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Chromosome compartmentalization alterations in
prostate cancer cell lines model disease progression
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Prostate cancer aggressiveness and metastatic potential are influenced by gene expression and genomic aberrations, features
that can be influenced by the 3D structure of chromosomes inside the nucleus. Using chromosome conformation capture (Hi-C),
we conducted a systematic genome architecture comparison on a cohort of cell lines that model prostate cancer progression,
from normal epithelium to bone metastasis. We describe spatial compartment identity (A-open versus B-closed) changes with
progression in these cell lines and their relation to gene expression changes in both cell lines and patient samples. In particular,
48 gene clusters switch from the B to the A compartment, including androgen receptor, WNT5A, and CDK14. These switches

are accompanied by changes in the structure, size, and boundaries of topologically associating domains (TADs). Further,
compartment changes in chromosome 21 are exacerbated with progression and may explain, in part, the genesis of the
TMPRSS2-ERG translocation. These results suggest that discrete 3D genome structure changes play a deleterious role in

prostate cancer progression.

Introduction

Prostate cancer is the predominant new cancer diagnosis in
males in the United States. It is also the second most common
cause of male cancer-related deaths, second only to lung cancer
(Siegel et al., 2020). Patients with late-stage prostate cancer
present with a higher incidence of metastases to trabecular bone
(Jacobs, 1983; Bubendorf et al., 2000; Hernandez et al., 2018).

The specific mechanisms that promote metastasis to bone are
not understood. However, disseminated tumor cells can be de-
tected in the blood of ~25% of prostate cancer patients with
localized disease. The abundance of these circulating tumor cells
positively correlates with metastatic occurrence (Moreno et al.,
2005; Danila et al., 2007; Todenhofer et al., 2016).

The human genome’s packaging into the nucleus’s constrained
space requires a systematic organization, from chromosomal ter-
ritories (Meaburn and Misteli, 2007) to transcriptionally active
and inactive chromatin compartments (Lieberman-Aiden et al.,
2009). Within compartments, chromatin further organizes into
topologically associating domains (TADs), which are segregated
from each other by the insulator protein CTCF (Dixon et al., 2012,
Nora et al., 2017), and finally into chromatin loops (Nuebler et al.,
2018). With the advent of technologies such as genome-wide
chromosome conformation capture (Hi-C), it has become clear

that these structures are essential for proper gene regulation, DNA
replication, and repair (Hnisz et al., 2016; Dekker and Mirny, 2016;
Pope et al., 2014; McCord and Balajee, 2018). Further, rearrange-
ment of these domains can impact both the nuclei’s ability to
squeeze through tight spaces during metastatic migration and the
expression patterns of oncogenes (Gerlitz and Bustin, 2010;
Stephens et al., 2018; Hnisz et al., 2016; Barutcu et al., 2015).
Nuclear atypia is a common diagnostic tool in prostate cancer
(Verdone et al., 2015; Diamond et al., 1982), and there is evidence
that that the nuclear lamina content of prostate cells differs be-
tween normal epithelium, benign prostatic hyperplasia (BPH), and
cancer (Partin et al., 1993). This suggests that genome architectural
changes may occur in prostate cancer and might influence cancer-
promoting gene expression profiles and the nuclear malleability
necessary for cancer cells to metastasize.

Mutations, structural alterations, and gene regulatory
changes at numerous genomic loci have been associated with a
higher risk for prostate cancer (Ahmadiyeh et al., 2010; Helfand
et al., 2015; Du et al, 2016). In particular, the TMPRSS2-ERG
translocation in chromosome 21 has been found to associate with
poor patient prognosis (Zhou et al., 2020; Demichelis et al., 2007;
Tomlins et al., 2005). It has been shown that overexpression of
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ERG results in chromatin conformation changes (Rickman et al.,
2012), and FISH experiments combined with irradiation have
suggested that such induced chromosome rearrangements
alongside DNA breaks can encourage the formation of the
TMPRSS2-ERG translocation (Mani et al., 2009). Indeed, it is
known that relative chromosome proximity can influence
the pattern of translocations that occur (Zhang et al., 2012;
Balajee et al., 2018), so this type of local rearrangement could
result from chromosome compartmentalization changes that
increase contact frequency among the different loci (Engreitz
et al., 2012).

Recent studies of the 3D genome structure associated with
prostate cancer (Rhie et al., 2019; Luo et al., 2017; Taberlay et al.,
2016) have contributed some insight into regulatory chromatin
loops, epigenetic alterations, and the influence that variable
structures have in transcription. However, these studies did not
address whether there are early changes in genome architecture
that persist throughout progression. In this context, changes in
compartment identity from transcriptionally repressed hetero-
chromatin to euchromatin poised for transcription could iden-
tify genes required for early oncogenesis and those necessary for
metastasis. Further, changes in TAD positioning or shifting of
TAD boundaries could reveal altered interactions of neighboring
promoter-enhancer regions.

In the present study, we use Hi-C to characterize the genome
organization across a cohort of nine cell lines that model prostate
cancer progression from the normal epithelium to bone metas-
tasis, including two bone metastatic cell lines of African Amer-
ican lineage. We further assess the different hierarchical levels
of genome organization: from large interchromosomal trans-
locations to compartment identity to TAD location and TAD
boundary shifting. We have identified a cohort of 386 genes that
change compartment identity across prostate cancer progres-
sion. Interestingly, most of these genes switch compartments as
proximal clusters. These compartment identity changes are
accompanied by distinct structural features at higher resolu-
tion such as gain or loss of TAD structure, stalled transcrip-
tional loops and structural deserts, and TAD boundary
appearance, disappearance, or positional shifting. Finally,
our results revealed several “genomic architecture hotspots”
whose structural changes are persistent throughout the met-
astatic models; these include WNT5A, CDKI4, androgen re-
ceptor (AR), and the TMPRSS2-ERG locus, among others. These
results suggest that the 3D genome structure may serve as a
prognostic marker for the progression of prostate cancer to
bone metastasis.

Results

Hi-C reveals distinct changes in the 3D genome structure of a
cohort of cell lines that model prostate cancer progression

To determine how the genome’s organization is affected by
disease stage, we selected a cohort of nine cell lines that model
the progression of prostate cancer, as follows: RWPE1 (Bello
et al., 1997) was used to represent normal epithelium. This cell
type is epithelial and nontumorigenic, and although it is an ar-
tificial cell line model, we verified as described below that its
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genome structure properties are similar to primary prostate
PrEC cells. LNCaP (Horoszewicz et al., 1983), originally isolated
from lymph node metastasis, was used as an early adenocarci-
noma model. VCaP (Korenchuk et al., 2001) and MDaPCa2a/b
(Navone et al., 1997) were used as models for prototypical os-
teoblastic bone metastasis; these cells are of Caucasian and Af-
rican American origins, respectively. 22RV1 (Sramkoski et al.,
1999) and LNCaP C4-2B (Thalmann et al., 2000) were included
in the study as cells that, although isolated from human sources,
are models of murine bone metastasis. Atypical metastatic cell
lines used in this study include PC3 (Kaighn et al., 1979; osteo-
clastic and androgen-independent) and Dul45 (Stone et al., 1978;
brain metastasis; Fig. 1).

Hi-C was performed on cells under normal cell culture con-
ditions (see Materials and methods). Additionally, publicly
available datasets for RWPE, PrEC, and LNCaP-C42B were used
as comparisons (Rhie et al., 2019, Taberlay et al., 2016). Hi-C
mapping and quality control statistics for all samples can be
found in Table S1.

