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Directed targeting of chromatin to the nuclear
lamina is mediated by chromatin state and

Atype lamins
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uclear organization has been implicated in

regulating gene activity. Recently, large devel-

opmentally regulated regions of the genome dy-
namically associated with the nuclear lamina have been
identified. However, little is known about how these lamina-
associated domains (LADs) are directed to the nuclear lam-
ina. We use our tagged chromosomal insertion site system
to identify small sequences from borders of fibroblast-
specific variable LADs that are sufficient to target these
ectopic sites to the nuclear periphery. We identify YY1

Introduction

Recent evidence suggests that nuclear architecture influences
gene regulation through establishment of large chromatin do-
mains and through enrichment of regulatory and structural pro-
teins within these regions (Misteli, 2005; Scaffidi and Misteli,
2006; Cremer et al., 2001, 2006; Fedorova and Zink, 2008;
Elcock and Bridger, 2010; Ferrai et al., 2010; Van Bortle and
Corces, 2012). One such domain, the nuclear periphery, is com-
prised of the inner nuclear membrane, resident inner nuclear
membrane proteins, as well as underlying nuclear lamina and
associated proteins. This region has been implicated in gene regu-
lation, and various studies demonstrate that recruitment of genic
regions (lamina-associated sequences [LASs]) to the nuclear
periphery is sufficient to cause repression and silencing of asso-
ciated genes (Finlan et al., 2008; Reddy et al., 2008; Zullo et al.,
2012). More recently, molecular mapping of large chromatin
regions in molecular contact with the nuclear periphery by DNA
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(Ying-Yang1) binding sites as enriched in relocating se-
quences. Knockdown of YY1 or lamin A/C, but not lamin
A, led to a loss of lamina association. In addition, targeted
recruitment of YY1 proteins facilitated ectopic LAD forma-
tion dependent on histone H3 lysine 27 trimethylation and
histone H3 lysine di- and trimethylation. Our results also

reveal that endogenous loci appear to be dependent on
lamin A/C, YY1, H3K27me3, and H3K9me2/3 for main-
tenance of lamina-proximal positioning.

adenine methyltransferase (Dam) identification (DamID) has
identified large lamina-associated domains (LADs; 0.1-10 Mb)
that dynamically associate with the nuclear lamina (Guelen et al.,
2008; Peric-Hupkes et al., 2010). Moreover, cell state—specific
association with the nuclear lamina appears to be involved in
repression of many developmental genes, including the immuno-
globulin heavy chain (Igh) locus (Kosak et al., 2002; Yang
et al., 2005; Williams et al., 2006; Szczerbal et al., 2009; Meister
et al., 2010; Peric-Hupkes et al., 2010; Yao et al., 2011; Lin et al.,
2012). More recently, both LMNA/C (lamin A/C) and lamin B
receptor have been implicated in tethering heterochromatin to
the nuclear lamina during development (Solovei et al., 2013).
LADs have been reported to be repressive domains en-
riched in histone H3 lysine 9 di- or trimethylation (H3K9me?2/3;
Guelen et al., 2008; Wen et al., 2009; Towbin et al., 2012). In
addition, two recent studies have implicated H3K9me2/3 in the
positioning of chromatin at the nuclear lamina in murine cells
and in Caenorhabditis elegans (Towbin et al., 2012; Bian et al.,
2013). Intriguingly, the borders of LADs appear to be enriched
© 2015 Harr et al.  This article is distributed under the terms of an Attribution-Noncommercial-
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in both H3K9me2/3 and H3K27me3 (histone H3 lysine 27 tri-
methylation) as well as CCCTC-binding factor (CTCF) binding
sites; however, a role for the chromatin state found enriched in
these regions in establishment and/or maintenance of LAD or-
ganization has not been thoroughly investigated (Guelen et al.,
2008; Zullo et al., 2012; Meuleman et al., 2013; Van Bortle
et al., 2013). It is of special note that these LAD borders, en-
riched in H3K27me3 and flanked by CTCF binding sites, are
quite sharp and well delimited, suggesting an active mechanism
to continually reestablish and maintain these regions.

Because many of the developmentally regulated variable
LADs (vLADs) between cell types occur by shifting these LAD
border regions, we hypothesized that the study of border regions
of VLADS would enable a greater understanding of how the dy-
namic genome is reorganized at the nuclear periphery (Fig. 1;
Peric-Hupkes et al., 2010). We therefore sought to elucidate fac-
tors and genic elements involved in positioning of chromatin to
the nuclear periphery in mammalian cells, with a particular
focus on dynamically reorganized border regions of LADs. This
work identifies genomic regions containing developmentally
regulated genes that reside in regions that are dynamically lam-
ina associated depending on cellular state (vVLADs) and, there-
fore, have regulated nuclear positioning. We have identified
vLADs covering the lkaros (Ikzf1) and B cell CLL/lymphoma
11A (Bcllla) loci, which are positioned at the border of fibro-
blast (FB)-specific vVLADs and are no longer associated with the
lamina in pro—B cells. We have developed and used our tagged
chromosomal insertion site (TCIS) system to examine single
DNA sequences from these vVLAD border regions for their abil-
ity to target and scaffold chromatin to the nuclear periphery.
This approach has led to the discovery of a role for LMNA/C,
YY1, H3K27me3, and H3K9me?2/3 for targeting to the nuclear
lamina of both ectopic and endogenous LADs.

Results

Developmental and cell type-specific genes
are enriched in vVLADS

The Igh locus, which itself comprises a VLAD, is lamina proxi-
mal and inactive in FB but is centrally disposed and active in
pro—B cells where it is transcriptionally and recombinationally
active (Fig. 1 A; Reddy et al., 2008). We hypothesized that there
would be other vLADs between FB and pro-B cells that con-
tain developmentally regulated genes. To determine whether such
regions exist, we detected in vivo lamina—genome interactions
by performing DamID in pro—B and FB cells (see Materials and
methods; Vogel et al., 2007; Reddy et al., 2008). We determined
LAD:s to be contiguous (>50 kb) regions exhibiting higher sig-
nal from Dam-LMNBI1 (lamin B1) relative to the background
control, Dam only (log;[Dam-LMNB1/Dam]), in mouse embry-
onic FBs (MEFs) and pro-B cells (Fig. 1, solid heavy blue or
orange lines under histograms denote identified LADs; see Mate-
rials and methods; Venkatraman and Olshen, 2007; Zullo et al.,
2012). These data are in agreement with previously published
LAD data for MEFs (Fig. S1 A; Peric-Hupkes et al., 2010). In
agreement with a previous study, we identified numerous vLLADs
between FB and pro—B cells that contain key developmental
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and cell type—specific genes (Fig. 1; Peric-Hupkes et al., 2010).
For this work, we focused on genes that were resident in LADs
in FB but were not lamina-proximal in pro-B cells.

Not surprisingly, we demonstrate that the /gh locus is con-
tained within one of these vLADs (Fig. 1 A; Reddy et al., 2008;
Zullo et al., 2012). In addition, we have also determined that the
key B cell development genes IkzfI and Bcllla are contained
within FB-specific vLADs (but not in pro-B cells) as deter-
mined both by immuno-FISH and DamID protocols, consistent
with their (active) roles in B cell development (Fig. 1, B and C;
and Fig. S1 A). Therefore, these regions are ideal candidates for
interrogating sequence-dependent mechanisms of positioning
to the nuclear lamina. We also identified a region spanning the
Dnmt3a gene, which is not in a LAD, but inactive (by array and
quantitative PCR [qPCR] analyses), in our cell lines (Fig. 1 D).
3D immuno-FISH analyses confirmed that the disposition of
these endogenous genomic regions in MEFs and pro-B cells are
as expected (Fig. 1). It is important to note that the loci/regions
we have identified in MEFs as lamina proximal by DamID are
at the nuclear periphery in a majority of FB (65-80% have both
alleles at the lamina), whereas these same regions display nega-
tive lamina association by DamID and an association rate of
30% in pro-B cells, reflecting the background level of “associa-
tion” with the lamina by cytological measures. Both of these
cell types are primary cells and may display different levels of
association with the lamina when compared with data published
from subcloned cancer-derived cell lines (Kind et al., 2013).
Finally, gene expression microarray data from pro-B cells and
FB demonstrate differential expression levels for Bcll 1a, Tkzf1, and
Igh, in agreement with previous studies and consistent with the nu-
clear lamina facilitating or reflecting a transcriptionally repressed
state (unpublished data; Medina and Singh, 2005; Johnson et al.,
2008, 2009; Reynaud et al., 2008; Heydarian et al., 2014).

Interestingly, we have noted that many vLADs are at LAD
borders, suggesting that these regions may be especially impor-
tant in dynamic genome reorganization (Peric-Hupkes et al.,
2010 and unpublished data). The Igh locus is unusual in that the
locus itself comprises the LAD (3 Mb) and the entire LAD reor-
ganizes in pro-B cells, whereas IkzfI and Bcllla are more typical
examples of vVLADs, with only a portion of the LAD (proximal
to the border) being lost in the permissive pro-B cell type (Fig. 1).

DNA sequences from vLAD borders target

to the nuclear periphery

To elucidate the ability of specific LASs to direct targeting
of sequences to the nuclear periphery, we integrated bacterial
artificial chromosome (BAC) DNA constructs carrying se-
quences from FB-specific VLAD border regions covering the Tkzf1
(RP23-349M24) and Bcllla (RP23-30C14 and RP23-153C18)
loci into the genome of NIH3T3-derived C57BL/6 FB (ATCC
CRL-2752; Figs. S1 B and S2, A and B). As controls, a BAC
from the distal, but internal, portion of the Igh locus (lamina-
associated positive control, RP23-123N21) and another cover-
ing the Dnmt3a locus (non—lamina-associated negative control,
RP23-364H6) were also used (Figs. 1 and S2; Zullo et al.,
2012). These BACs were randomly cointegrated into FB cells
with hygromycin-selectable lacO arrays, as previously described
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Figure 1.

