRD1 and TFII-I protein population 
was in association with the ZMYMs, suggesting that while 
endogenous TFII-I has been co-purified in complexes con-
taining ZMYM2 and ZMYM3 (Hakimi et al. 2003), these 
data do not necessarily provide a picture of how TFII-I is 
distributed in various complexes and such interactions may 
be transient and fractional.

Several proteins fall into a category that could indicate 
a signalling role. The largest grouping of these includes 
3 proteins that localize to the primary cilium/centrosome 

complex (ALMS1, BBS4 and CSPP1) as well as 3 other 
proteins that are linked with primary cilium function 
(TRIP11, USP20 and USP33). No previous reports have 
indicated a role for GTF2IRD1 in this structure and there 
is no evidence as yet to suggest that GTF2IRD1 shuttles 
to this site but the isolation of 6 proteins belonging to this 
grouping in an unbiased screen seems beyond the likeli-
hood of coincidence and could initiate a valuable new line 
of future investigation. All 3 of the main proteins isolated 
are associated with ciliopathies: mutations in BBS4 cause 
Bardet–Biedl syndrome 4 (OMIM #615982); ALMS1, 
Alstrom syndrome (OMIM #203800) and CSPP1, Joubert 
syndrome 21 (OMIM #615636). Primary cilia in special-
ized sensory cells are well known but it is now clear that 
these structures are virtually universal in all cell types, 
playing critical roles in the sonic hedgehog and Wnt signal-
ling pathways and are particularly important in the devel-
oping brain (Guemez-Gamboa et al. 2014; Han et al. 2009).

GTF2IRD1 was shown to interact with 3 members 
of the ARM repeat-containing family; PKP1, PKP2 and 
ARMCX5. The plakophilins localize to the cytoplasmic 
surface of desmosomes but also localize to the nucleoplasm 
in a wide range of cells. They are widely viewed as signal-
ling proteins that shuttle between these locations playing 
roles of structural scaffold at the desmosome and transcrip-
tional regulation in the nucleus (Bass-Zubek et al. 2009), 
being capable of potentiating β-catenin/TCF-mediated tran-
scriptional regulation (Chen et al. 2002). ARMCX5 func-
tion is poorly understood but evidence suggests that the 
Armcx genes arose as a cluster on the X chromosome as 
a result of retrotransposition from Armc10. These genes 
encode proteins that are highly expressed in the develop-
ing and adult nervous system, localize both to the nucleus 
and to mitochondria and play a role in the distribution and 
dynamics of the mitochondria (Lopez-Domenech et al. 
2012).

Eighteen of the novel partner proteins were mapped 
to interaction domains in GTF2IRD1, highlighting two 
important points. First, the majority of the interactions 
localized to the SUMO domains, indicating that some of 
these interactions may be regulated by post-translational 
modification of this domain, as was previously shown for 
ZMYM5 (Widagdo et al. 2012). The second point is that 
the other major site of interaction is RD1, although bind-
ing to the other repeat domains was also common. The 
repeat domains are known to be the site of DNA bind-
ing activity and RDs 2–5 all show varying levels of DNA 
binding and sequence specificity (Vullhorst and Buonanno 
2005), whereas RD1 does not bind DNA. It is difficult to 
understand what evolutionary advantage was bestowed 
by the internal duplication of the repeat domains, leading 
to their expansion to 5 copies in humans and 6 copies in 
mice. It seems unlikely that this was driven by a need to 
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refine direct DNA binding properties, although this does 
restrict high affinity binding to sites that contain at least 2 
GGATTA recognition sequences, as shown for the autoreg-
ulation of the GTF2IRD1 promoter/enhancer (Palmer 
et al. 2010). If, however, it is assumed that the RDs form 
an important protein interaction surface, an evolutionary 
expansion of this domain would initially amplify the num-
ber of proteins with which GTF2IRD1 could interact and 
subsequent divergence of the repeat domain sequence could 
diversify the range of simultaneous protein–protein interac-
tions. Alternatively, adding repeat domains could provide a 
secondary interaction surface for the same partner protein, 
thus allowing greater control over the binding reaction. The 
multiple binding sites of several of the partner proteins in 
the Y2H mapping experiments indicate that the latter sce-
nario is possible.

In conclusion, this paper provides visual and biochemi-
cal insights into the functions of GTF2IRD1 using unbi-
ased systems. These data form the basis for a set of test-
able hypotheses that places GTF2IRD1 as a nuclear protein 
capable of engaging partner proteins in transcriptional 
regulation through chromatin modification. In addition, 
GTF2IRD1 may be located to sites on the genome through 
interactions with other DNA binding proteins identified in 
the Y2H screens and may integrate cytoplasmic signals via 
ARM repeat proteins or members of the centrosome/pri-
mary cilium complex.