The frequency of chromosome contacts is represented in a
heatmap where the XY axes are the chromosomal coordinates.
The color intensity reflects the frequency with which two par-
ticular locations were found to be in contact. At a resolution of
1-Mb bins, the Hi-C heatmaps reveal chromosome territories.
At a 250-kb resolution, it is possible to see a plaid pattern of
interaction strength, which represents the spatial segregation
of A and B compartments. We classify each genomic region as
belonging to the A or B compartment using principal com-
ponent analysis (PCA). Positive values of the first eigenvector
(eigenl or PCl) represent A compartment regions (typically
open euchromatin) while negative values denote B compart-
ment (heterochromatin). Finally, at 40-kb resolution, distinct
TADs are evident, which are regions of enhanced contacts
(which may promote interactions between promoters and
enhancers) segregated by the insulator protein CTCF (Fig. 2 A).

Whole-genome contact maps for cells in our model reveal
that the highest incidence of interactions occurs in cis: chro-
mosomes primarily interacting within themselves (Fig. 2, B-E).
Chromosomal translocations are evident as very strong inter-
actions occurring in trans between different chromosomes.
Comparing our Hi-C results with published spectral karyotyping
(SKY) data (Pan et al., 1999; van Bokhoven et al., 2003; Roh et al.,
2008) and karyotyping information from the American Type
Culture Collection (ATCC), we found that our Hi-C data detects
84% of all previously reported translocations. Owing to the high
resolution of Hi-C data, we also characterized several previously
unreported, smaller translocation events (Fig. S1, Fig. S2, and
Fig. S3). Interestingly, chromosomal territories remain well
defined throughout progression, with subtle changes in intra-
chromosomal interactions, as shown in 250-kb resolution
heatmaps of each chromosome (refer to Fig. S2 for examples).
From these contact maps, it is evident that some chromosomes
in some cell lines are broken into multiple pieces (Fig. S4).
However, when we perform compartment analysis on each of
these broken pieces separately, we find that their underlying
A/B compartmentalization is largely similar to cell lines with
unbroken chromosomes.
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Figure 1. A cell line-based model for the progression of prostate cancer. Cell lines used in this study model different stages in the progression from
normal epithelium (RWPE, PrEC) to localized disease (LNCaP) to prostate cancer that has metastasized to bone (VCaP, MDAPCa2a, MDAPCa2b, PC3) or to an
atypical site (DU145). Italics: cell lines developed through mouse xenografts. Bold: androgen-independent cell lines.

Genes important to prostate cancer progression switch
chromatin compartment identity, and these changes are
accompanied by transcription activation

Examination of higher resolution (250-kb) z-score correlation
heatmaps of cis interactions for each chromosome shows that
the characteristic plaid contact pattern, associated with spatial
compartment identity, changes among cell lines (Fig. 3 A). These
patterns can be observed throughout all chromosomes, and the
changes in compartmentalization are specific to each cell line
(Fig. S5). Motivated by an apparent compartment “erosion” in
VCaP, we quantified the overall strength of interactions within
A compartment regions and within B compartment regions in
the different cell types. We find that all prostate cancer cell lines
show a loss of A compartment interaction strength relative to
RWPE, reflecting an increased intermixing of the A compart-
ment with B compartment regions. Meanwhile, B compartment
strength experiences less change in LNCaP and VCaP and even
increases in MDAPCa cell lines. Overall, this leads to an imbal-
ance of B and A compartment strength in all prostate cancer cell
lines (Fig. S6, A and B).

Systematic analysis of the A/B compartment tracks, per
chromosome, for all the cell lines in our model, revealed regions
where the compartment identity remained the same and where
it was changed (Fig. S5). We note that there is a general level of
similarity between epithelial-derived cell lines (Fig. S6 C). By
comparing compartment tracks for each cancer cell line to the
nontransformed control (RWPE), we find that the changes
among cell lines are specific and localized. For example, eigen-
vector tracks for chromosome 21 show three distinct hotspots of
compartment identity switches between the RWPE and cancer
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cell lines (Fig. 3 B). Interestingly, the rightmost region encom-
passes the TMPRSS2-ERG locus, a local translocation site that
correlates with worse progression and metastasis in prostate
cancer (Tomlins et al., 2005; Demichelis et al., 2007; Hagglof
et al., 2014).

A comparison of genome-wide compartment classifications
for all cell lines by hierarchical clustering demonstrates that
RWPE indeed clusters very closely with primary prostate epi-
thelium PrEC cells (Fig. 3 C). We further demonstrate that RWPE
and PrEC compartment profiles are consistent at important ge-
nomic locations of interest (Fig. S7). Because RWPE is a repro-
ducible cell culture model, while PrEC cells vary by donor over
time, we remain focused on RWPE for the remainder of the
comparisons. When we examine the compartment patterns by
nearest neighbor analysis (SPRING plot; Weinreb et al., 2018; see
Materials and methods), we observe that LNCaP is a central node
in a model axis to metastasis (Fig. 3 D, axis highlighted in yel-
low), connecting RWPE (nontransformed epithelium) to bone
metastatic cell lines (VCaP and MDAPCa). Interestingly, the
compartment patterns of MDAPCa2A and 2B, which were de-
rived from an African American patient, is distinct from VCaP,
which is of Caucasian lineage. This analysis also clusters atypical
metastatic lines DU145 and PC3 together along a third axis ra-
diating from the LNCaP central node.

To consistently mathematically classify regions that signifi-
cantly changed compartments between cell lines, PCI values per
bin per cell line were normalized by subtracting the corre-
sponding value derived from the RWPE cell line. Significant
changes in compartment identity (|X +1.50|) were identified
and the corresponding genomic areas annotated. Interestingly,
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Figure 2. Hi-C characterizes the hierarchical genome of each cell line. (A) At 1-Mb resolution (left), Hi-C heatmaps reveal defined chromosome (chr)
territories along the diagonal. At 250-kb resolution, a characteristic plaid pattern emerges: PCA of this matrix reveals A/B chromosome compartmentalization
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(center). At 40-kb resolution, TADs, within compartments, become apparent (right). 2.5-Mb Hi-C heatmaps for RWPE (B), LNCaP (C), VCaP (D), and MDAPCa2a
(E). Translocations between chromosomes appear as high interaction frequency areas away from the diagonal. Translocation between chromosomes 8 and 5
highlighted as an example in RWPE (circle). While these translocation events have been validated by SKY analysis, the high resolution of Hi-C data allows for

the characterization of smaller events (Fig. S1).

genomic regions that switch compartment in the LNCaP-RWPE
comparison tend to have a switched identity in bone metastatic
cell lines as well (Fig. 3 E). These regions thus change com-
partment status early in progression and then maintain their
new spatial localization rather than switching back or experi-
encing progressively more shift in compartment. Overall, we
have identified 181 genomic bins (250 kb in size) whose com-
partmentalization changes from the B to the A compartment in
either (1) six or more cancer cell lines compared with RWPE or
(2) all cells in the progression axis, compared with RWPE. These
genomic bins contain 300 genes that are therefore moving from
the B to the A compartment (Table S2), suggesting that these
genes become more likely to be transcribed. These include AR,
WNT5A, CDKI4, and genes located close to TMPRSS2, such as
BACE2. The majority of these genes (256) are grouped in 48
proximal clusters (Table S3). We have also identified 86 genes
whose genomic loci switch compartments from the A to B
compartment, suggesting a genome structure rearrangement
more likely to result in gene silencing (Table S2). Such is the case
for certain cadherins, annexins, and mediators of inflammation.
Of these genes, 64 are grouped in 16 clusters (Table S3).

A comparison between the bone metastatic cell line (VCaP)
and the adenocarcinoma cell line (LNCaP) revealed that 345
more bins switch from the B to the A compartment, comprising
313 genes. Interestingly, these events appear to be VCaP-specific,
suggesting that the MDA bone metastatic lineages undertake a
different pathway to oncogenesis.

