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Abstract

Genes have preferential non-random spatial positions within the cell nucleus. The nuclear position
of genes may differ between cell types and some genes undergo repositioning events in disease,
including cancers. It is currently unclear whether the propensity of a gene to reposition reflects an
intrinsic property of the locus or the tissue. Using quantitative FISH analysis of a set of genes
which repaosition in cancer, we test here the tissue-specificity of gene repositioning in normal and
malignant breast or prostate tissues. We find tissue-specific organization of the genome in normal
breast and prostate tissues with 40% of genes occupying differential positions between the two
tissue types. While we demonstrate limited overlap between gene sets that repositioned in breast
and prostate cancer, we identify two genes that undergo disease-related gene repositioning in both
cancer types. Our findings indicate that gene repositioning in cancer is tissue-of-origin specific.
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Introduction

The genome is non-randomly organized within the interphase nucleus (Ferrai et al. 2010;
Meaburn et al. 2016). There is a general tendency for gene rich and gene poor genomic
regions, ranging from whole chromosomes to chromatin domains, to be spatially separate
from each other (Boutanaev et al. 2005; Boyle et al. 2001; Croft et al. 1999; Guelen et al.
2008; Lieberman-Aiden et al. 2009; Shopland et al. 2006). While this trend is maintained
across species and between cell types, the preferred nuclear locations of specific
chromosomes and genes can be variable depending on cellular context. Spatial
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reorganization of the genome occurs, for example, with changes in proliferation status,
during differentiation, between cell types and in disease (Ferrai et al. 2010; Meaburn et al.
2016). It is currently unclear how the spatial arrangements of the genome are established and
maintained, although epigenetic modifications, chromatin remodeling, gene expression and
replication timing have been implicated for the positioning of some genes (Ferrai et al. 2010;
Hiratani et al. 2008; Kosak et al. 2002; Meaburn et al. 2016; Peric-Hupkes et al. 2010;
Therizols et al. 2014; Towbin et al. 2012; Volpi et al. 2000; Williams et al. 2002).

The organization of the genome between terminally differentiated cell types is remarkably
similar despite profound differences in function, gene expression profiles and nuclear shape.
For instance, most human chromosomes (HSAs) occupy similar radial positions in
lymphoblast and dermal fibroblast nuclei, with only HSAs 8, 20 and 21 in different positions
(Boyle et al. 2001; Meaburn et al. 2008). This phenomenon is not limited to humans, as
there is also a high level of conservation in chromosomal positioning patterns between
porcine lymphoblasts and fibroblasts, where chromosome 17 is the only differentially
positioned chromosome (Foster et al. 2012). In mice, three of six chromosomes analyzed
position similarly between lymphoblasts and fibroblasts (Mayer et al. 2005). Comparisons of
positioning patterns of chromosomes between other cell types are less extensive; however,
there is conservation in positioning patterns for at least some chromosomes. The positioning
of HSA 18 and HSA 19 is broadly maintained in a wide range of cell types, including
fibroblasts, keratinocytes, lymphocytes and epithelial cells from multiple tissues (Boyle et
al. 2001; Cremer et al. 2003; Murata et al. 2007). Moreover, porcine chromosome 17, 13, 5
and X are similarly positioned between kidney, lung and brain tissue (Foster et al. 2012) and
mouse chromosome (MMU) 14 is similarly positioned in lung and kidney cells (Parada et al.
2004). However, tissue-specific positioning of specific chromosomes does also occur. All
six mouse chromosomes analyzed in freshly isolated small and large lung cells, liver,
kidney, lymphocytes and myeloblasts cells are in differential positions in at least three tissue
types (Parada et al. 2004). For example, MMU 12 and 15 are in distinct positions in lung
and kidney cells, yet are in similar positions in lymphocytes and myeloblasts (Parada et al.
2004). Moreover, MMU 5 was the only analyzed chromosome in a different spatial position
between lymphocytes and myeloblasts, whereas MMU 1, 5, 6 and 12 are differentially
positioned between liver and myeloblasts (Parada et al. 2004). These observations point to
partial conservation of positioning patterns amongst tissues.