Materials and methods

Plasmids

For Y2H experiments, bait (pGBKT7) and prey (pGADT7) 
plasmids were obtained from the Matchmaker Gold Yeast 
Two-Hybrid System (Clontech Laboratories). pGBKT7 
constructs containing full-length human GTF2IRD1 cDNA 
or the 88 amino acid domain regions (Fig. 5) have been 
described previously (Widagdo et al. 2012). Mammalian 
expression constructs for GTF2IRD1 (pMyc-GTF2IRD1 
and pEGFP-GTF2IRD1) were described previously (Wid-
agdo et al. 2012). A detailed list of all other constructs used 
in this study is shown in Supplementary Material, Table S1.

Yeast two‑hybrid assays and library screening

Saccharomyces cerevisiae strain AH109 was transformed 
with both prey and bait plasmids using the standard lith-
ium acetate/polyethylene glycol protocol (Gietz and Woods 
2002). Diploids were grown on double dropout (DDO) 
selective medium which lacks tryptophan and leucine 
at 30 °C for 4–5 days. To identify protein interactions, 
cells were grown on a quadruple dropout (QDO) medium 

with x-α-gal (40 µg/mL), deficient in tryptophan, leucine, 
histidine and adenine. For library screening, pGBKT7-
GTF2IRD1 was transformed into the AH109 yeast strain 
and mated with the Mate and Plate (Clontech Laborato-
ries) Universal Mouse (Normalized) library (#630482) or 
the Human Brain (Normalized) cDNA library (#630486), 
according to the manufacturer’s protocol.

Clones appearing on QDO medium after 4–7 days were 
further analysed by re-streaking onto QDO/x-α-gal plates. 
Plasmids were extracted from the yeast, grown in E.coli 
and retransformed into haploid AH109 yeast together with 
pGBKT7-GTF2IRD1 to confirm the interactions. Identi-
fication of inserts in the prey plasmids was performed by 
Sanger sequencing and BLASTn (NCBI) searches. Protein 
information was retrieved from the UniProt Consortium 
database.

Cell lines and transfections

HeLa and HEK-293 cells were grown in Dulbecco’s modi-
fied Eagle’s medium, supplemented with 10 % foetal 
bovine serum, and 1× penicillin (100 U/ml)/streptomycin 
(100 µg/ml) at 37 °C in 5 % CO2. For siRNA transfection, 
the ON-TARGETplus GTF2IRD1 siRNA SMART pool 
(L-013262-00-0005, sequences: GUGUGCAGAUCCU-
GUUUAA, UCACGGGUCUGCCUGAUGA, AGUAUC-
CACUUCAUCAUUA, UCCCGGGACCUCUUAAUUA; 
Dharmacon) was transfected into HeLa cells (100 pmol/
well of a 6-well plate) using Lipofectamine 2000 (Life 
Technologies) following the product protocol. Transfected 
cells were incubated for 48 h before analysis. Transient 
transfections of mammalian expression vectors were per-
formed in HeLa cells using Lipofectamine LTX (Life Tech-
nologies) according to the manufacturer’s protocol.

The H9 (WA-09, WiCell) human ES cell line was 
cultured feeder-free on vitronectin-coated plates using 
MTeSR-1 defined media according to the manufacturer’s 
instructions (Stem Cell Technologies) and maintained at 
37 °C with 5 % CO2. Colonies were mechanically dis-
sected every 7 days and transferred to freshly prepared 
coated plates. Cell culture media was changed every 
day. Neural inductions of human ES cells were set up as 
described (Denham et al. 2012) with some slight modifi-
cations. Briefly, human ES cells were mechanically dis-
sected into pieces approximately 0.5 mm in diameter 
and transferred to laminin-coated organ culture plates in 
N2B27 medium containing 1:1 mix of Neurobasal medium 
(NBM) with DMEM/F12 medium. Neurobasal media con-
tained Neurobasal A medium supplemented with 1 % N2, 
2 % B27, 2 mM l-glutamine and 0.5 % Penicillin/Strep-
tomycin (all sourced from Gibco). Cells were cultured in 
N2B27 media for 14 days without passaging. SB431542 
(10 μM, Tocris) and noggin (500 ng/ml, Peprotech) were 
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supplemented in the N2B27 media for the first 7 days, fol-
lowed by basic fibroblast growth factor (bFGF; 20 ng/ml, 
Peprotech) supplementation only for the remaining 7 days. 
Fresh supplemented media were replaced every second 
day. Following 14 days, colonies were dissected into 
pieces and cultured in suspension in NBM supplemented 
with epidermal growth factor (EGF) and bFGF at 20 ng/
mL each (Peprotech) for 1 week to generate neurospheres. 
Neuronal differentiation was performed by mechanically 
disaggregating neurospheres and plating the cells onto 
poly-d-lysine/laminin dishes in unsupplemented NBM for 
1–2 weeks, as previously described (Denham and Dottori 
2011).