Since a switch from the B to A compartment could make a
region permissive for transcriptional activation, we used the
Clariom-S microarray to profile expression levels in the targets
identified. Using the expression level of RWPE as a baseline, we
have found that 47% of genes that switch from B to A com-
partment show a significant transcriptional induction in LNCaP
(twofold or higher). In turn, 49% of those genes are even further
up-regulated in VCaP compared with LNCaP, suggesting an ex-
acerbation of this expression pattern with progression. These
genes include, among others, AR, TMPRSS2, CDK14, and WNT5a
(Fig. 4 A). In contrast, only 18% of the genes that show induction
in LNCaP are induced further in the MDAPCa cell lines (Fig. 4 B).

Finally, we found 25 genes underwent a B to A compartment
switch, were up-regulated in LNCaP versus RWPE, and were
further up-regulated in both MDAPCa cell lines and VCaP rela-
tive to LNCaP. This set includes CDKI4, WNT5a, and BACE2,
which is a close neighbor of TMPRSS2 (Fig. 4 C). These data
suggest that these transcriptional hotspots are shared in osteo-
blastic metastatic cells and might be necessary for colonization
and survival in a secondary bone site. Interestingly, while am-
yloid precursor protein (APP), the proteolytic target of B secre-
tase 2 (BACE2), does not change compartment between RWPE
and LNCaP, it does switch both compartments from B to A and
shows an expression increase when we compare VCaP to LNCaP.

San Martin et al.
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Compartment identity switches are accompanied by distinct
structural changes at the TAD level, including boundary shifts
TADs contribute to the 3D architecture of the genome by se-
questering enhancers and promoters with their target genes,
with a low likelihood of interaction across boundaries (Lupiéfiez
et al,, 2015; Nora et al., 2012; Dixon et al., 2012). The disap-
pearance of TAD boundaries has been identified as a potential
activator of oncogenes (Hnisz et al., 2016). To analyze whether
there are changes in 3D genomic structure at the local level
surrounding genes associated with compartment identity
switches, we used higher-resolution Hi-C heatmaps (40 kb).
The WNT5a-ERC2 locus (Fig. 5, Cluster 1) is in the B com-
partment in nontransformed control, switching to the A com-
partment in all four members of the model axis to progression:
LNCaP, VCaP, and both MDAPCa cell lines. While the right TAD
boundary location is relatively consistent, the location of the left
boundary shifts positions: in LNCaP, DU145, MDAPCa2B, and PC3,
WNT5A localizes in a TAD with LRTMI instead of ERC2. Interestingly,
in VCaP, these three genes are clustered in the same TAD. FZDI and
CDK14, a receptor and activator cyclin of noncanonical WNT sig-
naling, and which have been associated with the function of
WNTS5A, also switch to the A compartment (Fig. 5, Cluster 2). In this
case, the genes are separated by a TAD boundary that rests atop the
gene body of CDK14, but increased loops are evident on the separate
TAD:s in the cancer cell lines, compared with RWPE. Remarkably,
CDK14 is one of the genes whose transcription is consistently up-
regulated in all metastatic cell lines in the progression axis. TAD
boundary shifting, appearance, and disappearance were also ob-
served in other clusters that switch compartment identity (Fig. S8).
A detailed survey of all compartment-switched loci revealed
five possible categories of changes in local structure. We clas-
sified all compartment switch regions into these categories.
Strikingly, the AR locus displays all five types of structure
change across the different cell lines. First, a highly disorganized
area (no TADs, uniformly distributed interactions across a re-
gion of the heatmap) becomes highly organized, or vice versa
(Fig. 6 A). In AR, the gene is in the B compartment in RWPE, and
the area around it is highly disorganized. With progression, the
area becomes organized into TADs and sub-TADs for both
LNCaP C4-2b and VCaP. The third type of structural confor-
mation is the appearance of a high incidence of interactions
along the edge the TAD (Fig. 6 B). We call these interactions
“loops” or “stalled loops” because these have previously been
associated with the phenomenon of cohesin becoming stalled as
it extrudes loops but encounters RNA polymerase, CTCF, or
other barriers. This increased loop formation is evident at the AR
locus in LNCaP, MDAPCa2a, and MDAPCa2b. The fourth struc-
tural feature is a complete absence of structure (loss of contacts
in the entire region) associated with the gene of interest. This
“structural desert” is observed at the AR locus in the 22RV1 cell
line (Fig. 6 C) and is reminiscent of previously observed
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Figure 3. Changes in A/B compartment identity are relevant to prostate cancer progression. (A) 250-kb resolution, z-score correlation heatmaps of cis
interactions along the X chromosome show a characteristic plaid pattern that denotes compartment identity (compartments classified by the first principal
component, PC1, shown above the matrix: green = A, red = B). Alterations in this pattern are seen in each cancer cell line, with a particular disruption and
weakening of this pattern observed in the bone metastatic cell line VCaP. (B) PC1 compartment tracks for chromosome 21 (chr21) show distinct hotspots of
compartment identity switches (boxes) along the chromosome between the control (RWPE), adenocarcinoma, and bone metastatic cell lines. The rightmost
region encompasses the TMPRSS2-ERG locus. (C) Hierarchical clustering analysis based on spatial compartment identity for all the cells in this study reveal high
degree of similarity between nontransformed epithelial cell lines (PrEC and RWPE) and between bone metastatic cell lines MDAPCa2a/b, which were derived
from the same patient. (D) A comparison of genome-wide compartment tracks for all cell lines by nearest neighbor analysis reveals that LNCaP is a central
node in a model axis to metastasis (highlighted yellow), connecting RWPE (nontransformed epithelium) to bone metastatic cell lines (VCaP and MDA cell lines).
Atypical androgen independent lines cluster together along a different axis from LNCaP. (E) The distribution of eigen 1 values in all cell lines in the axis, for bins
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that change from B to A (left, n = 624) and from A to B (right, n = 273) in LNCaP versus RWPE. Violin plots show the full distribution of values, while thick dashed
line indicates median and thin dashed lines indicate 25th and 75th percentiles. Changes in distributions for all cells compared with RWPE are significant

(Kruskal-Wallis, P < 0.0001).

structural features at highly transcribed long genes (Heinz et al.,
2018; Leidescher and Niibler, 2020 Preprint). Finally, the local
structure can remain unchanged. For AR, this is the case in PC3
and DU145, where the gene remains in a disorganized region of
the B compartment (Fig. 6 D).

Overall, for those genes that switch from the B to the A
compartment, all types of changes happen with fairly even
probability: 12.64% lose structure at the local level, 14.37% gain
structure, 28.16% present stalled loops, 21.26% associate with
structural deserts, and 23.56% do not change. However, genes
located in the A to the B compartment switches predominantly

A T VCaP-LNCaP

LNCaP-RWPE

lose structure (39.06%) or do not change (21.88%). Only ~3% of A
to B switch loci gain structure. The remaining loci are distributed
evenly between stalled loop areas and structural desert change
(Fig. 6 E). From this survey of prostate cancer cell lines, there-
fore, we also gain basic insight about the types of local structure
change that most often accompany compartment level changes.