Similar yet distinct spatial arrangement of the genome between differentiated cell types is
also consistent with genome-wide analyses (Battulin et al. 2015; Peric-Hupkes et al. 2010).
Approximately 80% of genomic regions that associate with the nuclear lamina protein lamin
B1, used as a marker of the nuclear periphery, in in vitro differentiated mouse astrocytes
also preferentially associate with the nuclear lamina in embryonic fibroblasts (Peric-Hupkes
et al. 2010). Moreover, despite the highly compact and haploid nature of DNA in sperm, the
genome-wide spatial organization of DNA is similar in mouse sperm and fibroblast nuclei
when analyzed by Hi-C genome-wide crosslinking methods (Battulin et al. 2015). The
organization is, however, not fully identical. For example, there is a higher frequency of
long-range interactions in sperm compared to fibroblasts (Battulin et al. 2015). Additionally,
in other cell types, some gene loci have tissue-specific positions. For example, human CFTR
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is more peripherally positioned in lymphocytes and embryonic kidney cells compared to
nasal epithelial cells and CORTBP2 is more peripherally positioned in embryonic kidney
cells compared to lymphocytes (Zink et al. 2004). Furthermore, the spatial position of a gene
with respect to the chromosome it resides on may also vary between cell types. Some gene
rich clusters of functionally related genes, such as the epidermal differentiation complex or
the major histocompatibility complex, loop out from the bulk of their chromosome territory
more frequently in cell types where they are highly expressed (Volpi et al. 2000; Williams et
al. 2002). Other genes, such as PAX6, WT1, DMD, FLNA and BCL2, however, remain
within the chromosome territory in different cell types, independent of transcription status
(Kurz et al. 1996; Mahy et al. 2002; Scheuermann et al. 2004).

Spatial reorganization of the genome is also associated with disease (Borden and Manuelidis
1988; Meaburn et al. 2007; Mehta et al. 2011; Mewborn et al. 2010; Mikelsaar et al. 2014;
Paz et al. 2015), including cancer (Cremer et al. 2003; Leshner et al. 2015; Meaburn et al.
2009; Meaburn and Misteli 2008; Murata et al. 2007; Wiech et al. 2009; Zeitz et al. 2013).
Much like between tissue types, changes in genome organization are not global and only
subsets of gene loci alter their nuclear location (Borden and Manuelidis 1988; Leshner et al.
2015; Meaburn et al. 2007; Meaburn et al. 2009; Meaburn and Misteli 2008; Zeitz et al.
2013). We have previously identified two sets of genes that repositioned in malignant breast
or prostate tissue, respectively, compared to their normal counterparts (Leshner et al. 2015;
Meaburn et al. 2009). These repositioning events were specific to the malignant state and do
not commonly occur in non-malignant disease and they are not accounted for by inter-
individual variations, nor do they correlate with numerical genome abnormalities, gene
ontology, the local gene density surrounding the loci or changes in gene expression (Leshner
et al 2015; Meaburn et al. 2009; Meaburn and Misteli 2008). In line with partial
repositioning of genomes in cancer, the majority of genes did not change radial positioning
in neither breast nor prostate cancer, suggesting gene-specific repositioning events (Leshner
et al. 2015; Meaburn et al. 2009; Meaburn and Misteli 2008).

A key question that emerges from these observations is whether the same genes reposition in
multiple cancers or whether the set of repositioned genes is tissue-specific. Previous analysis
has found repositioning of HSA 18 and 19 in many types of cancer, including Hodgkin’s
lymphoma, melanoma, colon, cervical and thyroid carcinomas, suggesting a lack of tissue-
of-origin specificity (Cremer et al. 2003; Murata et al. 2007; Wiech et al. 2009). In contrast
to the other types of cancer, however, HSA 18 is more peripheral in a cervical squamous
carcinoma tissue (Wiech et al. 2009). Moreover, BCL2 is relocated to a more peripheral
nuclear position in a BCL2 expressing cervical squamous carcinoma (Wiech et al. 2009), but
its position is unaffected in breast cancer (Meaburn et al. 2009), prostate cancer (Leshner et
al. 2015) and in a BCL2 negative cervical squamous carcinoma (Wiech et al. 2009), pointing
to tissue-specific differences in repositioning behavior.

To more systematically determine whether cancer-associated gene repositioning is gene- or
tissue-of-origin specific, we have compared here the nuclear positions of a set of eleven
genes, which we have previous identified to robustly reposition in either breast or prostate
cancers. We find that the repositioned genes are largely distinct in each tissue type with only
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two genes repositioning in both types of cancer. These results point to tissue-of-origin
specificity for gene repositioning in cancer.

Materials and Methods
Tissue FISH

To generate fluorescence in situ hybridization (FISH) probes, bacterial artificial
chromosome (BAC) clones (BACPAC resource center) (Suppl. Table S1) were label with
either biotin- or digoxigenin-conjugated dUTPs (Roche) by nick translation, as previously
described (Meaburn 2010; Meaburn et al. 2009). FISH was performed on 4-5pm thick FFPE
de-identified human tissue sections (Suppl. Table S2), as previously described in (Meaburn
et al. 2009) and using the following modifications: the 60°C slide baking step was not
performed, tissue sections were incubated in 0.25 mg/ml Proteinase K (Sigma-Aldrich) for
15-20 mins, except for single tissue slides from Biomax Inc, where 0.5mg/ml Proteinase K
was typically required. Tissue sections and tissue microarrays (TMAS) were purchased from
US Biomax Inc, Imgenex Corporation, Folio Bioscience and Biochain Institute or were
acquired from the University of Washington under the guidelines and approval of the
Institutional Review Board of the University of Washington (# 00-3449) (Suppl. Table S2).
The prostate tissues from the University of Washington were reviewed by a genitourinary
pathologist (L.D.T.). The panel of tissues included twelve breast cancers, six benign breast
tissues (hyperplasia and fibroadenoma), six normal breast tissues, 20 prostate cancers, four
hyperplasic prostate tissues and 24 histologically benign (normal) prostate specimens
(Suppl. Table S2).