Both FB and pro-B cell genomes contain vLADs. (A-D) Shown are regions containing the Igh, lkzf1, and Bcl1Ta loci from FB-specific vLAD:s.

(left) Representative images of 3D DNA immuno-FISH of endogenous in FB and pro-B cells. FISH probes detecting the indicated regions are depicted
(arrowheads), and the nuclear lamina is demarcated by LMNB1 (red). Quantitation of peripheral association was determined by overlap of FISH probe

and LMNBT (n > 50). (right) DamID detection of LADs log,(Dam-LMNB1/Dam)
Traces above the O line indicate a region in a LAD. Solid blue and orange b
cated as transcripts (blue), and our gene of interest is red. BAC locations are
Chr, chromosome.

(Zullo et al., 2012). The lacO arrays serve as docking sites for
EGFP-Lacl, thus enabling quick identification by microscopy
of the disposition of the integrations. An overlap of LMNBI signal
and an EGFP-Lacl/lacO focus was scored as peripheral (Fig. S2,
A and B). lacO arrays integrated alone served as a control for
expected distribution of random integrations, and these were
found at the periphery with a frequency of ~30% (Fig. S2 B).
Importantly, an integrated BAC covering the Dnmt3a locus is
centrally disposed despite its inactive status, reminiscent of
the disposition of the endogenous locus (Figs. S2 B and 1 D).
We note that a previous study showed that the genomic region
around the neuronal PAS domain 3 gene (NPAS3) was not in a
LAD in FBs (though inactive) and was unable to reposition an
ectopic site in this cell type, in agreement with our results for
the genomic region around Dnmt3a (Zullo et al., 2012). More-
over, NPAS3 is in a LAD in pro-B cells (unpublished data;

mean ratios from three experiments for FB (blue) and pro-B cells (orange).
ars underscore LADs in FB and pro-B cells, respectively. Genes are indi-
indicated by green bars, and gray shading indicates an FB-specific vLAD.

GEO accession no. GSE56990). These data suggest that, per-
haps, sequences from domains that are not in an FB LAD are
unable to confer lamina-proximal association in FB, regardless
of transcription status or LAD status in alternate cell types. In
contrast, BACs covering VLADs have a 60% (Bcll1a-1) to 80%
(Ikzf1, Bcll1a-2, and Igh) propensity to be lamina proximal,
mimicking the disposition of endogenous loci (Figs. 1 and S2 B).
Given that these BAC LASs are able to mediate association of
ectopic sites to the nuclear lamina, we next asked whether we
could elucidate smaller sequences capable of such targeting.
Both the lkzfl- and Bcllla-containing BACs demonstrating
potential to direct to the nuclear periphery were further frag-
mented (lkzfl (A-0); Figs. 2 A and S2 C), and these smaller
potential lkzfl LLASs were randomly cointegrated with the
aforementioned lacO arrays. The ITkzf1 fragments tested ranged
from 900 bp to 30 kbp and were derived from regions interior
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to the vLAD border as well as those crossing and outside of the
border regions (Fig. 2, A-C, IkzfI (I) and (O)). Interestingly, the
fragments seem to show repositioning potential that correlated
with the LAD status of the endogenous region (Fig. 2, B and C,
gray bars). Noteworthy is the nonrelocating lkzfI (F) whose
sequence falls in a break, or dip, in lamina association in an oth-
erwise contiguous LAD region (Fig. 2, B and C, gray bars). Se-
quence from Zkzf1 (O) falls outside of a LAD, and it does not
relocate to the periphery (Fig. 2, A-C, gray bars). We therefore
hypothesize that IkzfI1 (O) lacks sequences sufficient to target
(address) to the nuclear periphery, whereas the TkzfI (I) LAS
retains this information. Similar results were obtained for the
BAC containing sequences from the LAD border covering the
Bclllalocus (Fig. S2 D).

One caveat to this, and previously published experiments,
is that the LASs tested have all been randomly integrated and
likely represent many copies of the sequence at any given inser-
tion site (Zullo et al., 2012; Bian et al., 2013). Therefore, it is
difficult to determine whether an identified LAS was truly suffi-
cient for targeting to the periphery or whether multiple copies of
the LAS conferred a novel DNA or chromatin state that was it-
self a signal for compartmentalization. Intriguingly, many LADs
contain duplicated genes or loci, for example, the Igh and Cyp3a
loci, and are enriched in long interspersed nuclear elements,
suggesting that multimeric sequences may be a signal for di-
recting to the lamina (Zullo et al., 2012). However, there are re-
gions of the genome that do not appear to be highly duplicated
that are in a LAD (e.g., Tkzf1 and Bcll 1a LAD regions), and we
therefore hypothesize that a single LAS may contain sufficient
information to direct lamina-proximal targeting.

LAS from vLAD borders are sufficient to
target to the periphery

To enable an experimental test of this hypothesis, we have de-
veloped a novel technique, TCIS, in which we can integrate a
single DNA fragment of choice into the genome by directed
recombination (Fig. S3 A). FB clone Y and 12 were identified
as carrying a single integration site by gPCR and microscopy
(immunofluorescence [IF] or live cell imaging of GFP-enriched
foci). These parental clones display the “default” disposition
of the single integrated TCIS system, which is away from the
nuclear lamina (Fig. 2, B and C; and Fig. S3, B and C). We note
that only a subset of the cells display EGFP-Lacl foci detectable by
3D microscopy, as previously described (Belmont et al., 1999).
Therefore, to ensure that we are able to measure disposition ac-
curately using IF and EGFP-Lacl foci as a readout, we demon-
strated that 3D immuno-FISH to the lacO sequences reflected
the same disposition as our IF strategy (Fig. S3 B). Although
we do not know the integration sites, the TCIS region is not as-
sociated with the nuclear lamina by DamID analyses, thus the
default association is away from the nuclear lamina (Fig. S3 C).
Using this system, we are able to “switch” DNA segments into
the TCIS system with high efficiency in as little as 5 d, with
selection (Fig. S3 D). Thus, the TCIS system enables testing
of a single noniterated LAS for its ability to target an ectopic
genomic site to the nuclear periphery. Moreover, each LAS
tested will be in the exact same genic location, thus mitigating
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misinterpretation of results based upon possible position effects
caused by differential integration sites.

The previously described Ikzfl (A-O) fragments were
therefore integrated into TCIS clone Y expressing EGFP-Lacl
to enable detection of disposition of the lacO sites (Fig. 2, A-C,
black bars). These potential LASs in single copy showed rela-
tively the same probability of targeting to the nuclear periphery
in FB cells as they did in multiple copy random integrations
(Fig. 2 C). The Ikzf1 (I) LAS (border) and a control from Igh
LASs were tested in both of our clones Y and 12 (Fig. 2, D and
E; Zullo et al., 2012); additionally, fragments from broader bor-
der regions near Bcllla were integrated into clones 12 and Y,
and similar results were obtained (Fig. S2 E). The transitional
Ikzf1 (I) LAS, which covers the outermost edge of the Ikzf]
LAD border region, was then further dissected to identify spe-
cific DNA elements with roles in establishing and/or defining a
LAD. Specifically, 2.5-kbp subfragments covering the entire
Ikzf1 (I) were switched into clone Y. The smaller Tkzf1 (I) LAS
fragments comprised of sequences derived from regions adja-
cent to borders, but outside of LADs, are unable to mediate re-
positioning (Fig. S4 B). We note that IkzfI (1) LAS fragments 3
and 4 straddle the defined border region. These results indicate
that there is both a sharp edge delimiting lamin-associated re-
gions and that sufficient information required for repositioning
to the nuclear periphery resides at or inside LAD boundaries in
small LASs (<2.5 kbp).

Cell type-specific transcription factors and
proteins involved in nuclear architecture
and scaffolding are involved

in sequence targeting

We next aimed to determine enrichment of protein binding mo-
tifs within 7kzf1 (A-E and G—I) LAS that would serve to identify
potential protein candidates for further functional analyses. An
initial search using MEME and TomTom identified YY1 (Ying-
Yang 1), CTCF, and cKrox/ThPOk/Zbtb7b (as well as other
BTB/POZ domain proteins) binding site motifs as among those
enriched in these sequences (see Materials and methods; Fig. S4,
C and D). Not surprisingly, we also identified several binding
sites for specific B cell development proteins (not depicted).
Both CTCF and Zbtb7b binding site motifs were previously
identified in LADS/LAS (Guelen et al., 2008; Zullo et al., 2012).
Intriguingly, YY1 is known to have roles in genome regulation
in many cell types, including both gene activation and repres-
sion, and has been implicated to recruit polycomb repressive
complex 2 (PRC2) to chromatin to enable H3K27me3 (Satijn
et al., 2001; Atchison et al., 2003; Caretti et al., 2004; Srinivasan
and Atchison, 2004; Liu et al., 2007; O’Meara and Simon, 2012;
Pan et al., 2013; Atchison, 2014).

We next undertook to identify all potential YY1 binding
sites in LAD border regions via pair-weighted matrix motif analy-
ses. Specifically, we analyzed the disposition of predicted YY1
and CTCF binding sites (Fig. S4, C and D) over chromosomes
11 and 12 using MEME Suite and Genometricorr (Claeys et al.,
2012; Favorov et al., 2012). Using the MEME-identified motifs,
we generated maps of sites along each fragment using the MAST
algorithm (Fig. S4 C). In addition, because the output of MEME
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lkzf1 locus (blue) and BAC used to generate the smaller fragments (green) are shown below the fragments. LASs are depicted in red, and nonrepositioning
fragments are depicted in gray. (C) Depicts magnification of the kzf1 LAD border (light yellow from B). Subfragments (1-9) of the kzf1 (I] LAS are shown
relative to ChIP-Seq data from ESC, and pro-B cells show YY1 binding site enrichment (YY1, GEO no. GSM628031; pro-B, GEO no. GSM1002560;
Mendenhall et al., 2010; Verma-Gaur et al., 2012).
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simply indicates a statistically significant enrichment of a given
motif, we next analyzed the fold enrichment of identified motifs
in our fragments relative to random regions of chromosome 11
away from LAD borders from either MEME-generated motifs
or from the transcription factor binding motif databases Fac-
torbook and JASPAR (Fig. S4 D; Sandelin et al., 2004; Wang
et al., 2012; Mathelier et al., 2014). For comparison, we show
enrichment of these MEME and Factorbook motifs on known
YY1 responsive elements surrounding the Surf1/2 gene (Surfeit
locus protein 1 and 2) and the Emu enhancer from the /gH locus
size matched to fragment I, for comparison (Fig. S4 D; Cole
and Gaston, 1997). Using MotifSuite, we estimate an approxi-
mately twofold enrichment of YY1 binding sites at LAD borders
(x10 kb) relative to chromosomal background (unpublished data;
Claeys et al., 2012). Finally, the statistical correlation package
Genometricorr indicates that YY1 binding sites, either derived
from our MEME analyses or from the Factorbook database of
binding motifs, are more enriched relative to LAD borders com-
pared with what would be expected by random chance (P <
0.001; Favorov et al., 2012).