The TMPRSS2-ERG locus shows an increase in local
interactions in cell lines in the metastatic progression axis

As previously mentioned, the incidence of the TMPRS2-ERG
translocation has a positive correlation with prostate cancer
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Figure 4. Genes with expression increases that correlate with changes in B to A compartment identity. (A) 143 genes identified as switching from the B
to the A compartment show overexpression (twofold or greater increase) in LNCaP when compared with RWPE (purple). Of these, 70 are further overex-
pressed in VCaP (green) compared with LNCaP, denoting an exacerbation of this expression pattern with progression. This overlapping gene set includes
known prostate cancer targets such as AR and TMPRSS2. (B) Of the genes up-regulated in LNCaP versus RWPE (purple), 24 and 28 genes are further
overexpressed in MDAPCa2a (top) and MDAPCa2B (middle), respectively, when compared with LNCaP. Overlap of the genes overexpressed in the MDA cell
lines compared with LNCaP shows a high concordance between these cell lines (bottom), which were derived from the same patient. (C) Genes that change
compartment identity from B to A and are overexpressed in all bone metastatic cell lines, compared with LNCaP, which in turn are overexpressed in LNCaP
compared with normal epithelium.
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Figure 5. Gene clusters that switch from the B to the A compartment include genes critical for prostate cancer progression. 40-kb resolution
heatmaps, compartment tracks, and TAD boundaries are shown for two representative clusters of genes that change compartment across the primary axis of
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progression. Left: WNT5A switches from the B to the A compartment in cells of the primary progression axis. WNT5A sits at the location of a shifting TAD
boundary, and strong interaction sites in the TAD surrounding this gene become more apparent in cancer progression as compared with RWPE. Right:
CDK14 switches from the B to the A compartment in most cancer cell lines. A TAD boundary localizes atop the gene body of CDK14.

progression and a poor prognosis. For the TMPRSS2-ERG locus,
we observe that the region that encompasses TMPRSS2, BACE2,
PLAC4, MX1, MX2, and FAM3B switches from the B compartment
in RWPE to the A compartment in all cancer cell lines. In the
model cell line for nontransformed epithelium RWPE, this ge-
nomic area is enclosed in a large TAD, including genes down-
stream of TMPRSS2 (Fig. 7 A), as is also the case for LNCaP,
22RV1, MDAPCa2a, and PC3, with a slight shifting of the TAD
boundary location. In LNCaP-C42B, an osteoblastic cell line de-
rived from LNCaP, a sub-TAD appears within this locus, se-
questering the MXI gene. Sub-TAD fragmentation also occurs in
DU145, MDAPCa2b, and VCaP. In contrast, ERG is in the A
compartment in RWPE, switching to the B compartment only in
LNCaP and MDAPCa2b. The TAD boundary location around ERG
does not change. Of note, the whole genomic area surrounding
these two clusters is located in the A compartment in VCaP, a
known carrier of the TMPRSS2-ERG translocation, evident as a
high-interaction location in the Hi-C heatmap (Fig. 7 A, VCaP,
rectangle).

In the bone metastatic cell line VCaP, the TMPRSS2-ERG
translocation is apparent in the Hi-C heatmap of the long arm
of chromosome 21 at a 250-kb resolution (Fig. 7 B). While a
translocation is not evident in the MDAPCa cell lines, there is a
distinct higher incidence of interactions close to that area: a log2
ratio comparison against control (RWPE) shows that that chro-
mosomal region is enriched for interactions in adenocarcinoma
(LNCaP; Fig. 7 C), and that this phenotype is aggravated in both
bone metastatic MDAPCa cell lines.

Genes identified as switching compartments show altered
expression in prostate cancer patients
To evaluate how the findings of our cell line-based model relate
to patient data, we examined the expression data from the
Prostate Adenocarcinoma cohort (PRAD) of The Cancer Genome
Atlas (TCGA). A total of 549 patients were taken into consider-
ation, comprising 52 normal and 497 tumor samples, stratified
by Gleason score, an indication of cancer severity. First, we
examined all genes in regions that switch from the A to the B
compartment across our cell lines (as in Table S2). We observe a
significant decrease in the pooled set of genes in tumor samples
versus normal samples overall (Fig. 8 A). We find that 55% of
genes in this set show significant decreases in tumor versus
normal samples, many of which are relevant to prostate cancer
(Fig. 8, B and C). This is a higher proportion of down-regulated
genes than would be expected at random, as in 200 random gene
sets of the same size, we never found any sets in which 55% or
more of the genes were down-regulated in tumors (Fig. 8 C).
In contrast, when we consider the set of genes that switch
from B to A (as in Table S2), we observe that they are actually
not up-regulated more often than would be expected at
random in PRAD tumor samples (Fig. 8 D). This is consistent
with our model that movement into the A compartment is not
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synonymous with gene activation, but instead only provides an
opportunity for genes to be activated. But when we looked at
the subset of genes which both change from the B to A com-
partment and change expression in our cell line models, we
found that a more significant proportion of genes (47%) is up-
regulated in patient tumor samples (Fig. 8, E and F). Only 6.5%
of 200 random gene sets of the same size show this proportion
of up-regulation. But some key genes in this set, such as WNT5A
and HUNK, clearly do not show an increase in expression in
patient tumor samples versus normal overall (Fig. 8 E). Instead,
these genes show increasing expression with increasing Glea-
son score, a measure of more aggressive disease (Fig. 8 G).
Indeed, most of the genes (75%) in this B to A switched subset
that did not change expression in overall tumor versus normal
instead show an increase in expression over cancer progression
(Fig. 8 H). Thus, overall, a significant proportion of genes that
switch from the B to the A compartment and changed expression
in our cell line models either increase expression in patient tu-
mors in general or increase their expression gradually with
worsening disease in patients.

Discussion

The deliberate, hierarchical organization of chromatin within
the eukaryotic nucleus’s constrained space is necessary for ad-
equate DNA maintenance, repair, and gene transcription or si-
lencing, all of which contribute to the cell’s homeostasis. In this
study, we have characterized the genomic architecture in a co-
hort of cells that model prostate cancer progression. At the
genome-wide level, given the inherent high resolution of Hi-C
data, we have identified small translocations that, to our
knowledge, have not previously been reported in the literature.

Many regions across the genome are unchanged in their
spatial compartmentalization across cell lines. This suggests that
there are inherent 3D genome structure features of prostate
epithelium that arise during initial differentiation and tissue
patterning (Flyamer et al., 2017; Ke et al., 2017) and that these are
persistent, regardless of malignancy status. These results sug-
gest that genomic loci that switch compartment identity be-
tween the normal epithelium and cancer cells are associated
with an oncogenic genomic architecture profile and that those
features result from concerted biological events.

It is noteworthy that the majority of the compartment
changes we identify involve a switch from the B to the A com-
partment. Correspondingly, we find in our compartment
strength analyses that the A compartment becomes more in-
termixed, interacting more broadly, while the strongest B
compartment regions remain more spatially segregated in the
cancer cell lines. Both of these results point to a general shift
in the prostate cancer lines toward a more open/poised-for-
activation chromatin environment, which could lead to mis-
activation of oncogenes.
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structure. TADs that appear C4-2B and VCaP are of different sizes and location. (B) Stalled loops. In addition to the appearance of a TAD structure, LNCaP,
MDAPCa2a, and MDAPCA2b show enriched foci of interactions along the edges of TAD boundaries, consistent with previously documented cases of stalled
loop extrusion. (C) Structural desert. In 22RV1, the entirety of the AR gene is in a region of depleted contacts. (D) No change. In PC3 and DU145, the AR locus
remains disorganized as in RWPE. (E) Genome-wide distribution of above structural change categories across regions that change from A to B (left, n = 64) or B
to A (right, n = 174) in either all four cell lines of the main axis or six or more of all cancer cell lines versus RWPE.

Our genome-wide compartment analysis revealed that com-
partment identity alone is enough to stratify prostate epithelium
in a continuum of progression. LNCaP is a central node that
connects the nontransformed epithelium (RWPE) to bone met-
astatic cell lines (MDAPCa2a/b and VCaP). These results provide
further insight into the importance of cell line selection in
progression studies: the atypical metastatic cell lines DU145 and
PC3 cluster together away from the primary axis. This empha-
sizes that as researchers select cell lines for study, it is important
to consider the differences in these cell lines and that not all will
capture the most common pathways of metastasis.