Antibodies

Anti-GTF2IRD1 antibodies included the 333A rab-
bit polyclonal (A301-333A-1 Bethyl Laboratories Inc.), 
the epitope for which maps to between amino acids 
909–959 of the human protein, and the M19 rabbit pol-
yclonal (sc-14714 Santa Cruz), for which the epitope 
maps to ‘within an internal region of WBSCR11 of 
mouse origin’, according to the manufacturer’s descrip-
tion. For TFII-I, the antibodies used were #4562 rab-
bit polyclonal (Cell Signaling Technology, proprietary 
epitope information) for western blot or the #sc-9943 
goat polyclonal for immunofluorescence (Santa Cruz) 
for which the epitope is described as ‘mapping near the 
C-terminus of human TFII-I’. The antibody obtained 
for GTF2IRD2, #H00084163-B01P mouse polyclonal 
(Abnova) was produced using the full-length human pro-
tein as an immunogen. The monoclonal mouse antibod-
ies against MAP2ab (#MA5-12823, Thermo Scientific) 
and β-tubulin III (#MAB1637 Merk Millipore) were used 
as neuronal markers. Antibodies against nuclear sub-
compartments included mouse monoclonal antibodies; 
(Abcam), anti-coilin (ab11822-50), anti-Histone H3 tri-
methyl K4 (ab12209), anti LAP2 (ab11823), anti-nuclear 
pore complex (ab24609) and anti-SC-35 (ab11826); 
(Active Motif), anti-histone H3 tri-methyl K9 (#39286), 
anti-histone H3 di/tri-methyl K27 (#39538), anti-HP1α 
(#39978), anti-HP1β (#39980) and anti-HP1γ (#39982); 
(Abnova), SP1 (H00006667-M02) and (Santa Cruz) anti-
PML (N-19) sc-9862 goat polyclonal IgG.

Antibodies against epitope tags and GFP included; 
mouse monoclonal anti-Myc antibody clone 9E10 (Sigma), 
anti-FLAG rabbit polyclonal F7425 (Sigma), anti-HA 
mouse monoclonal #MMS-101R-500 (Covance) and the 
rabbit polyclonal anti-GFP #ab290 (Abcam). To detect the 
endogenous ZMYM proteins, we used the rabbit polyclonal 
anti-ZNF198 (ZMYM2) A301-710A and anti-ZNF261 
(ZMYM3) A300-200A (Bethyl Laboratories).

Immunoprecipitation and immunoblotting

Cells were lysed 24 h after expression of vector trans-
fection or 48 h after siRNA transfection in lysis buffer 
(20 mM Tris–HCl, pH7.4; 420 mM NaCl; 10 mM MgCl2; 
2 mM EDTA; 10 % Glycerol; 1 % Triton X-100; 2.5 mM 
β-Glycerophosphate; 1 mM NaF) supplemented with pro-
tease inhibitor cocktail (Sigma P8340) and incubated for 
30 min on ice before being sonicated twice for 7 s on ice. 
Cell lysates were centrifuged at 20,000g for 10 min at 
4 °C to remove cell debris and pre-cleared by incubation 
with Pure Proteome Protein A/G magnetic beads (Milli-
pore, #LSKMAGAG02) for 30 min at 4 °C. The anti-GFP 
antibody (ab290, Abcam) was coupled to the protein A/G 
Magnetic beads for 30 min at room temperature, and then 
washed three times in PBS/Tween 20 (0.2 %). Pre-cleared 
lysates were incubated with the antibody-bound beads 
at 4 °C overnight. Beads were washed in PBS/Tween 20 
four times and proteins were eluted by boiling in 1× Lae-
mmli sample buffer containing 0.1 M DTT. Proteins were 
resolved by 8 or 10 % SDS-PAGE and transferred to a 
PVDF membrane for western blot analysis using stand-
ard methods. Briefly, membranes were blocked for 1 h in 
blocking solution (TBS/Tween 20 5 % non-fat milk pow-
der), incubated with the primary antibody for 2 h in the 
same solution and washed for 3× 10 min in TBS/Tween 
20. The secondary antibody incubation was conducted for 
45 min in blocking solution, washed as before and signal 
was detected using the ECL substrates, Clarity (Bio-Rad) 
or Luminata Forte (Merck Millipore), and exposure to 
X-ray film.