These initial lead candidate analyses led us to next identify
actual YY1 occupancy relative to LADs. Leveraging publicly
available data of YY1 binding and LMNB1-DamlID (e.g., LAD)
maps in embryonic stem cells (ESCs) along with our data and
publicly available data in pro-B cells, we found that high peaks
of YY1 binding often correlated with LAD boundaries (Fig. 3 A;
Mendenhall et al., 2010; Peric-Hupkes et al., 2010; Vella et al.,
2012). We note that in the Ikzf1, Bcll la, and Igh loci, the LAD
configuration in ESCs mimics those seen in FB (Fig. 3 B, top).
In addition, we note that the smaller relocating fragments (frag-
ments 1-4), some of which, by bioinformatics analyses, were
not identified as enriched in YY1 binding sites, nonetheless
display YY1 occupancy in both non-B cell types, in this case
ESCs, and pro-B cells (Fig. 3 C). It is thus very important to
note the obvious: there are a large number of regions actually
occupied by YY1 both inside and, more predominantly, outside
of LAD border regions and, in the case of previously published
results in ESC cells, YY1 occupancy is often associated with ac-
tive promoter regions (Fig. 3 A; Vella et al., 2012). Interestingly,
although Zkzf1 is in a LAD in ESCs, it is not in pro—B cells, yet
in both cell types, these regions have demonstrated YY1 binding
(Fig. 3 C). This likely reflects both the diversity of YY1 func-
tions and its potential dual roles in regulating these regions. We
also note, as has been previously reported, that we find CTCF
binding motifs to be enriched at LAD borders (Figs. 3 A and
S4, C and D; Guelen et al., 2008). In all cases, the putative and
determined binding sites were shown to be enriched in LAD
border regions; however, it is quite evident that these regions are
far from the only regions bound by these factors. Given these
and previous data, we suspected that targeting to the lamina
may depend upon on a combination of cell type—specific factors
(such as BTB-POZ domain proteins; Fig. S4, C and D) as well
as epigenome/genome organizers, such as YY1, PRC2 compo-
nents (e.g., EZH2), lamins, and/or CTCF (Fig. S4 E). However,
it was also clear from these analyses that simply trying to deter-
mine bioinformatically (motif or occupancy analyses) the roles
of these proteins in LAD establishment would be problematic.

To more rigorously determine the role of the identified
candidate proteins in LAD establishment and/or maintenance, we
used a targeted shRNA-mediated knockdown strategy (Fig. 4).
Specifically, a test fragment from the Ikzf/ VLAD border (LAS I)
and a control fragment from the Igh vVLAD (LAS N) were in-
troduced into TCIS insertion sites in clone 12 and Y, and these
same cells were then subjected to shRNA-mediated knockdown
of either proteins previously identified to be important for de
novo lamina association (Zbtb7b, HDAC3, and Lap2-3) as well
potential novel players based on the literature (LMNA/C) or
in this study (CTCF, YY1, and the PRC2 component EZH2).
We determined the disposition of the LAS before shRNA-
mediated knockdown with either an off-target shRNA control or
with the indicated protein target (Fig. 4). Lap2- and HDAC3
shRNA-mediated knockdowns led to substantial cellular death
and were, therefore, not able to be analyzed with confidence;
however, the remainder of the constructs appeared to have little
effect on cell viability within the time frame used by our as-
says (Fig. S5 A). Interestingly, all of these knockdowns, with
the prominent exception of LMNA, led to the loss of peripheral
association of targeting fragments (Fig. 4, B and C, P < 0.05). It
is important to note that the LMNA knockdown construct spe-
cifically knocks down LMNA, whereas the LMNA/C construct
knocks down both LMNA and LMNC (Fig. 4 A). Given these
results, it is tempting to speculate that LMNC, but not LMNA,
is important for maintaining lamina-proximal positioning.

We next asked whether the proteins demonstrated to im-
pact LAS-directed targeting to the nuclear lamina also affected
endogenous LAD organization. Both LMNA/C and YY1 pertur-
bation reduced the association of endogenous LADs containing
Ikzfl, Igh, and Bcll 1a with the nuclear lamina as determined by
3D immuno-FISH (Fig. 4 D, P < 0.005). In contrast, disruption of
Zbtb7b only affected the association of the Igh locus with the
lamina with any degree of statistical significance (Fig. 4 D).
Collectively, these data suggest that peripheral targeting and
maintenance of lamina association of these regions is dependent
on both LMNA/C and YY1. Again, ablation of LMNA alone
had no effect on the disposition of endogenous loci.

Because YY1 shRNA-mediated knockdown affected the
nuclear disposition of both ectopically recruited TCIS sites and
endogenous loci (Fig. 4), we specifically tested whether YY1 is
sufficient to target an ectopic site to the nuclear periphery. To
enable such an experimental test, we expressed a YY1-EGFP-
LaclI fusion protein in our clones Y and 12 (harboring the origi-
nal nonrelocating vector sequence) in the presence or absence of
IPTG, thus allowing for regulated accumulation of YY1 at the
integration site (Fig. 5, C and D). The YY1-EGFP-Lacl fusion
protein displayed the same punctate distribution in the nucleus as
endogenous YY1, making identification of the bound lacO array
difficult in most cells (Fig. S5 B). We note, however, that some
cells express the fusion at lower levels and were thus able to be
assayed by IF; in these cells, the YY 1-EGFP-Lacl loci colocate
with YY1-enriched foci (Fig. S5 C). To enable clear identifi-
cation of the disposition of these YY1-bound TCIS insertions,
we performed 3D immuno-FISH and measured their associa-
tion with the nuclear periphery using LMNB1 to demarcate the
nuclear periphery (Fig. 5, C and D). Although these integrations
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are centrally disposed when bound by EGFP-Lacl, nearly 80%
of the YY1-EGFP-Lacl foci are at the nuclear periphery after
24 h. This finding is also borne out by DamID analyses of YY1-
bound TCIS loci (Fig. 5 E, Ikzf1 (I) or —IPTG, black bars) com-
pared with controls (Fig. 5 E, nonswitched and +IPTG, black
bars). We note that LAS I switched into TCIS also displays
lamina association by DamlID (Fig. 5 E). In these experiments,
relative lamina association and efficacy of the DamID protocol
was monitored in the same experiment by PCR using /gh prim-
ers internal to the Igh vLAD. Specificity of the protocol was
measured by using primers to detect a region in a small “dip”
between and proximal to LAD regions (Fig. 5 E; Wen et al.,
2012). Importantly, simply overexpressing YY1 does not lead
to repositioning of ectopic TCIS integrations (without recruitment
to the LacO array, +IPTG) or the control (dip) region to the lam-
ina, indicating that simply overexpressing YY1 does not cause
global reorganization to the nuclear lamina or even spreading

JCB « VOLUME 208 « NUMBER 1 « 2015

No alleles at the nuclear periphery
@ One allele at the nuclear periphery
B Both alleles at the nuclear periphery

into LAD proximal regions (dip; Fig. 5). An accumulation of
the YY1 protein, at a discrete site, is therefore sufficient to target
to the nuclear periphery. In contrast, tethering of Zbtb7b is not
sufficient to drive these regions to the nuclear periphery, even
though the fusion protein is expressed, recruited to TCIS, and
appears to be functional, as assayed by reduction in collal (col-
lagen, type I, 1) and fibronectin gene expression (Fig. 5, A-D;
Widom et al., 1997; Renard et al., 2008). Interestingly, YY1 is
not normally enriched at the nuclear lamina, although we do
detect faint rim staining upon longer exposure when detecting
endogenous YY1 by IF (Fig. S5 D). However, we note that al-
though YY1 is not obviously enriched at the nuclear lamina in
most cells, H3K27me3 and Hoechst-stained heterochromatin is
indeed enriched in the region underlying the lamina, enhanced
in those cells overexpressing YY1 (Fig. S5, B and C).
Interestingly, there are previous studies indicating that
recruitment of YY1 leads to association with pericentromeric
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Figure 5. YY1 targets chromatin to the nuclear periphery. (A) Expression of YY1 and Zbtb7b fusions to EGFP-Lacl were verified by immunoblotting by
detection with a-GFP. (B) qRT-PCR of Col AT and fibronectin in FB cells overexpressing Zbtb7b-EGFP-Lacl. (C) Representative images of 3D DNA immuno-
FISH. EGFP-Lacl, YY1-EGFP-Lacl, or Zbtb7b-EGFP-Lacl fusion proteins detected by a-Lacl (magenta, arrowheads) colocalize with the TCIS insert site (lacO
probe, green, arrowheads) and LMNB1 (red). (D) Quantitation of 3D DNA immuno-FISH for lacO/Lacl position in two TCIS clones (n > 50; *, P < 0.001).
Dotted line is the approximate peripheral association of the nonrecombined TCIS insert. (E) gPCR analysis of Dam-LMNB1/Dam in clone Y and 12 under
the indicated conditions. A value >1 for (Dam-LMNB1/Dam only) indicates enrichment. Primers to the TCIS locus, the Igh locus (positive control), and a
non-lamina-associated region, dip (negative control), were used for amplification. The data shown are from a single representative experiment. Dotted
line is a ratio of 1 for Dam-LaminB/Dam. (F) Representative images of 3D DNA immuno-FISH in clone Y containing either lkzf1 {I) LAS or YY1-EGFP-Lacl
(£IPTG). LMNB1 (red), y-satellite (cyan), lacO probe (green), and Hoechst (blue) are shown. Arrowheads show the disposition of lacO arrays. Insets are
300x magnifications. (G) Quantitation of 3D DNA immuno-FISH for lacO position in relationship to both the nuclear lamina and y-satellite DNA with either
Ikzf1 (I LAS integrated or YY1 bound (n > 50; *, P < 0.001). (H) Quantitation of the disposition of lacO sites by 3D immuno-FISH analysis in clone 12 and
Y overexpressing YY1-EGFP-Lacl (—IPTG) before and after shRNA-mediated knockdown (as indicated; n > 50; *, P < 0.001). Error bars indicate SD.