It is important to consider that the compartment switching
events observed here involve clusters of genes, which in some
cases expand through several TADs. This observation echoes
previous results in a plant system, where clusters of genes often
changed their spatial compartmentalization and expression to-
gether (Niitzmann et al., 2020). Interestingly, the clusters we
observe include both genes previously identified in prostate
cancer progression and others seemingly unrelated. Such is the
case of the WNT5a locus, which is a known target of prostate
tissue development, patterning, and cancer aggressiveness
(Allgeier et al., 2008; Dai et al., 2008; Yamamoto et al., 2010;
Huang et al., 2009). Our results show that in RWPE, WNT5a is
sequestered within a TAD with the ELKS/RAB6-interacting/
CAST family member 2 (ERC2). In contrast, TAD boundary
shifting or eviction in the proximity of WNT5a in the bone
metastatic cell lines represented in our primary axis for pro-
gression (VCaP and MDAPCa2a/b) results in TAD-limited in-
teractions with leucine-rich repeats and transmembrane
domains-containing protein 1 (LRTMI) instead. While this shift
does not result in transcriptional induction of LRTMI, it could
potentially lead to aberrant interactions between the promoters
for both genes, ultimately resulting in the overexpression of
WNT5a, as is also observed with increased Gleason score in
patients. Since TAD structure is essential for proper gene reg-
ulation (Lupiafiez et al., 2015; Rhie et al., 2019; Guo et al., 2018),
this phenomenon requires further exploration. Still, it is at-
tractive to consider TAD-targeted therapies that hold the po-
tential to reverse the deleterious effects of TAD shifting.
Interestingly, another target of noncanonical WNT signaling,
CDK14 (reviewed by Davidson and Niehrs, 2010), also switches
from the B to the A compartment and is transcriptionally acti-
vated in our metastatic axis.

The clustering of different genes in the described compart-
ment switches raises the interesting question of whether certain
genes could act as a driver of compartment identity switches
while neighboring genes act as “passengers.” For example, the
transcriptional activation of one gene could influence a whole
genomic region to switch to the A compartment. Indeed, pre-
vious work has shown that binding of transcriptional activators

San Martin et al.

3D genome structure of prostate cancer progression

can prefigure spatial compartment alterations (Stadhouders
et al., 2018; Therizols et al., 2014). This compartment switch
would then result in the switching of neighboring genes, which
may increase their probability of later becoming activated as
well. Recent work has shown that spatial reorganization of a
chromosome region can make it more permissive for de-
repression, even if the structural switch does not immediately
change its expression level (Manjén et al., 2021 Preprint). Is it
possible that earlier transcriptional events required for the cell
to survive a particular insult trigger a full compartment shift? Is
this, in turn, a potential trigger for oncogenic transcriptional
activity? Such seems to be the case of the observed APP-BACE2
axis along chromosome 21. APP presents with enhanced ex-
pression in the LNCaP-MDAPCa-VCaP axis compared with
RWPE (Fig. S9). APP is also proximal to one of the persistent
compartment switches in chromosome 21, but it does not change
compartment itself: the A compartment identity atop the gene
gets stronger with progression. Mounting evidence from the
Alzheimer’s field, where abnormal amyloid processing results in
aggregation and neurodegeneration, has shown that this protein
and derived peptides serve a crucial role as antimicrobials and
are necessary for mounting an appropriate host response to
infection (thoroughly reviewed by Moir et al., 2018). If an en-
vironmental signal such as infection results in the prostate ep-
ithelium being exposed to excessive or chronic APP, could this
trigger expression of its processing enzyme BACE2? Our evi-
dence of the BACE2 gene switching compartmentalization and
experiencing higher levels of transcription in all three proto-
typical bone metastatic lines suggests this may be so. Critically,
these events would imply the need for the compartment switch
around the TMPRSS2 locus.

Since its discovery, the TMPRSS2-ERG translocation in chro-
mosome 21 has been recognized as an important indicator of
poor prognosis and a higher risk of prostate cancer-related
death (Tomlins et al., 2005; Perner et al., 2006; Demichelis et al.,
2007; Higglof et al., 2014; Deplus et al., 2017). While a significant
body of work has explored the role of ERG overexpression, its
influence on AR signaling, and its association with chromatin
structure (Li et al., 2020, Rickman et al., 2012), the genesis of
this translocation and fusion remains poorly understood. Here,
we implicate a 3D genome organization change of compart-
mentalization in this event. As mentioned before, TMPRSS2
switches from the B to the A compartment consistently in all
prostate cancer cell lines we queried. Meanwhile, ERG switches
from the A to the B compartment in LNCaP and its nearest
neighbor in our experimental metastatic axis, MDAPCa2b. Re-
markably, ERG remains in the A compartment for VCaP and
MDAPCaz2a, suggesting a potential dual switching event during
progression to more aggressive phenotypes. All these spatial
rearrangements in such proximity result in the enhanced
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Figure 7. Alterations in interactions around the TMPRSS2-ERG locus in cell lines in the metastatic progression axis. (A) Interaction heatmaps of the
portion of chr21 containing TMPRSS2-ERG: chromosome 21 (chr21): 30-45.2 Mb at 250-kb resolution. The TMPRSS2-ERG translocation is visible in VCaP (blue
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square) as a high interaction away from the diagonal. Interestingly, the other bone metastatic cell lines (MDAPCa2a and b) also show enhanced interactions
close to that area. (B) Log2 ratio of interactions in each cell line compared with RWPE. Red areas have more interactions in the cell line compared with RWPE,
while blue represents fewer interactions compared with RWPE. The area adjacent to the TMPRSS2-ERG translocation (red box) shows an increase in inter-
actions in LNCaP and MDA cell lines. This increase of interactions in the region surrounding these genes is no longer evident in VCaP, where the TMPRSS2-ERG
translocation has occurred. (C) TMPRSS2 switches from the B to the A compartment in all cancer cell lines while ERG switches from A to B only on certain cell
lines. The TMPRSS2-ERG translocation is easily visible in VCaP as a high interaction area away from the diagonal. Changes in TAD boundary locations around

TMPRSS2 are also observed.

contact incidence observed in all of these cell lines, even the
early adenocarcinoma model LNCaP (as described in Fig. 7), and
ultimately could lead to the translocation event, as it has been
shown in other systems (McCord and Balajee, 2018, Zhang et al.,
2012, Baca et al., 2013).

Recent efforts (Hawley et al., 2021 Preprint) have character-
ized 3D genomic profiles in prostate tumor cohorts. These
studies recapitulate our findings that the 3D genome organiza-
tion between malignant and benign prostate tissues remains
largely consistent. We propose that prostate cancer progression
is associated with specific changes in the 3D genome structure
that arise early in the disease and facilitate an oncogenic ex-
pression phenotype. Based on these results, we can hypothesize
that analyzing the 3D genome structure of patient-derived
samples could be a prognostic marker for progression and
bone metastasis.

Materials and methods

Cell lines

RWPE-1, LNCaP, DU145, 22RV1, VCaP, and PC3 cell lines were
obtained from the Physical Sciences Oncology Network Bio-
resource Core Facility, supported by ATCC (Manassas, VA).

All cell lines were cultured according to standard protocols,
subculturing cells as they reached 80% confluency with the
following media formulations: RWPE media was comprised of
keratinocyte-specific media supplemented with EGF and bovine
pituitary extract (Gibco; 17005042). RPMI (Gibco; 11835030) was
supplemented to match the suggested formula by ATCC (4.5 g/
liter glucose, 2.383 g/liter Hepes, and 0.11 g/liter sodium pyru-
vate) and 10% FBS (Corning; 35-010-CV). These media was used
for LNCaP, 22RV1, and PC3. DU145 cells were cultured in DMEM
supplemented with 10% FBS, and DMEM F12: Ham 1:1 (Gibco;
11-320-033) with 10% FBS was used for VCaP.

Cell lines MDAPCa2a and MDAPCa2b were a kind gift of Dr.
Nora Navone (MD Anderson Cancer Center, Houston, TX). The
identity of the received cell lines was verified by ATCC Human
Cell STR testing services. These cell lines were grown in HPCI
media (Athena Enzyme Systems) supplemented with 10%
FBS on standard cell culture T75 flasks coated with FCN
Coating Mix (Athena Enzyme Systems) as per the manu-
facturer’s instructions.

All media formulations were supplemented with 100 pg/ml
penicillin-streptomycin (Gibco; 15-140-122).