Image acquisition and FISH analysis

Image accusation was performed as previously described (Leshner et al. 2015; Meaburn et
al. 2009). Briefly, all imaging was performed on a wide-field IX70 (Olympus) Deltavision
(Applied Precision) microscope system, equipped with a 60x 1.42N oil objective lens
(Olympus). An auxiliary magnification of 1.5 and a z-step size of 0.5um were used to
acquire image stacks. Most tissue sections or TMA tissue cores contained predominantly a
single morphology (e.g. malignant tissue only), and regions of epithelial nuclei were
randomly imaged over the slide or tissue core. The prostate tissues from the University of
Washington, however, often contained multiple morphologies on the same slide. In these
cases, malignant and non-malignant glands were imaged and analyzed separately, after
examination of the tissue at low resolution (10x lens; Olympus) and consultation of
hematoxylin and eosin stained slides, which had been annotated by a pathologist (L.D.T.).
Images of epithelial nuclei where then randomly acquired within the predetermined regions
of benign or malignant tissue. Before image analysis, 2D maximum intensity projections
were generated from deconvolved image stacks, using SoftWoRx (Applied Precision) as
previously described (Meaburn et al. 2009).

Analysis to map the spatial position of FISH signals was performed as previously described
(Leshner et al. 2015; Meaburn et al. 2009). Briefly, 89 to 169 interphase epithelial nuclei,
which had been manually segmented in Photoshop 7.0 (Adobe) based on DAPI staining,
were run though custom image analysis algorithms (Meaburn et al. 2009), which were
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executed in MATLAB (The Mathsworks Inc.) and utilized DIPImage and PRTools
toolboxes (Deft University). To determine the radial position of each FISH signal, each pixel
of a nucleus was labeled with the distance to the nearest nuclear boundary, by Euclidean
distance transform (EDT), to enable the nuclear EDT value of the geometric gravity center
of each FISH signal to be automatically determined. Next, the EDT value for a FISH signal
was normalized to the maximal nuclear EDT for that nucleus, to normalize for variations in
nuclear size. To generate a relative radial distribution (RRD) for a gene in a given specimen,
the normalized FISH signal EDT for every allele from that tissue was combined and a
cumulative frequency distribution was produced. For each gene a PND was also created. To
this end, the normalized EDTSs from all allele in each normal tissue, for a given gene, were
combined. Table 1 details the number of normal tissues analyzed for each gene and Suppl.
Table S1 details the number of nuclei used to produce each PND. Finally, to statistically
compare a gene’s positioning patterns between individuals and between histological states,
cumulative RRDs between tissues were cross-compared using the nonparametric two-
sample 1D Kolmogorov-Smirnov (KS) test, with P < 0.01 considered significant.

Some previously reported data were included in the current analysis for comparison of the
positioning pattern of a gene between normal breast and prostate tissues. The RRDs for
AKT1, CSF1R, ERBB2, FOS.2, HES5, HSP90AAL, MYC, TGFB3, BCL2, CCND1, MMP1
and VEGFA in normal breast tissues were reported in (Meaburn et al. 2009) and the RRDs
for FLI1, MMP9, MMP9, BCL2, CCND1, MMP1 and VEGF in prostate tissue are as
reported in (Leshner et al., 2015).