Directed reorganization of chromatin



a2

Figure 6. H3K27me3 enriched at endog- A
enous LAD borders and YY1-bound TCIS.

Enrichment

6
O

Igh ChIP primers

\
(A and B) H3K27me3 enrichment at LAD bor-  H3K27me3 = ! wla L
ders (GSE48649; Simon et al., 2013). The i B
entire FB LAD is shown for lkzf1 and Igh to ES Hm l N
ol 75 1D s shown Jo lch ond b 8¢ ww ,M o
blue bar underscores a LAD region defermined 8z 5E -
by LAD histograms (logs(Dam-LMNB1/Dam)). - - v LAD Call
The genes are Shown (blue), qnd 'he lsz] D REEE BB EE U Ml e m b bt e g e Ig},;"lc;cas‘ B il | | I SRt i
VLAD border region tested in this study is high- | T \
lighted in yellow. Primers used for ChIP to the ~ Chr12(Mb)  114.0 115.0 116 0 117.0
Igh locus are indicated (orange). (C) Magni- B -
fication of the 20kb edge of the FB-specific £6 |
vLAD containing lkzfl. LAS (magenta) and H3K27me3'§0 . L “l il . i Lo
nontargeting fragments (gray) are shown above T
H3K27me3 histograms. (D) ChIP analysis of ES M ’
T e s oo oo, 82 —" i b i i ul.meMMM' ol
Enrichment of H3K9me2, H3K9me3, and g’é M i " W
H3K27me3 at the indicated locus is shown as 3 2% v jm— TAD Call
a percentage of input. Error bars indicate SD. S — o i
Chr, chromosome. y i lkzf1
Chri1 (Mb) 9.0 95 10.0 105 110 115
C
o Uk lWmddl.dm..‘MMMMML._‘nmmh,mh.,.'l,”\‘n‘\w”"‘.,‘_].,YK
ﬁbrot;)l\ast LAD call
— G
BT D F " _9
E Ho
lkzf1
o M WA~ P U SE———
H3K27me3
D 10 +IPTG
B-IPTG
8
-
26
k=
3
s 4
i
) .
0
LS & D o o
1«@ 0@ o 607 0@ o & A o
fg(\"' e \(\’b\(\ o0 \‘3’ \)\’b‘(‘ \){b‘(\ &0 ‘(\{L \){b‘(\ \)\
TCIS locus a-actin Igh locus (internal)

heterochromatin (Shestakova et al., 2004; Josse et al., 2012).
We therefore asked whether directed recruitment of YY1 led
to the association of the TCIS site with these domains by using
either 3D immuno-FISH or IF assays to determine the amount
of colocalization of the YY 1-bound TCIS locus with either peri-
centromeric +y-satellite DNA or with the centromeric protein
CENP-A (Fig. 5, F and G; and Fig. S5, E and F). We observe no
increase in association with either of these subnuclear regions.
Collectively, these data indicate that YY1 is able to direct re-
cruitment of an ectopic site to the nuclear lamina and that this
recruitment is independent of association with pericentromeric
or centromeric heterochromatin domains.

Given that YY1 recruitment to TCIS is sufficient to target
that region of the genome to the nuclear lamina, we next asked
whether such repositioning was dependent on putative YY1
interactors and/or lamina proteins. Both CTCF and BTB-POZ
proteins have been implicated to interact with YY1 (Donohoe
et al., 2007; Zlatanova and Caiafa, 2009; Boulay et al., 2012).
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shRNA-mediated knockdown of LMNA/C was able to prevent
or disrupt YY1-mediated tethering to the nuclear lamina, al-
though LMNA knockdown alone was not sufficient to cause
disruption of this interaction (Fig. 5 H). In contrast, knockdown
of either Zbtb7b or CTCF did not disrupt peripheral associa-
tion, indicating either that these proteins are not involved in this
process or that YY1 recruitment is able to bypass their func-
tional requirements (Fig. 5 H). Nonetheless, these data show
that YY 1-mediated recruitment to the nuclear lamina depends
on LMNC and, possibly, LMNA/C levels.

Intriguingly, H3K27me3 has been reported to be enriched
at LAD borders but not LAD interiors (Guelen et al., 2008).
Using publicly available data identifying H3K27me3 in MEFs
(GEO accession no. GSE48649), we also note that there is a
striking enrichment of H3K27me3 at the border of the LADs
containing the Ikzf1, Igh, and Bcllla loci and more generally at
LAD borders (Fig. 6, A and B; and Fig. 3 A; Simon et al., 2013).
These H3K27me3 modifications overlap with our relocating



fragments (Fig. 6 C). We next asked whether YY1 recruitment
to the TCIS locus mirrored what is observed at endogenous
LAD borders, namely the accumulation of H3K27me3-modified
chromatin at the insert site (Fig. 6, B and C). By chromatin
immunoprecipitation (ChIP), we detected strong enrichment
of H3K27me3 upon recruitment of YY1 and found, additionally,
that our inserts harbor H3K9me?2/3 modifications independent
of YY1 recruitment (Fig. 6 D). We note that the antibodies used
for detecting the H3K9 methyl modifications have significant
cross-reactivity between dimethyl and trimethyl variants, and
so, we describe our data in terms of H3K9me2/3 (Peach et al.,
2012). Intriguingly, a recent study indicated that H3K9 methyl
status may determine chromosomal positioning at the lamina of
ectopic insertion sites (Bian et al., 2013). In addition, genome-
wide analyses in C. elegans have shown a correlation between
H3K9me1/2/3 enrichment and LAD regions (Towbin et al., 2012).
Moreover, H3K9me2 has been previously reported to play a
role in LAD organization and in regulation of the /gh locus, and
we also detected enrichment of this modification in the interior
of the LAD comprising the Igh locus (Fig. 6 D; Johnson et al.,
2004). As expected, these more interior primers of the Igh LAD
did not detect an enrichment of H3K27me3, indicating that this
modification is present at border regions of LADs, but not the
interior, in agreement with our and others’ analyses of H3K27me3
ChIP-seq signatures relative to LAD borders (Figs. 3 A and
6 D; Guelen et al., 2008). We therefore conclude that our YY 1-
bound TCIS system likely recapitulates the endogenous chro-
matin state of LAD borders in that they have both H3K9me?2/3
and H3K27me3 modifications.

YY1 has been shown to act as both a negative and positive
transcriptional regulator (Thomas and Seto, 1999); however, one
reported role is in recruiting PRC2 to mediate transcriptional re-
pression (Basu and Atchison, 2010; O’Meara and Simon, 2012;
Basu et al., 2014). Previously, we showed that reduction in the
PRC2 histone methyltransferase component EZH2, which tri-
methylates histone H3 on lysine 27, led to the loss of peripheral
association of a LAS fragment (Fig. 4). In addition, disruption
of EZH?2 prevented Y'Y l-mediated recruitment to the nuclear
lamina, indicating that H3K27me3 is necessary for this reposi-
tioning as well (Fig. 5 H). We note, however, that overexpres-
sion of YY1 concomitant with disruption of EZH?2 in the same
cells led to a substantial decrease in cell viability (unpub-
lished data). As a separate test to determine whether H3K27me3
was required for the YY I-mediated repositioning, we treated
TCIS clones with either relocating LAS fragments recom-
bined into the locus (Fig. 4) or bound by YY1 (Fig. 5) with
3-deazaneplanocin (DZNep). DZNep is an indirect inhibitor of
S-adenosyl-methionine—dependent methylation that disrupts
EZH?2 function, thus blocking H3K27me3 deposition. In addi-
tion, there are reports that, depending on the study, implicate
DZNep in the reduction of H3K4me3, H4K20me3, and at higher
concentrations, H3K9me3 (Fig. 7 A; Fiskus et al., 2009; Miranda
et al., 2009; Lee and Kim, 2013). We used DZNep in addition to
shRNA-mediated knockdown of the EZH2 methyltransferase
because loss of EZH2 might lead to destabilization of some of
the YY1 containing complexes, thus making results from such
an experiment difficult to interpret. We note that treatment with

5 uM DZNep resulted in modest effects on cell proliferation at
24 h of treatment (the time point used for our assays), but the
cells appeared to be otherwise healthy (Fig. S5 G). Strikingly,
lamina association driven by LASs are disrupted when treated
with DZNep (Fig. 7, B and C) as they are with EZH2 knockdown
(Fig. 4, B and C), indicating that their repositioning is dependent
on H3K27me3. Intriguingly, DZNep treatment affected all LAS
fragments similarly, including the Igh(N) LAS, indicating that
either H3K27me3 is involved in initiating lamina association re-
gardless of LAS origin or that our treatments also affected other
histone modifications necessary for repositioning, especially
H3K9me?2/3 (see following paragraph; Fig. 7 C; Towbin et al.,
2012; Bian et al., 2013). However, in support of a strong role for
H3K27me3 in LAS-directed repositioning, shRNA-mediated
knockdown gave similar results for these same LAS fragments
(Fig. 4 C). Similarly, DZNep treatment of either YY 1-bound loci
or endogenous LADs resulted in their movement away from
the nuclear lamina, again similar to our findings with shRNA-
mediated knockdown of EZH2 (Fig. 7, D and E). Collectively,
these results suggest that H3K27me3 is necessary to target to
and maintain proximity to the nuclear lamina.