Hi-C

Cell pellets for Hi-C were prepared as previously described
(Golloshi et al., 2018). Briefly, cells growing in monolayer in
standard T75 flasks were quickly washed with 10 ml of HBSS
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(Gibco; 14-025-134) at room temperature and cross-linked with
10 ml 1% formaldehyde (Fisher Bioreagents; BP531-25, in HBSS)
for 10 min on a shaking platform. The cross-linking reaction was
quenched by adding glycine to a final concentration of 0.14 M
(MP Biomedicals; ICN19482591), followed by a 5-min incubation
at room temperature, with shaking. After cooling down the
plates on ice for 15 min, the formaldehyde solution was aspirated
from the plate and substituted with 10 ml of ice-cold HBSS
containing 1x Halt Protease Inhibitor cocktail (Thermo Fisher
Scientific; P178438). 5 million cell aliquots were collected by
centrifugation and snap-frozen in liquid nitrogen.

VCaP, MDAPCa2a, and PC3 Hi-C was conducted as previously
described (Golloshi et al., 2018). Briefly, cross-linked cells were
lysed in cold hypotonic buffer, followed by dounce homogeni-
zation, and then nuclei were permeabilized by incubation in
0.1% SDS. After the permeabilization reaction was terminated by
a final concentration of 1% Triton X-100, chromatin was digested
overnight using 400 U Dpnll (New England Biolabs) at 37 C.
Digested ends were filled in with biotin-dATP by Klenow DNA
polymerase, and the blunt ends of interacting fragments were
ligated together using T4 DNA ligase. DNA was then purified by
phenol-chloroform extraction and ethanol precipitation. The
ligated DNA was sonicated with a Covaris sonicator and then
size-selected using Ampure XP beads to an average size of
200-400 bp. Biotinylated interacting fragments were pulled
down using MyOne Streptavidin C1 beads (Invitrogen). For li-
brary preparation, the NEBNext Ultra II DNA Library prep kit
(NEB) was used to carry out End Prep, Adaptor Ligation, and
PCR amplification on streptavidin bead-bound DNA libraries.

Hi-C was also performed on LNCaP, DU145, VCaP, MDAP-
Ca2a, MDAPCa2b, and PC3 using the Arima Hi-C (Arima Ge-
nomics) kit, following the manufacturer’s protocol A160141 v01
for library amplification using the NEBNext Ultra II kit (NEB;
E7645S). Sequencing was performed by Genewiz on either an
Nlumina NovaSeq or HiSeq platform with 50 or 150 bp paired-end
reads. Sequenced reads were mapped to a reference human genome
(hg19), binned, and iteratively corrected according to established
pipelines (Imakaev et al., 2012) using the dekkerlab-cMapping tool
available at https://github.com/dekkerlab/cMapping.

In addition, the same analysis above was performed on fastq
files from previously published Hi-C datasets for RWPE, 22RV1,
and LNCaP C4-2B: GSE118629 and GSE73782 (Rhie et al., 2019;
Luo et al., 2017). See Table Sl for all data sources and statistics.
Newly generated LNCaP results were checked for consistency
with previously published LNCaP Hi-C results (ENCSR346DCU;
Taberlay et al., 2016). Since our LNCaP data had a dramatically
higher cis/trans ratio than these previously published datasets,
comparisons were difficult, and so we proceeded with only our
newly generated data.
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Figure 8. Genes that switch compartments show expression changes in TCGA patient samples. (A) Genes in regions that switched from the A to B
compartment from RWPE to cancer cell lines were queried in the TCGA-PRAD gene expression data for normal (norm; n = 52) and tumor (n = 497) samples.
Black line indicates median while upper bound of box indicates 75th percentile of expression. P = 2.5 x 10715, two-sided Wilcoxon test. (B) Expression of
selected A to B switched genes in the PRAD cohort that shows decreases in tumor (T) compared with normal (N) samples. White dot indicates median ex-
pression, and thick black bar indicates range from 25th to 75th percentile. (C) Fraction of genes in the A to B switched set significantly down-regulated (P <
0.05, t test) in tumor versus normal (red line, 0.55). 200 random gene sets were evaluated for significant down-regulation in the same way (gray histogram). P <
0.005 represents chance of finding at least 55% of genes down-regulated in the random gene sets. (D) Fraction of genes significantly up-regulated in the B to A
switched regions (red line) is not different from the fractions seen in 200 random gene sets (gray bars). (E) Expression of selected B to A switched genes in the
PRAD cohort, comparing tumor (T) and normal (N) samples. (F) Examining only B to A switched genes also up-regulated in our bone metastatic cell lines, a
larger fraction of genes are significantly up-regulated in tumor versus normalin PRAD cohort (red line), and this is less likely to be seen in 200 random gene sets
of the same size (gray bars). (G) Example B to A switched genes that were not up-regulated in PRAD tumor versus normal overall but that show increasing
expression (positive slope) when PRAD tumor samples are stratified by Gleason score (6-10). Linear fit shown in blue. (H) A large fraction (red line) of genes in
the B to A switched set that were not up-regulated in PRAD tumor versus normal overall show a positive slope of expression over increasing Gleason score.
This is a larger than the observed fraction of positive slope in most random gene sets of the same size.
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Analysis of Hi-C data

All Hi-C data analysis was performed using the existing cworld-
dekker pipeline, available on github (https://github.com/
dekkerlab/cworld-dekker) as follows.

Hi-C heatmaps were generated for genome-wide datasets at a
2.5-Mb resolution, and per chromosome at a 250-kb resolution,
using the heatmap script.

Compartment analysis was performed via PCA on 250-kb
binned matrices using the matrix2compartment script on each
chromosome individually. Positive and negative PCl values are
initially arbitrary, so this script uses gene density to determine
which set of bins (positive or negative) should be assigned as A
(higher gene density) or B (lower gene density), respectively.
PC1 profiles were visually inspected to ensure that they reflected a
compartment-like pattern rather than a separation of chromo-
some arms or structural variant breaks. On some highly frag-
mented chromosomes, breaks between regions hindered proper
compartment detection. In these cases, we detected breakpoints
by finding extreme minima in insulation score profiles (Crane
et al, 2015), creating separate matrices for each unbroken
chunk of chromosome separately, and then running compartment
analysis on each sub-region of the chromosome (Fig. S4).

The PCl values per bin for the control cell line (RWPE) were
subtracted from the values from each cancer cell line, resulting
in a normalized distribution (referred to as APClanalysis). Sig-
nificant changes in compartment identity were defined as those
bins whose subtracted value fell either under the mean minus
1.5 the SD or the mean plus 1.5 the SD, for at least six cell lines or
all four cell lines in the primary axis, as defined by nearest
neighbor analysis as described below (SPRING plot).

The genes contained in regions of interest determined from
the APCI analysis were annotated using the knownGene primary
table as referenced in the University of California Santa Cruz
(UCSC) Genome Browser (https://genome.ucsc.edu/).

To facilitate the visualization of chromatin compartmentali-
zation, heatmaps for cis interactions were generated by first
calculating the z-score of the interactions at 250-kb resolution
compared with an expected interaction at each distance from the
diagonal and then taking the Pearson correlation of each row
and column of the heatmap (z-score correlation matrices).
Multi-compartment track figures and overlays were constructed
using the visualization tool Sushi (Phanstiel et al., 2014)

Genome-wide TAD boundaries were determined using the
matrix2insulation script on 40-kb binned matrices, following
the insulation score approach with an insulation square size of
500 kb (Crane et al., 2015).