We have previously identified a set of eight genes (AKT1, CSF1R, ERBB2, FOL2, HESS,
HSP90AAL, MYC and TGFB3) that reposition in breast cancer (Meaburn et al. 2009) and a
set of three genes (FLI1, MMP2 and MMP?9) that reposition in prostate cancer (Leshner et al.
2015). We refer to these gene sets as breast GBPs (Gene Positioning Biomarkers) and
prostate GPBs, respectively. To determine whether the observed repositioning events
between normal and cancer tissues are tissue-specific, we sought to cross-compare prostate
GPBs and breast GPBs in their heterologous tissues. To this end, we performed FISH to
visualize the GPBs (Suppl. Table S1) in 4-5um thick formalin-fixed, paraffin embedded
(FFPE) human tissues (Suppl. Table S2). We positioned prostate GPBs in benign (normal,
hyperplasia, fibroadenoma) and malignant breast tissues and, conversely, breast GPBs in
normal, normal adjacent to tumor (NAT) and adenocarcinoma prostate tissues (Suppl. Table
S2). Typically 100-150 randomly selected epithelial nuclei were analyzed per tissue for
each gene as previously described (Leshner et al. 2015; Meaburn et al. 2009). The radial
position of each allele, normalized to nuclear size, was determined from projections of
image stacks using EDT, as previously described (see Materials and Methods for details;
Leshner et al. 2015; Meaburn et al. 2009). The normalized positions for each allele in a
tissue were then combined to generate a cumulative RRD for each gene. Statistical
differences between samples were assessed using the two-sample 1-D KS test, as described
(see Materials and Methods; Leshner et al. 2015; Meaburn et al. 2009), and P < 0.01 was
considered significant.
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Tissue-specific spatial organization in normal tissues

To first determine tissue-specificity of gene positioning in normal tissues, we compared the
positioning patterns of the full set of eleven genes between multiple normal breast and
prostate tissues (Table 1, Suppl. Tables S2-S3, Fig. 1a, b, Suppl. Fig. S1a). To increase the
number of genes compared between the tissue types, for this analysis we included three
additional genes that do not reposition significantly in breast or prostate cancer (BCL2,
CCND1 and MMP1) and VEGF, which repositioned in approximately half of both prostate
and breast cancers (Table 1, Suppl. Table S4, Fig. 1c, Suppl. Fig. S1b). Many genes
exhibited significantly overlapping distributions between normal breast and prostate tissues.
For six genes (40%; VEGFA, HESp, FLI1, TGFB3, MMP2 and ERBB2) less than a third of
the pair-wise cross-comparisons of RRDs between normal breast and prostate tissue were
significantly different and for an additional three genes (20%; CCND1, AKT1 and FOS_2)
37.5-46.0% of the cross-comparisons between the tissue types were significant (Table 1,
Fig. 1, Suppl. Fig. S1). On the other hand, six of the 15 genes (40%; HSP90AAL, CSF1R,
MMP1, MMP9, MYC, and BCL2) displayed distinct tissue-specific positioning, with 61.2—
100% of the pairwise comparisons between normal breast and prostate tissue being
significantly different (Table 1, Fig. 1, Suppl. Fig. S1). These observations point to a partial
conservation of gene positioning between breast and prostate tissues.

Distinct sub-sets of genes reposition in breast and prostate cancer

To address if similar repositioning events occur in multiple cancer types or if distinct sets of
genes reposition in cancers originating from different tissues, we compared the repositioning
behavior of breast GPBs in prostate cancer and vice versa. To this end, we first compared
the RRDs of the prostate GPBs, FLI1, MMP9 and MMP2, in malignant breast tissues to
individual normal breast tissues and to a pooled normal distribution (PND; Tables 2-3, Figs.
2-3), which was generated by averaging the RRDs from all normal tissues analyzed into a
single distribution for each gene, as previously described (Leshner et al. 2015; Meaburn et
al. 2009; see Materials and Methods). We find that MMP2 was similarly positioned in breast
cancer and normal breast tissue with 37.5% (9/24) of individual cross-comparisons between
normal and malignant breast tissues significantly different. In addition, the distribution of
MMP2 was not statistically significantly different from the PND in all six breast cancer
tissues (Tables 2, 3, Figs. 2b-3). Furthermore, the position of MMP2 was more different
amongst normal tissues than when normal and cancer tissue was compared (Tables 2-3,
Figs. 2b-3). In contrast to MMP2, the prostate GPBs FLI1 and MMP9 also repositioned in
breast cancer (Tables 2-3, Figs. 2-3). For both genes, 66.7% (40/60 and 48/72, respectively)
of cross-comparisons between normal breast and breast cancer were significantly different.
Moreover, compared to the PND, FLI1 was repositioned in all ten breast cancers and MMP9
was repositioned in 83.3% (10/12) of breast cancers. Importantly, FLI1 and MMP9 were
both similarly positioned amongst normal breast tissues, with only 33.3% (5/15) and 6.7%
(1/15), respectively, of individual cross-comparisons between normal breast tissues reaching
significance. Finally, compared to their PNDs, FLI1 was repositioned in a single (1/6)
normal tissue and MMP9 was repositioned in none (0/6) of the normal breast tissues (Tables
2-3, Figs. 2b-3).
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In an analogous fashion, we next determined how many of the previously identified breast
GPBs (AKT1, CSF1R, ERBB2, FOL2, HESH, HSP90AAL, MYC and TGFB3) reposition in
prostate cancer. We find that none of these breast GPBs robustly reposition in prostate
cancer tissue (Tables 2b-3, Figs. 2-3). The majority of cross-comparisons between normal
and prostate cancer tissues were not significantly different for any of the genes with between
3.3%-47.6% cross-comparisons being significantly different. For most genes the number of
significantly different cross-comparisons between normal and malignant prostate tissues was
similar or less than the proportion (16.7%-57.1%) of cross-comparisons between normal
tissues that were significantly different, suggesting that the repositioning was not cancer
specific but rather related to the variability in positioning patterns between individuals
(Table 2, Figs. 2b—3). Comparing the position of genes in prostate cancer specimens to their
PND also identified only a limited amount of repositioning of these genes in prostate cancer
(Table 3, Figs. 2b—3). MYC, TGFB3 and HESS repositioned in 0-33.3% prostate
adenocarcinoma’s compared to their PNDs and ERBB2, FOL2, CSF1R, AKT1 and TGFB3 in
40.0-50.0% of cancer tissues compared to their PND (Table 3, Fig. 3).