As previously mentioned, there are studies in the literature
implicating histone H3K9me?2/3 modifications in recruitment
of domains to the nuclear lamina. We also note that our TCIS
system harbors H3K9me2/3-modified chromatin, as has been
previously reported for these types of arrays (Janicki et al., 2004;
Towbin et al., 2012; Bian et al., 2013). Taking these findings into
consideration, we next asked whether the association with the
nuclear lamina might be dependent on both types of modifica-
tions—a potential bivalent heterochromatin signal. Intriguingly,
H3K9me2/3 modifications appear to be broadly distributed
across LAD domains (unpublished data; Towbin et al., 2012),
although H3K27me3 modifications appear to be restricted (rela-
tive to LADs) at the border regions (Fig. 6; Guelen et al., 2008).
These border regions may represent regions where the genome
is constantly reestablishing LAD boundaries as indicated by the
preponderance of active promoters immediately flanking LADs
(Guelen et al., 2008). To test whether repositioning of ectopic
regions to the nuclear lamina requires H3K9me2/3 modifica-
tions, we used the inhibitor BIX-01924 to block histone dimeth-
ylation at lysine 9 of H3 (Kubicek et al., 2007; Bian et al., 2013).
We chose to use this inhibitor because, despite our best efforts,
we were unable to find an shRNA construct for G9a (the meth-
yltransferase responsible for H3K9me2; Lachner and Jenuwein,
2002) that worked without significant cell death (unpublished
data). Western blots show that treatment with 5 pM BIX-01924
leads specifically to inhibition of H3K9me?2 but not H3K9me3
(Fig. 8, A and B). Initially, we subjected cells harboring our
TCIS system with the Tkzf1 (I) LAS or with YY1 bound to treat-
ment with the inhibitor for 24 h, and, although we saw signifi-
cant down-regulation of H3K9me2, we were unable to reliably
detect loss of lamina association (Fig. 8, C and D). Interestingly,
another study also tried using BIX-01924 to disrupt lamina as-
sociations through down-regulation of H3K9me?2 but also were
unable to detect loss of association; however, the authors noted
that their assays to detect lamina association were designed to
detect within 0.5 um of the nuclear lamina, and therefore, they
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Figure 7. DZNep freatment leads to loss of A
peripheral targeting. (A) Immunoblot analy-
sis of H3K27me3 in clones 12 and Y 5 pM
DZNep treatment for 24 h. (B) Representative
images of clone Y harboring the kzf1 (4] LAS,
+DZNep treatment. EGFP-Lacl foci (green,
arrowheads) are shown relative to LMNB1
(red) and H3K27me3 (magenta). Insets are
300x magnifications. (C) Quantitation of IF
for DZNep treatment of clone Y harboring
Igh (N) and lkzf1 (4) LAS and a nontarget-
ing fragment lkzf1 (8) (n > 50; *, P < 0.05).
(D) Quantitation of IF of 24-h, 5 pM DZNep-
treated clones Y and 12 expressing EGFP-Lacl
or YY1-EGFP-lacl (n = 50; *, P < 0.001).
Error bars are SD. (E) Quantitation of 3D DNA
immuno-FISH for the indicated endogenous loci
in MEFs treated with 5 yM DZNep (24 h) MEFs
(n>50; *, P < 0.05).
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may have missed a more subtle loss of association (Bian et al.,
2013). Another study clearly implicated this modification with
recruitment to the lamina (Towbin et al., 2012). We noted a
slight, but not statistically significant, loss of association of our
targeting fragments but were struck by a qualitative difference
in the lamina association.

Because of these conflicting studies in the literature and
our somewhat ambiguous cytological data, we decided to repeat
this experiment to enable both cytological and DamID analyses.

Specifically, we treated cells harboring relocated TCIS sites with
BIX-01294 for 12 h and then transduced these cells with Dam or
Dam-LMNBI1 and harvested after 48 h (total of 60 h). We noted
some slowdown of cell division at this time point, but the cells
were healthy and still undergoing division (unpublished data;
Kubicek et al., 2007). At this time point, there is statistically
significant repositioning away from the nuclear lamina, but at a
relatively low frequency (Fig. 8 D). However, by using DamlID to
measure lamina association, there was, quite strikingly, a complete



A 24 hour treatment B 60 hour treatment
Vehicle  5uM Bix kD Vehicle 5uM Bix kD

15 H3Kome2 15
45 HIKome3 [ —=] .45
415 Histone [amss = m] .15

<0 s\\@ <0 s\'\® Y

H3K9me2 [- - -

HIKOME3 |m e e e e e

Histone |—-— PR ———

D (O, N\

R Q
G X E @ LN AN (X
& W N p A W N \\tﬁ'\ \‘f\ N
V\Oo 60
C Vehicle 24h Bix 60h Bix D = 2 h 60 h E &
o | S 1
— O ©
ot § g @ 1
5T S 2 ]
oo S <
o <
o o O A —
= q- 1 «
g £ o
2 a
®
5 = S |
@ S N QN 5uMBix - - *
@) N N )
o @ 5@ o (&
& KOS
<N @ Vehicle (DMSO) «9
< 5uM Bix-01294 N
* * Off-target shSuv39H1 S @ off-target
F I I N G kD H = shSuv39H1
H3K9me3 |"' W T w1415 B =
2 <
(&) =
Y— ()
© «15 —— o |
& g
Z NPCIRNPE 5
c A < A < [ ]
K K b
g = \\@‘k,g? \\(:er,\,\Q o
o < <
[a o 1 T
o A O
) & F
\ &
o
5uM Bix - + -+ -+ -+

lkzf1 Igh becl11la  dnmt3a

No alleles at the nuclear periphery
@ One allele at the nuclear periphery
B Both alleles at the nuclear periphery

Figure 8. H3K9me2/3 is necessary for de novo LAD formation. (A and B) Immunoblot analysis of protein lysates from TCIS lines either harboring Ikzf1 {I)
LAS or bound by YY1-EGFP-Lacl (—IPTG) and nonswitched control. Cells were treated with either vehicle (DMSO) or 5 pM Bix-01294 for 24 or 60 h.
Proteins were detected by the antibodies indicated; loading control is total histone H3. (C) Representative images of clone Y harboring the lkzf1 (I) LAS =
5 pM Bix-01294 after 24- or 60-h treatment. EGFP-Lacl foci (arrowheads), LMNB1 (red), and Hoechst (blue) are shown. Insets are 300x magpnifications.
(D) Quantitation of the disposition of the TCIS insert for vehicle and 5 pM Bix-01294 treatment at 24- and 60-h treatment of clone Y harboring lkzf1 {I)
LAS and YY1-EGFP-lacl (—IPTG, n > 50). (E) gPCR analysis of DamiD in clone Y harboring lkzfT (I) LAS +5 pM Bix-01294 (60 h). A value >1, of Dam-
LMNB1 over Dam only, indicates enrichment of the tested locus. Positive and negative controls are primers to an internal region of the Igh locus and a
non-lamina-associated region, dip, as previously described. The data shown are from a single representative experiment. (F) Quantitation of 3D DNA
immuno-FISH for the indicated proteins in 48-h, 5 yM Bix-01294-treated MEFs (n > 50; *, P < 0.01). (G) Immunoblot analysis of protein lysates from TCIS
clone Y harboring lkzf1 (I) LAS or YY1-EGFP-Lacl (—IPTG) treated with the indicated shRNAs. Proteins were detected by the antibodies indicated; loading
control is total histone H3. (H) Quantitation of the disposition of TCIS sites of clone Y harboring lkzfT (I] LAS or bound by YY1-EGFP-Lacl-treated shRNAs
as indicated (48 h, n > 50). Error bars indicate SD.
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Figure 9. A model for directed reorganization of chro-
matin. A cross section of a portion of the interior of an FB
nucleus shows chromatin as a lamina-associated domain
(LAD, red with yellow borders) or a non-lamina-associated
region (green). An ectopic insertion of a LAS into the TCIS
insert site is poised for relocation to the lamina caused by
H3K9me2/3 modifications present on the insert (red). Ac-
quisition of H3K27me3 (yellow) leads to lamina associa-
tion. Abrogation of H3K27me3 by knockdown of EZH2
or specific transcriptional repressors or by drug inhibition
leads to loss of peripheral targeting at both endogenous
and ectopic loci. Our data suggest that K27me3 precedes
movement fo the lamina. Abrogation of H3K9me2/3 leads to
a loss of association of endogenous and ectopic loci,
as has also been shown by previous studies (Towbin et al.,
2012; Bian etal., 2013; Kind et al., 2013). We propose that
these two facultative heterochromatin marks, H3K27me3
and H3K9me2/3, cooperate (bivalently) to drive LAD for-
mation and/or maintenance. Intriguingly, we also uncov-
ered a potential role for LIMNC (or LMNA/C levels) in this
process, and disruptions in LMNA/C have been linked to
global loss of H3K27me3 as well as H3K9me3 (Luperchio

et al., 2014; Wong et al., 2014). ONM, outer nuclear iggﬁ?me?’
membrane; INM, inner nuclear membrane. 1yy1

| transcriptional
repressors(?)