Immunofluorescence

For immunofluorescence analysis of endogenous proteins, 
HeLa cells were washed with PBS and then fixed and per-
meabilized for 15 min in 4 % PFA/0.25 % Triton-X100. 
For analysis of transfected proteins, 24 h after transfec-
tion, HeLa cells were washed with PBS and fixed in ice-
cold methanol for 10 min. After fixation, all cells were 
incubated with blocking buffer (10 % BSA in PBS) for 
1 h at room temperature, followed by the primary antibody 
incubation in 1 % BSA in PBS. Detection was carried out 
using secondary antibodies conjugated to Alexa Fluor Dyes 
(Molecular Probes). ProLong Gold Antifade reagent with 
DAPI (Molecular Probes) was used as mounting media in 
all preparations, except for stimulated emission depletion 
(STED) imaging, where DAPI was excluded.

For immunofluorescence analysis where both antibodies 
were derived from rabbit serum (endogenous GTF2IRD1 
and ZMYM2 or ZMYM3), incubations were performed 
in a sequential manner. HeLa cells were washed with PBS 
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followed by fixation/permeabilization for 15 min in 4 % 
PFA/0.25 % Triton-X100. After blocking with 10 % foetal 
calf serum (FCS) for 30 min, cells were incubated over-
night at 4 °C with rabbit anti-GTF2IRD1 (333A) and then 
blocked for 1.5 h at room temperature with a Fab fragment 
goat anti-rabbit (1:45, Jackson Immunoresearch Labora-
tories, Inc), which converts the presentation of the rabbit 
IgG (H + L) of the primary antibody into a goat antigen. 
This was followed by incubation with a secondary anti-goat 
antibody conjugated to Alexa Fluor 488. The primary rab-
bit antibody of the protein partners was added and detected 
with a secondary anti-rabbit antibody conjugated to Alexa 
Fluor 594 in the second phase. Negative controls were per-
formed to ensure the complete blocking of rabbit IgG from 
the first primary antibody.

Cells were visualized by confocal microscopy using a 
Leica TCS SP5 microscope under ×63 or ×100 magnifi-
cation. For stimulated emission depletion (STED) experi-
ments, the imaging system was connected to a 592 nm con-
tinuous wave depletion laser.

Proximity ligation assay (PLA)

PLA was performed using HeLa cells grown on 
12 × 12 mm coverslips and fixed for endogenous protein 
detection as described earlier (Immunofluorescence). The 
assay was carried out using the Duolink kit (Olink AB), 
following the manufacturer’s protocol, using red detection 
reagents and the secondary probes provided when the pri-
mary antibody pairs were from mouse, rabbit or goat ori-
gin. Background controls were produced by performing 
two parallel experiments in which the two primary antibod-
ies are left out of the procedure.

In the cases where a PLA antibody pair consisted of two 
primary antibodies raised in rabbit, the protocol was modi-
fied for sequential primary antibody incubation. After fixa-
tion and blocking, samples were incubated overnight with 
rabbit anti-GTF2IRD1 333A, followed by blocking with 
goat anti-rabbit Fab fragment (1:45 for 1.5 h) followed by 
an incubation for 1 h at 37 °C with the PLA probe anti-
Goat PLUS Duolink. Then the second rabbit primary anti-
body was added at room temperature for 2 h and blocked 
for 1 h at 37 °C with PLA probe anti-Rabbit MINUS. The 
procedure then continued with the standard PLA protocol. 
Background controls, lacking one or both primary antibod-
ies with Fab fragment incubation were performed to ensure 
complete blocking of the first primary antibody rabbit IgG.

For each sample, three-dimensional acquisitions 
(z-stacks) of the nucleus were obtained and the maximum 
intensity projection pictures were created and analysed 
for the number of PLA positive puncta. Positive PLA sig-
nal was counted (Image J, manual cell counter tool) as 
nuclear dots per cell, in 30 cells per experiment (n = 2 

experiments). Background control levels were estimated 
by counting the dots per nucleus per cell in the background 
control slides using the same procedure.

Online resources

The interactional network of GTF2IRD1, was generated 
using Cytoscape 3.1.1 (The Cytoscape Consortium) (Shan-
non et al. 2003), retrieving protein–protein interactions 
from IntAct database: Cytoscape: http://www.cytoscape.
org/ and IntAct, EMBL-EBI: http://www.ebi.ac.uk/intact/.
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