The radial positions of genes in breast tissues are highly conserved between individuals
(Figs. 2b-3; Meaburn et al. 2009). In contrast, we have previously identified several genes
that occupy more variable positions between individuals in prostate tissue (Leshner et al.
2015). It is unclear if this is a feature of the individual loci or reflects differences in the
degree of overall positional conservation between breast and prostate tissue. In keeping with
their positioning patterns in breast tissue, for five of the breast GPBs there was little
variability in the positioning pattern of normal prostate tissues between individuals, with
16.7%-33.3% of individual cross-comparisons amongst normal prostate tissues being
significantly different (Table 2, Figs. 2b—3). Moreover, for four of these genes, none of the
normal tissues were significantly different to the PND, and for TGFB3 only a single normal
tissue (16.7%; 1/6 tissues) was significantly different to the PND (Table 3, Figs. 2b-3).
Conversely, in contrast to their positioning profiles in breast tissue, the positions of three
genes (FOL2, CSF1R and HSP90AAL) were more variable between individuals, with
38.9%-57.4% of individual cross comparisons reaching significance, and 27.3-42.9% of
normal tissues significantly different to the PND (Table 2-3, Figs. 2b-3). These data suggest
that differences in the extent of inter-individual variations of gene positioning patterns are
tissue-rather than gene-specific.

We conclude that only two of the eleven marker genes (18.2%; MMP9 and FLI1; Suppl.
Table 4) reposition in both breast and prostate cancer, demonstrating that cancer-related
repositioning is not a gene-intrinsic feature but that distinct sets of genes reposition in cancer
in a tissue-of-origin specific manner.

The spatial repositioning of FLI1 and MMP9 is specific to cancer

In addition to cancer, we have shown that genes can reposition in breast and prostate tissue
with abnormal but non-malignant histology (Leshner et al. 2015; Meaburn et al. 2009).
Therefore, to ascertain if the repositioning of the prostate GPBs markers FLI1 and MMP9 in
breast cancer tissues was specific to cancer or also occurred in abnormal, but non-malignant,
breast tissue, we positioned these genes in benign hyperplasia and fibroadenoma breast
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tissues (Table 4, Suppl. Table 2, Fig. 4). The positions of both FLI1 and MMP9 were similar
in the non-malignant diseased tissues with only a single cross-comparison reaching
significance for each gene (1/10; Table 4, Fig. 4). There was also only limited repositioning
of FLI11 and MMP9 when the non-malignant diseased tissues were compared to normal
breast tissues, with 20-26.7% of cross-comparisons to individual normal tissues and 20—
40% (1/5 and 2/5, respectively) of comparisons to the PND being significant (Table 4, Fig.
4). These data suggest that FLI1 and MMP9 repositioning is specific to cancer and not a
general feature of a diseased phenotype.

Since MMP2 repositioned in hyperplasic prostate tissue (Leshner et al. 2015), we also
positioned it in benign breast disease. MMP2 was positioned identically amongst all the non-
malignant diseased tissues (Table 4, Suppl. Fig. S2) and showed a low level of repositioning
in the non-malignant diseased breast tissues compared to normal tissue with 45.0% (9/20) of
the cross-comparisons to individual normal tissues reaching significance and only two
(40%) of non-malignant diseased tissues significantly different to the PND tissues (Table 4,
Suppl. Fig. S2), further demonstrating the tissue-specific nature of the MMP2 repositioning
event.