=

loss of association with the nuclear lamina (Fig. 8 E). We tested
whether BIX-01294 treatment affected endogenous loci as
well and chose to use an intermediate time point (48 h). The
endogenous loci, in contrast to our TCIS relocated fragments,
show appreciable loss of association (Fig. 8 F). We next queried
whether H3K9me3 affected our loci in the same way by using
an shRNA-mediated knockdown of the SUV39H1 (Suppres-
sor of Variegation 3-9 homologue 1), a methyltransferase that
mediates H3K9me3 (Fig. 8, G and H; Lachner and Jenuwein,
2002). Although SUV39H1 knockdown did disrupt localization
of both the LAS- and YY 1-directed lamina association, we were
unable to attribute this directly to H3K9me3 because removal of
SUV39HI1 also perturbed H3K9me?2 levels (Fig. 8 G). Although
we found this result somewhat surprising, we note that loss of
SUV39HI1 has previously been shown to disrupt H3K9me?2
(Murayama et al., 2008). Nonetheless, these data provide com-
pelling evidence that both H3K27me3 and H3K9me2/3 are
required for targeting an ectopic site to the nuclear lamina.

Discussion

Our results implicate specific DNA sequences within LADs and
chromatin state, specifically H3K27me3 and H3K9me?2/3, in estab-
lishing de novo lamina associations. In addition, we suggest a role
for levels of A-type lamins and, specifically, LMNC in regulating
this repositioning (Fig. 9). Our work focused on LAD border
regions. We show that some LASs are sufficient for directing
an ectopic site to the nuclear lamina, and this repositioning is

JCB « VOLUME 208 « NUMBER 1 « 2015

Endogenous LAD ONM

TCIS Insertion

Recruit YY1 or insert LAS \i

27
/_'< TCIS Insertion
(de novo LAD)

L H3K9me2/3 JLMNA/C
VHDAC3/Lap2p |HDAC3/Lap2p(?)
ttranscriptional
activators
//i\\ /\\

)

B non-lamina associated chromatin region
B H3K9me2/3
H3K27me3

=

dependent on YY1 (Fig. 4) and H3K27me3 (Figs. 4 and 7), a
histone modification demonstrated to be enriched in these re-
gions at endogenous LADs (Figs. 6 and 3 A; Shah et al., 2013).
We demonstrate, in agreement with two previous studies, that
directed association with the nuclear lamina is also dependent
on H3K9me?2/3 (Fig. 8; Towbin et al., 2012; Bian et al., 2013).
In addition, a recent study, using a human fibrosarcoma cancer
cell line (HTC75), demonstrated that using either BIX-01294
or G9a shRNA-mediated knockdown to perturb H3K9me?2 re-
sulted in loss of LAD association with the nuclear periphery
(Kind et al., 2013). Recent work in our laboratory also shows
that these modifications are necessary for functional organiza-
tion of a chromosomal territory (unpublished data). Thus, we
speculate that these LAD border regions, which are enriched in
both H3K27me3 and H3K9me2/3, constitute a targeting signal
for LAD formation (Fig. 9). Intriguingly, recent studies have also
identified specific nuclear envelope transmembrane proteins as
involved in organizing and regulating chromatin at the nuclear
periphery (Reddy et al., 2008; Zuleger et al., 2013; Wong et al.,
2014). We therefore propose a model for regulation of vVLADs
that incorporates cell type—specific transcription factors, chro-
matin modifiers and organizers, and nuclear lamina proteins to
facilitate cell type—specific genome organization (Fig. 9).

The work described herein focused on functional tests of
LAD organization at LAD borders. In agreement with a previous
study, we find that GA-rich sequence motifs, potentially bound
by BTB-POZ domain proteins, are overrepresented in lamina
relocating fragments but also find an enrichment of YY1 and



CTCF binding sites (Figs. 3 C and S4). The presence of CTCF
binding sites was not unexpected as a result of its known en-
richment at the boundaries of LADs (Vogel et al., 2007; Guelen
et al., 2008; Handoko et al., 2011). As a previous study has
indicated that robust YY1 binding often requires a cofactor
(Golebiowski et al., 2012), we speculate that Zbtb7b or another
transcription factor (or even CTCF) may be required to recruit
or enhance YY1 or PRC2 binding in vLAD border sequences to
facilitate repositioning to the lamina. In support of this, a recent
study has implicated BTB-POZ domain proteins in the recruit-
ment of PRC2 to chromatin, possibly through interactions with
YY1 (Boulay et al., 2012). Intriguingly, in Drosophila melano-
gaster neurons, competition by BTB-POZ-related proteins for
GAGA sites determines the disposition and transcription state
of the neural competence factor Hunchback (Lehmann et al.,
1998; Kohwi et al., 2013). It is therefore tempting to speculate
that specific cell type—specific transcription factors can promote
or inhibit association with the nuclear lamina through their in-
teractions with chromatin remodelers for the induction of large
scale chromatin changes concurrent with either localization to
or away from the nuclear periphery. This latter point is impor-
tant because transcriptional activation appears to disrupt asso-
ciations with the nuclear lamina (Tumbar et al., 1999; Tumbar
and Belmont, 2001; Bubulya and Spector, 2004). Both Zbtb7b
and YY1 have been shown to repress and activate genes, add-
ing to the potential for cell type—specific functionality of these
proteins in scaffolding to the nuclear lamina.

There are studies in the literature indicating that YY1 may
interact with and enhance the activity of HDAC3, thus poten-
tially linking cell type—specific regulation through factors such
as Zbtb7b, with a more general model implicating epigenome/
genome organizers and specific structural proteins (e.g., LMNA/
C and Lap2-B) at the nuclear periphery in positioning chroma-
tin to the nuclear lamina (Fig. 9; Somech et al., 2005; Sankar
et al., 2008; Faulk and Kim, 2009; Atchison, 2014; Luperchio
et al., 2014). Interestingly, CTCF has been proposed to interact
with YY1 to mediate cell type—specific organization, raising the
possibility that CTCF and YY1 act together to target and delimit
LAD boundaries (Phillips-Cremins et al., 2013). Numerous stud-
ies have implicated the interaction of these two proteins in both
nuclear architecture and in gene regulation (Donohoe et al., 2007;
Kim, 2008; Nikolaev et al., 2009; Degner et al., 2011; Weth and
Renkawitz, 2011; Medvedovic et al., 2013; Wei et al., 2013).

Finally, our results also suggest that LMNA/C is impor-
tant in instructing the peripheral localization of these sequences
(Fig. 4). Two recent studies have implicated LMNA in large
scale chromatin organization, but these data did not differentiate
between LMNA and LMNC (McCord et al., 2013; Solovei et al.,
2013). Our data suggest that either overall levels of LMNA/C
are important or, more intriguingly, that LMNC is required for
proper genome organization. What is clear from our results is
that LMNA is not necessary for recruitment or retention at the
nuclear lamina. This suggests, contrary to the commonly held
position that there is functional redundancy between LMNA
and C, that LMNC may be specifically involved in instruct-
ing peripheral positioning. Consistent with this, are studies that
“LMNC-only” mice (missing LMNA but with normal LMNC

levels) are viable, yet LMNA/C*~ have perturbed differentiation
(Fong et al., 2006; Sehgal et al., 2013). Intriguingly, we detect
both H3K27me3 and YY1 at the nuclear lamina, especially in
YY1-overexpressing cells. Given our overall results, it is tempt-
ing to speculate that YY1 and PRC2 interact with the lamina to
facilitate both nuclear positioning and regulation of LADs.

Materials and methods

Identification of lamin association

MEFs were purchased from ATCC (CRL-2752) and cultured according to
their establish protocols. Rag2™/~ pro-B cells were derived by isolating
lineage-depleted hematopoietic cells from the bone marrow of B6 (Cg)-
Rag2tm1.1Cgn/J) (JAX catalog no. 008449; The Jackson Laboratory),
which harbor a deletion of exon 3 in the coding region of the RAG2
gene. Isolation was followed by ex vivo differentiation and expansion on
OP9 stromal cells initially with SCF and IL-7 and then IL-7 alone in Op-
tIMEM media with 5% FBS. DamID was performed as described previ-
ously (Reddy et al., 2008; Zullo et al., 2012). In brief, selfinactivating
retroviral constructs pSMGV Dam-V5 (Dam only) and pSMGV Dam-V5-
LMNBT (Dam-LMNB1) were used to generate retrovirus using the Platinum-E
packaging cell line (RV-101; Cell Biolabs). Supernatants containing viral
particles were collected between 48 and 72 h after transfection of the
DamlD constructs, and collection times were pooled. C57BL/6 MEFs were
incubated overnight with either Dam-only or Dam-LMNB1 viral supernatant
and 8 pg polybrene. Ex vivo expanded Rag2 /" pro-B cells were spin-
fected by centrifuging in 24- or 48-well plates at 500 g for 2 h with viral
supernatant plus 3 ng/ml interleukin-7 (Il-7) and 4 pg polybrene at room
temperature. After the spin, the cells were allowed to recover for 1 h atin a
tissue culture incubator (5% CO,, 37°C with humidity) before removing the
viral supernatants and moving onto OP-9 stromal cells with normal growth
medium (OptiMEM, 5% FBS, and 3 ng/ml IL-7). DamID was performed
as previously described (Vogel et al., 2007; Zullo et al., 2012). In brief,
DNA was isolated from cells expressing Dam or Dam-LMNB1 using DNA
Mini kit (QIAGEN), precipitated, and resuspended to 1 pg/pl. 2 pg of this
genomic DNA was digested overnight with the restriction enzyme Dpnl
(RO176L; New England Biolabs, Inc.), which cuts at methylated GA™TC.
After digestion, double-stranded adapters comprising annealed oligonucle-
otide AdRt (5-CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCC-
GAGGA-3') and AdRb (5’-TCCTCGGCCG-3’) were ligated overnight with
the digested Dpnl fragments (T4 ligase 799009; Roche) followed by DPNII
digestion (R0543S; New England Biolabs, Inc.) for 1 h. This material was
amplified in ligation-mediated PCR using AdR_PCR primer (5"-GGTCGCG-
GCCGAGGATC-3’) and Advantage cDNA Polymerase (Takara Bio Inc.).
The resulting material was checked by agarose gel electrophoresis to en-
sure that specific amplification of methylated DNA fragments occurred and
then column purified (QlAquick PCR purification kit; QIAGEN). This mate-
rial was used either for qPCR assays or subjected to array hybridization.
For qPCR assays, we used the following primer sets: specific to a region of
the TCIS insert (TCIS_ChIP_F1, 5'-AGCTTGGCGTAATCATGGTC-3’, and
ChIP_R5, 5'-ATTAGGCACCCCAGGCTTTA-3'), specific to an internal Igh
LAD region (/558 1, 5'-AGTGCAGGGCTCACAGAAAA-3’, and J558
12, 5'-CAGCTCCATCCCATGGTTAGA-3'), or specific to a lamina-negative
region in a LAD (also called Dip; chr10:105245772_141bp_F, 5'-AGGG-
ACAGCCGTGGAGGAGC-3’, and chr10:105245772_141bp_R, 5'-CC-
GCACCGTCCGGTTCTCAG-3’; Reddy et al., 2008). For identification of
large genomic regions, Dam-only and Dam-LMNB1 samples were labeled
with Cy3 and Cy5 using a random prime strategy, and DamID samples
were hybridized to mouse whole genome tiling array 3 of 4 (mm8, part of
chromosome 9 to part of chromosome 14; Economy Array; NimbleGen)
using standard protocols. Arrays were scanned using a scanner (MS200_2),
and probe intensity log, ratios Dam-LMNB1 to Dam only were obtained
using DEVA 1.0.2 software (Roche NimbleGen). All experiments were per-
formed two independent times. DamID array signal intensity data were
lifted over to mm9 using the Galaxy converter tool, and then, data from rep-
licate arrays were averaged together (Giardine et al., 2005; Blankenberg
et al., 2010; Goecks et al., 2010). DamID data were quantile normal-
ized and smoothed using the preprocessCore R package (Bolstad, 2003)
and then segmented via a modified circular binary segmentation using the
DNAcopy R package (Seshan and Olshen, 2014), which is an algorithm
for identifying copy number difference, which “tests for change-points using
a maximal tstatistic with a permutation reference distribution to obtain the
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corresponding Pvalue” (Venkatraman and Olshen, 2007). A sliding window
approach with a window size of 2 kb was used to combine neighboring seg-
ments, using in-house perl scripts. Code and accessory scripts are provided
(supplemental material). Regions identified that were <25 kb were trimmed
from total LAD data. LAD and non-LAD regions were identified across chro-
mosomes 11 and 12. non-LAD regions were identified as the complementary
regions to LADs via the complement function in Galaxy (GSE56990).