Calculation of A-A and B-B compartment interaction strengths
To calculate A-A and B-B compartment interaction strengths for
each chromosome, distance corrected Hi-C intra-chromosomal
interaction frequencies at 250-kb resolution were reordered
according to their corresponding PCl values (from strongest B to
strongest A). Then, the reordered intra-chromosomal interac-
tion matrix was smoothed at 500-kb resolution. Interactions
were classified as A-A, B-B, and A-B and thresholded to include
only the top 20% of interactions. The median value of each A-A,
B-B, and A-B interaction is calculated.
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Finally, the relative A-A and B-B compartment interaction
strengths were obtained by subtracting the absolute A-B com-
partment interaction strength from the absolute A-A and B-B
interaction compartment strengths, respectively.

For the average compartment interaction strength, the mean
of the relative A-A and B-B interaction compartment strengths
was calculated. A stronger A-A or B-B compartmentalization
level compared with the A-B compartment intermixing would
produce a higher positive value. On the other hand, a value close
to zero suggests a weaker level of compartmentalization.

Saddle plots of compartment interaction strength were cre-
ated by reordering a given chromosome matrix according to the
PC1 values, from most negative (B compartment) to most posi-
tive (A compartment). Then, the interactions between each pair
of bins were represented by the z-score, which compares the
interaction frequency observed to the expected interactions
between any two bins separated by that genomic distance. We
subtract saddle plots from different cell types to observe the
change in compartment interaction strength between them.

Spring plot

To construct the spring plot (Weinreb et al., 2018; Miura et al,,
2020) of the PCa cells based on the Hi-C compartmental data, the
compartment profile of the cells at the 250-kb resolution was
binarized. For example, the genomic regions where the com-
partment strength are >0 were converted to 1 and the negative
strengths to -1. The reason behind using that discretization step
was to only consider the A/B compartment signature irre-
spective of the compartment strength. Once binarized, the data
were then organized in a matrix format, where the rows are the
genomic regions and columns are cells, and PCA was performed
on that data. Since we were dealing with a small set of samples
(cells) for our analysis, we kept all the principal components
from the PCA transformation for further analysis. Then, a
k-nearest neighbor graph with two nearest neighbors (includes
the node itself) was constructed from the PCA-transformed data,
and the network was visualized with a force-directed layout.

Microarray

RNA was purified from 5 million cells at three different pas-
sages, per cell line, using the RNEasy mini kit (Qiagen; 74104)
using QIAshredder (Qiagen; 79654) for homogenization. Purifi-
cation was followed up by cleanup, and concentration using the
RNase-Free DNase Set (Qiagen; 79254) and QIAquick PCR Pu-
rification Kit (Qiagen; 28104), respectively. RNA concentration
was determined using a NanoDrop One (Thermo Fisher
Scientific).

Clariom S microarray was performed through the Tran-
scriptome Analysis Services (Transcriptome Profiling) from
Thermo Fisher Scientific.

In addition, for cross-validation purposes, data for HG-U133 Plus2
microarray was also collected from the Encyclopedia of DNA Elements
(ENCODE), as follows: RWPE (GSM966512, GSM966513, GSM966514),
LNCaP (GSM2571978, GSM2571979, GSM2571980), DU145
(GSM1374469), PC3 (GSM1517530, GSM1517531, GSM1517532), LNCaP-
C4-2B (GSM1565257, GSM1565258), and 22RV1 (GSM2571966,
GSM2571967, GSM2571968).
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Analysis of microarray data was performed using the Tran-
scription Analysis Console from Applied Biosystems (Thermo
Fisher Scientific), curating the log2 fold up-regulated/down-
regulated genes (P < 0.05) with targets identified in the APC1
analysis.

Analysis of TCGA data

Gene expression of all the genes identified as switching com-
partments in our model cell lines (Table S2) was analyzed on the
TCGA-PRAD using the USCS Xena Browser interface (Goldman
et al., 2020). Data for normalized gene counts for all samples
were downloaded from https://tcga-xena-hub.s3.us-east-1.
amazonaws.com/download/TCGA.PRAD.sampleMap%2FHiSeqV2.
gz. Samples were annotated with Gleason score labels pro-
vided by TCGA. With custom R scripts, we statistically evaluated
the expression change between tumor and normal samples for
each individual gene (one-sided t test) and calculated the pro-
portion of a given gene set with changes (P < 0.05) in the direction
we expected (that is, up-regulation for B to A switched gene sets
and down-regulation for A to B switched gene sets). We then se-
lected random gene sets of the same size as our query set for
comparison. 200 independent sets of random genes were selected
for each comparison (that is, if we were considering 87 genes that
switched A to B, we would choose 200 sets of 87 randomly selected
genes). The proportion of genes called significantly up or down-
regulated (P < 0.05 in one-sided t test) was calculated in each of
the 200 random gene sets. The fraction of random gene sets
containing the same or greater proportion of up or down-
regulated genes was used to evaluate whether the amount of
up- or down-regulation observed in the compartment switch gene
sets was likely to be seen by chance. Note that by comparing
proportions of genes that met a certain statistical threshold be-
tween real and random sets, we account for problems of multiple
hypothesis testing. On the log count scale, most of the gene ex-
pression distributions are not highly skewed by outliers, so the
mean expression was a representative metric for evaluation by the
t test. We did not test for normality of the gene expression data
distributions before using the t test because the t test does not
require the underlying data to be normally distributed (Boneau,
1960; Norman, 2010). Instead, the t test assumes normality in the
distribution of the sample means, a condition that is met, ac-
cording to the central limit theorem, for sample sizes larger than
5-10, which we exceed in this case (Norman, 2010). Slopes of gene
expression across Gleason score were calculated in R with a linear
fit. The proportion of genes in a set with positive slope was
evaluated and compared with the proportion of genes with posi-
tive slope in 200 sets of a matched number of genes chosen at
random.

Online supplemental material

Fig. S1, Fig. S2, and Fig. S3 show that Hi-C data at 2.5-Mb res-
olution recapitulate previously reported and novel trans-
locations in the cell lines in this study. Fig. S4 shows how we
modified our compartment analysis to consider heavily frag-
mented chromosomes. Fig. S5 shows a comparison of Hi-C
heatmaps, cis interaction heatmaps, and compartment analysis
for chromosome X for RWPE, LNCaP, and VCaP. Fig. S6
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characterizes differences in genome-wide chromosome com-
partmentalization for all cells in this study. Fig. S7 validates the
consistency of the genome-wide compartmentalization between
the RWPE cell line (used as control for this study) and PrEC, a
human primary prostate epithelial cell line. Fig. S8 includes
examples of gene clusters that switch compartments in ad-
vanced prostate cancer. Fig. S9 highlights the APP-BACE2 re-
gion, located on chromosome 21, and its potential role as a driver
in compartment switching of neighboring genes. Table Sl in-
cludes the database reference and quality control metrics for this
study. Table S2 lists the genes identified as switching compart-
ment identity. Table S3 denotes the gene clusters that switch
compartment identity, as related to prostate cancer progression.

Data availability

All Hi-C and microarray data are available on GEO at accession no.
GSE172099. Other processed data figures and a UCSC Genome
Browser Track Hub containing all data are available for browsing
at https://3dgenome.utk.edu/3d-genome-architecture-in-prostate-
cancer-progression/.
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Figure S1. Detection of known and novel translocations in RWPE, LNCaP, and DU145 cells using 2.5 Mb-resolution Hi-C data. 2.5-Mb Hi-C heatmaps
for RWPE (A), LNCaP (B), and DU145 (C). Translocations between chromosomes (chr) appear as high interaction frequency areas away from the diagonal.
Translocations previously described by SKY analysis are listed on the right of each heatmap, along with those events identified in this study; our study has an
83% concordance with previously reported SKY data. The inherent higher resolution of the data obtained by Hi-C makes it possible to identify smaller
translocation events.
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Figure S2. Detection of known and novel translocations in 22RV1, PC3, and MDAPCa2a cells using 2.5-Mb resolution Hi-C data. 2.5-Mb Hi-C heatmaps
for 22RV1 (A), PC3 (B), and MDAPCa2a (C). Translocations between chromosomes appear as high interaction frequency areas away from the diagonal.
Translocations previously described by SKY analysis are listed on the right of each heatmap, along with those events identified in this study; our study has an
83% concordance with previously reported SKY data. The inherent higher resolution of the data obtained by Hi-C makes it possible to identify smaller