Normal and NAT prostate tissue often contain small areas of mild hyperplasic morphology.
Therefore, as a control to ensure the heterogeneity in positioning patterns for some genes in
normal prostate tissues was not a reflection of the inclusion of abnormal tissue, we
positioned one of the genes with a high level of variability between individuals, CSF1R, in
hyperplasic prostate tissues. CSF1R was positioned identically amongst all hyperplasic
prostate tissues (Table 4, Suppl. Fig. S2). Similarly, the position of CSF1R was also similar
between hyperplasic and normal tissues with all four hyperplasic prostate tissues
distributions statistically similar to the PND and only 18.2% (8/44) of cross-comparisons
between hyperplasic and individual normal tissues being significantly different (Table 4,
Suppl. Fig. S2). This suggests that the presence of hyperplasic nuclei within a normal tissue
RRD is not skewing spatial positioning patterns.

Finally, the high rate of repositioning of FLI1 and MMP9 in breast cancer tissue combined
with the low level of repasitioning in benign tissues make these two genes potential breast
GPBs for diagnostic applications. To assess their suitability, we determined false positive
and false negative rates for these two genes in breast cancer tissues (Table 5). A false
positive is defined as spatial repositioning of a gene in a non-malignant tissue compared to
the PND, which would incorrectly classify the tissue as cancer. Conversely, a false negative
is defined as a cancer tissue where the given gene did not reposition, which would
incorrectly classify the tissue as non-malignant. Both FLI1 and MMP9 had low false
negative rates in breast cancer, at 0% (0/10) and 16.7% (2/12), respectively (Table 5) and
had false positive rates of 27.3% (3/11) and 9.1% (1/11), respectively (Table 5). These
results suggest that FLI1 and MMP9, in addition to being prostate GPBs, are also potential
candidates as breast cancer biomarkers.
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Discussion

We report here a systematic comparison of the spatial positioning patterns of a diverse set of
gene loci in both normal and malignant breast and prostate tissues. For many genes we find
conservation of positioning patterns between non-malignant breast and prostate tissues. We
identify only two genes that are repositioned in both breast and prostate cancer, compared to
their normal counterparts. These observations demonstrate that cancer-related gene
repositioning events are tissue-of-origin and gene-specific.

Consistent with previous studies in other tissues and cell types (Battulin et al. 2015; Boyle et
al. 2001; Cremer et al. 2003; Foster et al. 2012; Mayer et al. 2005; Parada et al. 2004; Peric-
Hupkes et al. 2010), we find considerable conservation of spatial positioning patterns
between normal breast and prostate tissues, with 60% of the 15 genes analyzed in similar
radial positions between the two organs. The observed differential positioning patterns of
some genes between breast and prostate are unlikely to reflect global genome reorganization
or repositioning of whole chromosomes, but appear to reflect changes at the level of
individual genes. In support, while the position of MMP1 was dependent on tissue type, two
other genes on HSA 11, FLI1 and CCND1, are similarly positioned between breast and
prostate tissue. Similarly, of the three genes on HSA 14, only HSP90AAL differs between
breast and prostate tissue.

Our study extends growing evidence, from multiple tissue types including brain, thyroid,
breast and prostate, that the spatial positioning of the genome is largely conserved between
individuals (Borden and Manuelidis 1988; Leshner et al. 2015; Meaburn et al. 2009; Murata
et al. 2007; Timme et al. 2011; Wiech et al. 2005). We find that 18 genes analyzed in
multiple morphologically normal breast tissues all displayed a high level of conservation of
positioning between individuals (this study and Meaburn et al. 2009). In addition, in prostate
tissues 44/48 (91.7%) of genes have similar positioning patterns amongst individuals (this
study and Leshner et al. 2015). However, some inter-individual variability was found,
particularly in prostate. Unlike in breast (Meaburn et al. 2009), we find that radial
distributions of FOSL2, CSF1R and HSP90AAL1 are variable between individual prostate
tissues. Similarly, the position of CCND1 was similar between breast tissues (Meaburn et al.
2009), yet variable amongst prostate tissues from multiple individuals (Leshner et al. 2015).
This observation leads to the possibility that some tissues have a higher degree of intrinsic
variability in spatial genome organization patterns. Due to the high prevalence of benign
hyperplasia of the prostate, another possible explanation is that the variability in positioning
patterns between prostates reflects a varying amount of hyperplasic nuclei included in the
analysis of “normal” tissue, although our observation of similar positioning of CSF1R in
hyperplasic and normal argues against this scenario. It is also possible that the extent of
other benign morphologies, such as proliferative inflammatory atrophy or prostatic
intraepithelial neoplasia, may affect positioning patterns between individuals.