Analysis of LADs and genomic features

YY1, CTCF, and H3K27me3 ChIP data were tested for statistically signifi-
cant overlap of LADs in FBs using the GenometriCorr package (Mendenhall
etal., 2010; Peric-Hupkes et al., 2010; Favorov et al., 2012; Vella et al.,
2012; Simon et al., 2013). The GenometriCorr package applies multiple
spatial tests of independence including an absolute distance test (i.e., if
two elements such as LADs and YY1 sites are a fixed distance from each
other), projection test (i.e., testing for significant overlap between these two
positions assuming they represent single points points), and the Jaccard
test (testing for correlation of these two positions assuming that they are
not points but instead occupy some interval of the genome). In addition to
these statistical tests, the intensities of the DamID and ChIP peak data were
plotted against bioinformatically determined LAD border regions (50,000
kbp) to generate intensity profiles of the tested binding data for CTCF, YY1,
H3K27me3, and LMNB1 using the Genomation R package (Akalin and
Franke, 2014). 200 bins were generated over the entire border interval
(50,000 kbp), and signal intensities of binding data within each bin were
averaged and plotted.

Motif identification

BAC-derived fragments DNA tested for repositioning effects were analyzed
for known and de novo motifs, performed with MEME Suite and MotifSuite
(Bailey et al., 2009; Claeys et al., 2012). Specifically, sequences from re-
locating fragments were analyzed using both MEME Suite (MEME [Multi-
ple EM for Motif Elicitation]) using default parameters. Identified motifs
were compared with the expected frequency in chromosome 11 background
(because the tested fragments were from this chromosome), generated
using the MotifSuite background generator tool CreateBackgroundModel.
Enrichment of the targeting versus background and nonrelocating frag-
ments was determined by using a 0.5 threshold parameter. Only motifs
that displayed a twofold enrichment were considered for further evalua-
tion. The identified motifs were then mapped to the fragments with the
MAST program (Motif Alignment and Search Tool) in the MEME suite (Bailey
and Gribskov, 1998). We then further confirmed the enrichment using ran-
domly identified sequences in chromosome 11 away from LAD border re-
gions and subjecting these to the same motif mapping via MAST. Only
motifs identified as enriched over background on relocating fragments
were further examined to identify proteins that may bind to these identified
motifs using TomTom motif comparison software (Bailey et al., 2009).

BACs and fragments for positioning analysis

All BACs were obtained from the BACPAC Resource Center at Children’s
Hospital Oakland Research Institute (Oakland, CA). The listing of BACs
with their NCBI clone IDs and the genes they contain is provided in Fig. S1 B.
DNA fragments for analysis by random integration and switching analy-
sis were created by sheering BAC DNA with a p200 tip 5-10 times. DNA
was then run out on a 0.5% agarose gel, and DNA over 25 kb was iso-
lated and cloned into a pcDNA3 vector. The pcDNA3 plasmids harboring
BAC fragments were then isolated from these clones and screened for BAC
DNA insert on an agarose gel. Clones containing fragments from 10 to
30 kb were sent as glycerol stocks to SeqWright Genomic Services (GE
Healthcare) to sequence fragments of BACs from each end. Identified frag-
ments were cloned between the inverted loxP sites of the switch vector, see
Plasmids used for nuclear compartmentalization analysis. 2.5-kb fragments
from the DNA fragments of lkzf1 fragment F from the vLAD near the gene
Ikzf1 were amplified from the fragments with the following primers: M24_
D6_1_w, 5 TGGGATAGTTCACAAGAAGCAC-3'; M24_Dé6_1_C, 5'-GTT-
CATGCCTATGGCACAGC-3"; M24_D6_2_w, 5'-ACTTCATGCTGGGAGA-
CAGG-3'; M24_D6_2_c, 5'-CTCTGCCTGTCCTGAAGCTC-3'; M24_Dé_
3_w, 5-CCAGTGTGATGGTGCATACC-3'; M24_Dé_3_c, 5-GAGGGTGC-
TGTGTGTGTTTGG-3', M24_D6_4_w, 5'-ATCAACCAAGAGGCCAC-
AAC-3'; M24_D6_4_c, 5'-AGAAGCCTCAGTCCATCGAG-3'; M24_Dé6_
5_w, 5'-TTCCTGGTGCATCTGTGAAG-3’; M24_D6_5_c, 5'-CCTACGG-
AGCCATTTTTCTG-3’, M24_Dé_6_w, 5-CAGAAAAATGGCTCCGTAGG-
3', M24_Dé6_6_c, 5'-ACAGGAGCTGGAGTGGTGAC-3', M24_D6_7 _w,
5-ACTTCAACCCCCACTITICC-3’, M24_Dé6_7_c, 5-AGGGAGGCCTTA-
GAGCTGAC-3’, M24_D6_8_w, 5-GCAGAGTGGAAGCAAGGAAG-3’;
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M24_D6_8_c, 5-ACCAGGGTGACCTTGAACTC-3’; M24_D6_9_w,
5" TAAGGTGGCTGGAGAGATGG-3'; and M24_D6_9 ¢, 5'-TTTTGCA-
GATTTCCCCTTTG-3'.

Plasmids used for nuclear compartmentalization analysis

The TCIS vector was constructed by flanking a hygromycin phosphotrans-
ferase-thymidine kinase gene (HYTK) with inverted LoxP sites. Subsequently,
a 256-repeat lacO array was integrated upstream of the LoxP site. DNA
fragments (see BACs and fragments for positioning analysis), for recom-
bination, were cloned into a switch vector, the original recombination-
mediated cassefte exchange vector LIHYTK1L (Feng et al., 1999) was digested
with BamHI to remove the cytomegalovirus promoter and hygromycin/thy-
midine kinase cassette, and the resulting fragment containing the inverted
loxP sites was end polished (NEBNext End Repair Module; New England
Biolabs, Inc.). Into this, we cloned a Hincll-EcolRCI fragment containing
the multiple cloning site from pBlueScript (pBS KS+). Cre recombinase was
introduced by cotransfection with plasmid 24593 and AAV-pgk-cre ob-
tained from Addgene (GenBank accession no. AY056050). The EGFP-Lacl
retroviral vector was made by ligating a Dral fragment containing GFP-Lacl
from p3’ssEGFP-lacl into an Hpal site in pMSCV-puro (Takara Bio Inc.).
YY1-EGFP-Lacl fusion proteins were generated by ligating YY1 (plasmid
MC208051 mouse cDNA digested with Sall and PspXI; OriGene) up-
stream and in frame with EGFP-Lacl in a retroviral vector (p3’ssEGFP-Lacl,
digested with Sall and PspXI). Zbtb7b-EGFP-Lacl fusion protein was gener-
ated by ligating Zbtb7b (plasmid ZBTB7B in pANT7_cGST; clone ID
FLH264179.01L [DNASU], digested with Avrll and PspXI) upstream and in
frame with EGFP-Lacl in a retroviral vector (p3'ssEGFP-Lacl, digested with
Sall and PspXI).