translocation events.
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Figure S3. Detection of known and novel translocations in MDAPCa2b and VcaP cells using 2.5-Mb resolution Hi-C data. 2.5-Mb Hi-C heatmaps for
MDAPCa2b (A) and VCaP (B). Translocations between chromosomes appear as high interaction frequency areas away from the diagonal. Translocations
previously described by SKY analysis are listed on the right of each heatmap, along with those events identified in this study; our study has an 83% concordance
with previously reported SKY data. The inherent higher resolution of the data obtained by Hi-C makes it possible to identify smaller translocation events.
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Figure S4. Mathematical reconstruction of highly segmented genomic regions for compartment analysis. (A) Hi-C Heatmap of a highly segmented
chromosome (chrl0, PC3). This type of fragmentation precludes compartment analysis. (B) By performing the insulation calculation on the 250 kb-binned data,
using an insulation square size of 1.5 Mb, it is possible to identify the largest dips in insulation plot, which denote the breaks in the chromosome.
(C) Compartment analysis is performed on the fragments defined by the bin location. For that particular chromosome, the compartment analysis for RWPE is
done for the fragments to provide a fair comparison for subtraction.
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RWPE LNCaP VCaP

Figure S5. Changes in chromosome compartmentalization are widespread in prostate cancer progression. (A) Hi-C Heatmaps for chromosome X, at a
250-kb bin resolution for RWPE, LNCaP, and VCaP. (B) Cis Interaction heatmaps of 250-kb binned data for chromosome X for RWPE, LNCaP and VCaP. (C) Plots
of the first eigenvector for chromosome X, obtained from PCA (PC1) of 250-kb binned data, for RWPE, LNCaP, and VCaP, revealing the compartment identity.

San Martin et al. Journal of Cell Biology
3D genome structure of prostate cancer progression https://doi.org/10.1083/jcb.202104108

S6


https://doi.org/10.1083/jcb.202104108

A s B
4 RWPE -
5
3
'\ 4
"\
2 7\ ,"\
/ ‘\\‘ s 1" “\\ ’,'l “\‘ 3 [WN]
" L e ~ L/ LT o ~/ \ ! ' [a
“d-Th~ L o Jf 2 ;
L LTIt . 2
1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 X
. LNCaP 6

5 <
3
4
2 \
4 3
I I/I \\\ ) 4| B

/
1
,
e
ol N

| | a
5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X (¢o]
@)
6 >
4
VCaP
5
3
4
2

=
\
[NI—
/
/
1
\
S
m:’
/
\
\
\
%
1
1
]
/
\
\
\
\
N
7
-
1
1
\
S
<
-
-
\
\
\
a
-
7
/
X
- N w

Compartment Strength

0
w
=
6
4 MDAPCa2a x
5 |
3 1 (o
N 7 “‘ 4 (4]
> . N I, \ U
2 % S | ‘\ 4 | >
i \\\ /| L o 3
1 =I5 i ‘\\ 1, \‘\ I,'I >
|I|III|||II||||| hllll
0 1 2 3 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 X B C
* MDAPCa2b
5 -9
3 | A g
‘\ I,’ \ 2 3
2 “\ T
\\ " - - ‘\\‘ II'I \\ 3 g
1 ‘l’l 2 :(‘
<
o,|I||||||||I||||||||111 :
1 2 3 4 5 7 10 11 12 13 14 15 16 17 18 19 20 21 22 X o
5
B A-Ainteractions ___ Average compartment g
. . strength 2
B B-B interactions & 2

RWPE LNCaP VCaP  MDA2A MDA2B  A375

Figure S6. Compartment strength and similarity across cell lines. (A) Each graph shows the A-A interaction strength (red) and B-B interaction strength
(blue) within each chromosome for the indicated cell line. The dotted line represents the average compartment strength. Compartment strength calculation is
defined in Materials and methods. (B) Saddle plots for chromosome 12 show changes in B-B and A-A compartment interactions. The top two panels show
sorted interaction z-scores for RWPE and VCaP (red = positive, blue = negative), while the bottom panel is the difference in z-score in VCaP minus RWPE (red =
increase in interactions, blue = decrease). (C) Pearson correlation coefficient between the PC1 compartment tracks genome-wide for the indicated cell lines.
A375 is included as a different epithelial-derived cancer (melanoma).
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Figure S7. The non-transformed epithelial lines RWPE and PrEC have similar compartment identities across the genome. (A-C) PC1 compartment
tracks for the AR, WNT5a, and TMPRSS-ERG loci, showing a similar compartment identity between our chosen nontumorigenic control cell line (RWPE) and the
primary prostate epithelium PrEC cells. PC1 compartment tracks for an adenocarcinoma model (LnCaP), and a bone metastatic cell line (MDAPCa2b), show
compartment switching relative to both control cell lines around the regions of interest. The rightmost region encompasses the TMPRSS2-ERG locus. (D) A
comparison of genome-wide compartment tracks for all cell lines by principal components nearest neighbor analysis reveals that the two nontransformed cell
lines (RWPE and PrEC) show a high level of concordance in compartment identity. The cell line-based model axis to metastasis described in Fig. 3 is highlighted
in yellow.
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Figure S8. Examples of gene clusters. Examples of genes that switch compartments. Left: Cluster 18 includes the following genes: FBN1, CEP152, SHC4, EID1,
SECISBP2L, COPS2, NDUFAF4P1, GALK2, FAM227B, FGF7, DTWD1, ATP8B4, SLC27A2, and HDC. While in some cell lines the whole area switches compartments, in
others the B compartment persists. Center: Cluster 5 includes the following genes: cluster with SLC24A3, RIN2, NAA20, CRNKLI, CFAP61, INSM1, RALGAPA2,
PLK1S1 XRN2, NKX2-4, NKX2-2, PAX1, FOXA2, and TTC6. Changes to the A compartment in all cell lines in the main progression axis. Right: Cluster 4 changes
compartments as a cluster (in DU145, VCaP and MDA lines) or in fragments. It is composed of the following genes: FRY (switches B to A), BRCA2 (switches to the
B compartment in 22RV1), and N4BP2L1, RFC3, DCLKI, CCNA, SMADS, ALG5, ZARIL, RXFP2, and EEF1DP3, all of which switch from the B to the A compartment.
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Figure S9. The APP-BACE2 axis, located in chromosome 21, is a potential connection between transcriptional activity and compartment switching.
Compiled data aligning microarray expression (Log2) for genes along chromosome 21. Genes whose expression increases twofold or more or decreases twofold
or less in the comparison, with a P value < 0.05 represented as vertical tick marks along the x axis (chromosome location). Chromosome compartment tracks
overlay, superimposed along the microarray track. APP-specific probes highlighted in pink. An increased APP expression is observed in all comparisons, except
for MDAPCa2b/LNCaP. (A-C) Data from HG-U133_Plus_2 microarray comparing LNCaP/RWPE, VCaP/RWPE, and VCaP/LNCaP, respectively. (D and E) Data
from Clariom S microarray, comparing MDAPCa2a/LNCaP and MDAPCa2b/LNCaP, respectively.
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Table S1, Table S2, and Table S3 are provided online as separate Excel files. Table S1 shows database references and valid pair
counts for all datasets used in this study. Table S2 shows genes identified through AEigen 1 analysis (in at least six cancer cell lines
or in all four cancer cell lines represented in the axis). Table S3 shows gene clusters that switch compartment identity with
progression. Gene clusters that switch from the B to the A compartment are highlighted in green, those that switch from the A to
the B compartment in red. 85% of all genes identified as switching from the B to the A compartment are included in 48 proximal
clusters. Of the genes that switch from the A to the B compartment, 74% are included in 16 clusters.
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