We have previously identified eight genes that reposition in breast cancer tissues (Meaburn
et al. 2009). By testing prostate GPBs in breast tissue as part of our cross-comparison, we

have identified two additional genes (FLI1 and MMP9) that reposition in breast cancer, but
not benign breast tissues. When we combine our current findings with our previous studies
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(Leshner et al. 2015; Meaburn et al. 2009), we find that 6.4% (3/47) of analyzed genes
reposition in prostate cancer and 43.5% (10/23) of tested genes reposition in breast cancer. It
is unclear why the proportion of repositioning genes is considerably lower in prostate
cancer, although the higher inter-individual variability in prostate may be a contributing
factor. Future studies employing high-throughput imaging to map a larger number of genes
should determine if this difference is due to the limited number of tested genes or reflects
underlying biological properties or both. The molecular properties that determine whether a
gene repositions between normal and cancer tissues are currently unknown. Analysis of
repositioned genes in breast and prostate cancer has demonstrated that cancer-related
repositioning does not correlate with their gene expression status, gene copy number or local
gene density (Leshner et al. 2015; Meaburn et al. 2009; Meaburn and Misteli 2008).

We find that a particular gene can behave differently in cancers from different tissues. Of
the eleven genes previously identified to reposition in either breast (Meaburn et al. 2009) or
prostate cancer (Leshner et al. 2015), only two (FLI1 and MMP9), spatially reposition in
both breast and prostate cancer. In keeping with our finding, BCL2 has previously been
identified to reposition in some cervical squamous carcinomas (Wiech et al. 2009), but not
breast (Meaburn et al. 2009) or prostate (Leshner et al. 2015) cancer. This suggests that
distinct groups of genes reposition in cancers from different tissues. While breast and
prostate cancer share biological features such as their origin from epithelial cells and
dependence on sex steroid hormones (Risbridger et al. 2010), it will be interesting to
determine in future studies how general the repositioning of FLI1 and MMP9 is in other
cancers.

The fact that different genes spatially reposition in different cancer types may have
implications for diagnostics as it suggests a correlation between non-random repositioning
of the genome during carcinogenesis with the specific biology of the cancer. This leads to
the possibility that differential positioning patterns for specific genes may occur even within
cancers originating from the same tissue, including amongst sub-types of tumors.
Identification of sub-type specific positioning biomarkers may be valuable in cancer
prognostics, for example in distinguishing indolent from aggressive cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Tigsue-specific spatial organization of the genome. (a) FISH was used to detect gene loci in
FFPE tissue sections. FLI1 (green) in a normal breast tissue and HESb (green) in a normal
prostate tissue. Blue, DAPI nuclear counterstain. Scale bar, 5um. Projected image stacks are
shown. (b, ¢) Heat maps representing the pair-wise statistical comparisons of the positioning
patterns of the indicated genes between normal breast tissues (B-N1 — B-N17; see Suppl.
Tables S2, S3) and normal prostate tissues (P-N1 — P-N31; see Suppl. Tables S2, S3), using
the two-sample 1D KS test. (b) Genes that reposition in either breast or prostate cancer (or
both). (c) Genes that do not significantly reposition in either breast or prostate cancer. For
these comparisons, the RRDs for AKT1, CSF1R, ERBB2, FOSL2, HES5, HSP90AAL, MYC,
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TGFB3, BCL2, CCND1, MMP1 and VEGFA in normal breast tissues are from (Meaburn et
al. 2009) and the RRDs for FLI1, MMP9, MMP2, BCL2, CCND1, MMP1 and VEGF in
prostate tissue are from (Leshner et al. 2015)
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Fig. 2.

Pc?sitioning patterns in cancer compared to normal tissue. (a) MMP9 (green) was detected by
FISH in normal and cancerous breast FFPE tissue sections. Blue, DAPI nuclear counterstain.
Scale bar, 5um. Projected image stacks are shown. (b) Cumulative RRDs for the indicated
genes in cancer (red), normal tissues (black) and the pooled normal distribution (blue). The
tissue type is specified in each graph. RRP, relative radial position
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Fig. 3.

Stgtistical cross-comparisons of gene positioning in cancer tissues. Heat maps representing
the pair-wise statistical comparisons of positioning patterns of indicated genes between
tissues, using the two-sample 1D KS test. B-N1 — B-N6, normal breast tissues (see Suppl.
Table S2); B-C1 — B-C12, cancerous breast tissues; P-N1 — P-N24, normal prostate tissues;
P-C1 - P-C20, cancerous prostate tissues; PND, pooled normal distribution. Black or white
asterisks indicate a cross-comparison between a normal and cancer specimen from the same
individual
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Gene positioning in non-malignant disease resembles normal tissue. Positions of indicated
genes were compared between benign breast disease (hyperplasia: B-B1-B-B3;
fibroadenoma: B-B4-B-B6; see Suppl. Table S2) and normal breast tissue (B-N1 — B-N6).
Left-hand panel: Cumulative RRDs for the indicated genes in benign (red), normal tissues

(black) and the pooled normal distribution (PND; blue). Right-hand panel: Pairwise

statistical comparisons of RRDs between benign and normal tissues and amongst benign
tissues, using the two-sample 1D KS test. RRP, relative radial position
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Table 1