Generation and propagation of C57BL/6 FB cell lines and clones
NIH3T3-derived C57BL/é murine FBs (CRL-2752; ATCC) were transduced
with the EGFP-Lacl retroviral vector and selected with 1 pg/ml puromy-
cin to generate a line expressing EGFP-Lacl. Random integration clones
were generated by transfecting the C57BL/6 EGFP-Lacl lines with linear-
ized BACs and hygromycin-selectable lacO arrays. TCIS cell lines were
generated by transfecting C57BL/6 FB with a linearized TCIS construct
described in Plasmids used for nuclear compartmentalization analysis.
Cells were selected for hygromycin resistance (500 pg/ml), and clones
were isolated and expanded. Single integration clones were screened for
by qPCR and transfection with EGFP-Lacl retroviral vector to visualize the
insert site. Clones 12 and Y had single integrations of the TCIS system at
a chromosomal position away from the nuclear lamina, as determined by
microscopy and either the presence or lack of an overlap in LMNB1 and
EGFP-Lacl accumulation at the lacO insert site. Transfections for TCIS line
establishment and random integrations were performed with FUGENE 6
(Promega). Site-specific recombination was obtained by cotransfection of
TCIS clones with DNA fragments cloned into a switch vector and Cre re-
combinase. Switched cells were then seeded at low density with 10,000
cells per well of a 6-well tissue culture dish and treated with T pM ganciclo-
vir for 24 h. TCIS cells require a short treatment with ganciclovir and to be
treated at low confluence. Negative ganciclovir selection occurs when the
nonswitched thymidine kinase gene cassette expresses thymidine kinase,
which in turn phosphorylates ganciclovir. Phosphorylated ganciclovir is
toxic to the cells. Once released into the media, it can affect neighboring
cells if not maintained at low confluence and if media is removed after 24 h.
Cells that have successfully switched cannot phosphorylate ganciclovir and
are therefore resistant. Cells resistant to ganciclovir (1 pM] were then ex-
panded for nuclear positioning analysis. Transfections for specific recom-
bination in TCIS clones were performed with the electroporation system
(Amaxa Nucleofector 4; Lonza), to ensure essentially 100% transfection
efficiency. Ingenio Electroporation Products (MIR 50111; Mirus Bio LLC)
were used in combination with the Amaxa nucleofector. All cell lines were
maintained in DMEM high with 10% FBS (U.S. Defined Fetal Bovine Serum;
Hyclone) in the presence of 500 pg/ml hygromycin (50 mg/ml; Hygromy-
cin B; Corning/CellGro) and T mM IPTG when EGFP-lacl was present. To
enable binding of EGFP-Lacl, IPTG was removed from the cultures, and
cells were analyzed after 24-36 h in fresh media. YY1- and Zbtb7b-EGFP-
Lacl-harboring cones were created by transduction of TCIS clones Y and
12 with the retroviral vector and selection with 1 pg/ml puromycin.

shRNA knockdowns and drug treatments

shlMNA was produced in our laboratory. shRNA-mediated knockdowns
were performed by infecting FB clones with freshly produced lentivirus
for the specific shRNA. Lentivirus was produced by cotransfecting the
desired knockdown construct, Delta 8.9, and vsv-g vector into HEK293
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cells. Virus was added to FB cells at ~30-40% confluence and removed
after 12-14 h. New media were added fo cells, and they were assayed
4 d dfter infection. shRNA constructs were obtained from Sigma-Aldrich
(Mission shRNA database): shZbtb7b, clone NM_009565.4-2183s21c1;
shYY1, clone NM_009537.2-918s1c; shCTCF, clone NM_007794.1-
1030s1c1; shEZH2, clone NM_007971.2-421s21c1; shiMNA/C, clone
NM_001002011.2-901s21¢; and shSuv39H1, clone NM_011514.1-
1874s1c1. Off4arget controls were shRNA directed against firefly lucif-
erase (5'-CGCTGAGTACTTCGAAATGTC-3’; a gift from the laboratory of
D. Raben, Johns Hopkins University School of Medicine, Baltimore, MD).
For G9a inhibition, MEFs and TCIS clone lines were treated with 5 pM
Bix01294 for 24, 48, or 60 h as indicated. To reduce H3K27me3, MEFs
and TCIS clones were treated with 5 pM DZNep for 24 h.

IF and 3D DNA immuno-FISH

Cells were prepared for IF by platting on sterilized 25-mm round cover-
slips (German borosilicate glass #1.5; Harvard Apparatus) in 6-well tis-
sue culture dishes. The nuclear lamina was visualized using an anti-LMNB
antibody (sc-6217, goat IgG; Santa Cruz Biotechnology, Inc.). IF coupled
with DNA in situ hybridization on preserved nuclei (3D DNA immuno-
FISH) was performed as previously described (Reddy et al., 2008). DNA
hybridization probes were generated by nick translation in the presence
of digoxigenin or biotin-conjugated nucleotides (DIG Nick Translation kit
and Biotin Nick Translation kit; Roche). After probe hybridization, an anti-
LMNB antibody was used to mark the nuclear lamina. Other antibodies
used were histone H3 (1:1,000; sc-10809, rabbit IgG; Santa Cruz Bio-
technology, Inc.), GFP (1:1,000; sc-8334, rabbit IgG; Santa Cruz Biotech-
nology, Inc.), H3K27me3 (1:1,000; 39155, rabbit IgG; Active Motif),
H3K9me2 (1:200; ab1220, mouse IgG; Abcam), H3K9me3 (1:500;
ab8898, rabbit IgG; Abcam), Zbtb7b (1:500; ab20985, rabbit IgG;
Abcam), LMNA/C (1:500; sc-20681, rabbit IgG; Santa Cruz Biotech-
nology, Inc.), LMNA (1:500; sc-6214, goat IgG; Santa Cruz Biotechnol-
ogy, Inc.), Lacl (1:500; 05-503, mouse IgG1, Upstate Biologicals), YY1
(1:500; sc-7341, mouse IgG1; Santa Cruz Biotechnology, Inc.), CTCF
(1:500; ab128873, rabbit IgG; Abcam), and B-actin (1:5,000; A5441,
mouse IgG1, Sigma-Aldrich).

ChIP and qPCR

ChIP was performed as previously described (Reddy et al., 2008). In brief,
cells were fixed in 0.5% formaldehyde for 15 min and then quenched with
saturating amounts of glycine. Fixed cells were lysed in cell lysis buffer
containing protease inhibitors (10 mM Tris-Cl, pH 8.1, 10 mM NaCl, and
0.5% NP-40) for 10 min, and the nuclei were then pelleted by centrifuga-
tion. Nuclei were resuspended in nuclei lysis buffer containing protease
inhibitors (50 mM Tris-Cl, pH 8.1, 10 mM EDTA, and 1% SDS) for <10 min
to generate the chromatin fraction. This chromatin was sonicated to a
mean length of 600 base pairs and immunoprecipitated with 2.5-5 pg
of the histone modification-specific or control antibody (antibodies:
H3K27me3 [39155, rabbit IgG], H3K9me2 [ab1220, mouse IgG], and
H3K9me3 [ab8898, rabbit IgG]). gPCR was performed using Igh primers
specific for a region in the center of the locus (distal V gene region) as indi-
cated in Fig. S5 and described previously (J558 10, 5'-AGTGCAGGGCT-
CACAGAAAA-3'; and J558 12, 5'-CAGCTCCATCCCATGGTTAGA-3';
Reddy et al., 2008). Primers to test the chromatin state of TCIS insertions
were specific to a region of the TCIS insert (TCIS_ChIP_F1, 5"-AGCTTGGC-
GTAATCATGGTC-3’, and ChIP_R5, 5'-ATTAGGCACCCCAGGCTTTA-3').
Control primers were Acta2 up, 5'-CAGAGGAATGCAGTGGAAGAGAC-
3’, and Acta2 down, 5'-TCGCTTCCCAAACAAGGAGC-3'.

Image acquisition and preparation details

All Imaging was performed on an inverted fluorescence microscope (Axio-
Vision; Carl Zeiss) fitted with an ApoTome and camera (AxioCam MRm;
Carl Zeiss). The objective lens used was a 100x Apochromat oil immer-
sion (Carl Zeiss) with an NA of 1.5 (Immersol 518; Carl Zeiss). All IF was
performed at room temperature on #1.5 coverslips. 3D DNA immuno-FISH
experiments were either performed on #1.5 coverslips or on slides and
mounted with #1.5 coverslips. All IF and 3D DNA immuno-FISH samples
were mounted in either VECTASHIELD (Vector Laboratories) or SlowFade
gold (Life Technologies). AxioVision software (Carl Zeiss) was used for
image acquisition. Images were exported as TIFFs to Image) (National
Institutes of Health) for further analyses. EGFP-Lacl/lacO foci were scored
as either overlapping with lamin signal (LMNB, peripheral) or not coinci-
dent with lamina (central). Images were adjusted using only brightness and
contrast. When comparing expression levels, experiments were performed
in parallel, imaged at the same exposure times, and adjusted in parallel

to show differences in protein expression. Each experiment was prepared
in duplicate and scored as either peripheral or not peripheral by two dif-
ferent people, one of which was blind to the experimental conditions. The
data analyzed by these two individuals were compared to ensure accurate
measurements. SD was then calculated on the mean scores from these two
observers on two independent experiments for each observation (n = 2,
SD refers to SD between experiments). Only data collected by one of the
individuals were included for determination of p-values to avoid aberrantly
inflating the observed n. P-values for each experiment and condition were
calculated by first converting our scored data into either peripheral (1) or
not peripheral (0). The distributions of this converted data from a control
experiment were compared with the treated/experimental data using an
unpaired f test.

Online supplemental material

Fig. ST shows a wide-scale view of LADs as determined by Dam-LMNB1
relative to the background control, Dam only, in multiple cell types. Fig. $2
shows random integration experiments of all regions of interest and ad-
ditional directed recombination of sequences from the FB-specific vLAD-
containing Bcl11a. Fig. S3 shows a schematic of the TCIS system along
with data to validate its presence and functionality in our FB TCIS clone
lines. Fig. S4 characterizes positioning by small LAS fragments at the edge
of a LAD border and shows how potential protein candidates were iden-
tified for further functional analyses. Fig. S5 shows cell viability for all
knockdown and drug treatment experiments, as well as the nuclear loca-
tion and distribution of endogenous and overexpressed YY1 in FBs, and
that directed recruitment of YY1 is not to pericentric heterochromatin. A
ZIP file is also provided that includes code and accessory scripts. Online
supplemental material is available at hitp://www.jcb.org/cgi/content/
full /jcb.201405110/DC1.
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