Comparison of gene positioning patterns between normal breast and normal prostate tissues

% (and number) of SD cross-comparison between individual normal breast and prostate

Gene Tissue specific positioning?@

tissues

AKT1 39.3% (11/28)P No
CFIR 64.9% (50/77)0 ves
ERBB2 30.6% (11/36)P No
FLI1 20.8% (10/48)C No
FOS.2 46.0% (29/63)P No
HESS 14.3% (6/42)P No
HSPIOAAL 61.2% (26/42)P ves
MMP2 28.1% (9/32)C No
MMP9 86.7% (52/60)C ves
MYC 97.29% (35/36)P ves
TGFB3 25.0% (12/48)P No
BCL2 100.0% (12/12)0.C ves
CCND1 37.5% (6/16)P:C No
MMPL 66.7% (4/6)0:C ves
VEGF 9.6% (5/52)b.C No

SD, significantly different, based on a two-sample 1D KS test, P < 0.01.
abetween normal breast and prostate tissue. These comparisons utilize positioning RRDs (position distributions) previously generated in:
b . . . .

RRDs from breast tissues were previously published in (Meaburn et al. 2009) or

Cprostate tissue RRDs from (Leshner et al. 2015).

Histochem Cell Biol. Author manuscript; available in PMC 2017 April 01.



Page 20

Meaburn et al.

"T0°0 > d 153} SH AT 9|dwes-omy e U0 paseq ‘Jualayip Apuesiyiubls ‘as

(¥2/9) %052 (ST/9) weee 4 9 sjelsold  €9491
(0¢/7) %E'E (ST/T) %L'9 S 9 ajeIsold DAN
(82/ET) %ot 9v (T2/2T) %128 4 L ajeIsold  TVV06dSH
(9€/0T) %8'L¢ (ST/€) %002 9 9 aJelsold gS3H
(€9/0€) %9°Lv (9¢/vT) %68 L 6 ajeIsold 21804
(02/L) %0°'Ge (9/2) we'ee S 14 ajelsold zga43
(66/8€) %t'8E (55/€2) %8'Tr 6 1 sjelsold  UT480
(v2/6) %S LE (9/1) %L°9T 9 4 ajeIsold TV
(vz/6) %S L€ (9/€) %0°05 9 4 1sealg ZdNIN
(cL18%) %L 99 (ST/T) %L'9 a5 9 1sealg 6dININ
(09/0%) %L°99 (S1/9) %e'ee 0T 9 isealg TInd

S9NSS|) JSOURD PUR [eWIOU [eNPIAIPU|  SNSSI) [RWLIOU [eNPIAIPU|  JBoueD  [eWJoN
anssi| El=1o)
:USBMIBQ US| redWwioo-ss0.10 S Jo (Jequinu pue) o SaNss|] Jo BquinN

SaNSSI) [eNPIAIPUI UBM]S] SUOSLIRdW09-5501D)

¢ ?dlqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Histochem Cell Biol. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Meaburn et al.

Table 3

Comparison of individual tissues to a pooled normal distribution

% (and number) of SD cross-comparison between:

Gene Tissue
Individual normal tissues and pooled normal  Individual cancer tissues and pooled normal
FLI1 Breast 16.7% (1/6) 100.0% (10/10)
MMP9 Breast 0.0% (0/6) 83.3% (10/12)
MMP2 Breast 25.0% (1/4) 0.0% (0/6)
AKT1 Prostate 0.0% (0/4) 50.0% (3/6)
CSFIR Prostate 27.3% (3/11) 44.4% (4/9)
ERBB2 Prostate 0.0% (0/4) 40.0% (2/5)
FOS.2 Prostate 33.3% (3/9) 42.9% (3/7)
HES5 Prostate 0.0% (0/6) 33.3% (2/6)
HSP90AAL  Prostate 42.9% (3/7) 50.0% (2/4)
MYC Prostate 0.0% (0/6) 0.0% (0/5)
TGFB3 Prostate 16.7% (1/6) 25.0% (1/4)

SD, significantly different, based on a two-sample 1D KS test, P < 0.01.
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Table 4

Comparison of gene positioning in benign tissues

% (and number) of SD cross-comparison between:
Gene  Tissue

Individual benign tissues  Individual normal and benign tissues  Individual benign tissues and pooled normal

FLI1  Breast 10.0% (1/10) 26.7% (8/30) 40.0% (2/5)
MMP9  Breast 10.0% (1/10) 20.0% (6/30) 20.0% (1/5)
MMP2  Breast 0.0% (0/10) 45.0% (9/20) 40.0% (2/5)
CSFIR  Prostate 0.0% (0/6) 18.2% (8/44) 0.0% (0/4)

SD, significantly different, based on a two-sample 1D KS test, P < 0.01.
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