bioRxiv preprint doi: https://doi.org/10.1101/339069; this version posted June 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Genome-wide abundance of 5-hydroxymethylcytosine in breast tissue reveals

unique function in dynamic gene regulation and carcinogenesis

Authors and Affiliations:

Owen M. Wilkins2, Kevin C. Johnson:, E. Andres Houseman:, Jessica E. Kingz, Carmen
J. Marsit®, Brock C. Christensen*:zs

1 - Department of Epidemiology, Geisel School of Medicine at Dartmouth, Lebanon, NH,
03756, USA

2 - Department of Molecular and Systems Biology, Geisel School of Medicine at
Dartmouth, Lebanon, NH, 03756, USA

3 - The Jackson Laboratory for Genomic Medicine, Farmington, CT, 06032

4 - Department of Biostatistics, College of Public Health and Human Sciences, Oregon
State University, Corvallis OR, 97331, USA

5 - Department of Environmental Health, Rollins School of Public Health, Emory
University, Atlanta, GA, 30322, USA

6 - Department of Community and Family Medicine, Geisel School of Medicine at

Dartmouth, Lebanon, NH, 03756, USA

*To whom correspondence should be addressed:
Phone: (603) 650-1827
Fax: (603) 650-1129

Email: Brock.Christensen@dartmouth.edu


https://doi.org/10.1101/339069
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339069; this version posted June 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Abstract

5-hydroxymethylcytosine (5hmC) is generated by oxidation of 5-methylcytosine (5mC),
however little is understood regarding the distribution and functions of 5hmC in
mammalian cells. We determined the genome-wide distribution of 5hmC and 5mC in
normal breast tissue from disease-free women. Although less abundant than 5mC,
5hmC is differentially distributed, and consistently enriched among breast-specific
enhancers and transcriptionally active chromatin. In contrast, regulatory regions
associated with transcriptional inactivity were relatively depleted of 5ShmC. Gene regions
containing abundant 5hmC were significantly associated with lactate oxidation, immune
cell function, and prolactin signaling pathways. In independent data sets, normal breast
tissue 5ShmC was significantly enriched among CpG loci demonstrated to have altered
methylation in pre-invasive breast cancer and invasive breast tumors. Our findings
provide a genome-wide map of nucleotide-level 5ShmC in normal breast tissue and
demonstrate that 5ShmC is positioned to contribute to gene regulatory functions which

protect against carcinogenesis.

Introduction

5-methylcytosine (5mC) is the predominant cytosine modification of the
mammalian genome, and a major coordinator of tissue-speific gene expression
programs’. Recent studies demonstrate 5mC can be oxidized to several distinct
chemical entities >4, which have been observed to be abundant and stable under

particular biological contexts®. There is an emerging appreciation that these oxidized
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forms of 5mC contribute actively to gene regulation and chromatin structure, however
our knowledge of tissue specific distribution and functions of oxidized 5mC is limited.

5-hydroxymethylcytosine (5hmC), the most abundant form of oxidized 5mC#, is
the first intermediate produced through oxidation of 5SmC by the ten-eleven translocation
(TET) family of enzymes? 3. Enrichment of 5hmC among enhancers, DNase
hypersensitivity sites, transcription factor binding sites, and sense-strand DNA suggest
a positive association with transcription® 7- 9 1°_ Proteins capable of binding 5hmC
have been identified and suggest enrichment for proteins involved in transcription and
chromatin regulation'" 2. 13, Co-localization of 5hmC at sites of DNA damage has
promoted discussion about its potential functions in the coordination of DNA repair and
genomic stability' 15, Contrasting with that of 5mC, distribution and abundance of
5hmC varies greatly across human tissues. Brain and breast tissue possess the most
abundant 5ShmC among human tissues'®. Approximately four times greater levels of
5hmC has been observed in brain relative to breast tissue'®, and brain has therefore
been the focus of early studies characterizing the distribution and potential functions of
5hmC in human tissues? '"- 18 19 However, less is known regarding the genomic
distribution and functions of 5hmC in breast tissue.

During development, DNA methylation is responsible for coordination of tissue
polarity and cellular differentiation of the mammary epithelium?°. Dysregulation of DNA
methylation is an early event in breast carcinogenesis, and methylation changes
between normal and malignant breast tissue are widespread?" 2. Reduction of total
5hmC measured using global approaches has been observed in breast cancer, as well

as most other tumor types? 2?4, Indeed, decreased levels of 5hmC have been reported
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as a poor prognostic factor in breast cancer?®. Consistent with these data, numerous
mechanisms that abrogate TET expression and function have been observed in human
cancer?® 2728 These observations strongly suggest tumor suppressive functions for
active DNA demethylation and 5ShmC and underscore the need to more thoroughly
understand epigenetic regulation through study of oxidized 5mC.

Here, we utilize paired bisulfite (BS) and oxidative-bisulfite (0xBS) DNA
modification followed by assessment using Infinium DNA methylation arrays to produce
a genome-wide map of 5mC and 5hmC distribution in normal breast tissue. While 5hmC
is less abundant relative to 5mC throughout much of the breast genome, we identified
specific regions containing abundant 5ShmC. Furthermore, we demonstrate that the
distribution of high 5hmC is dependent on genomic-context, and enriched in gene
regulatory regions associated with open chromatin and active transcription. Finally, we
demonstrate 5ShmC enrichment among regulatory regions in transformed and malignant
breast cancer cell lines, and observed 5hmC is enriched among CpGs differentially

methylated between normal and tumor tissue.

Results

5hmC is abundant and uniquely distributed in normal breast tissue

To assess the potential functional importance of 5hmC in normal breast tissue, we
measured genome-wide 5hmC and 5mC in normal breast tissue samples from 18
healthy female volunteers. All tissue samples were from female subjects across a wide
range of ages and BMI values. Study subjects were aged between 13 and 81 years

(median = 54.5 years), weighed between 41-204 kg (median = 68 kg) and had BMI
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values between 15-63 (median = 25). To obtain total and single-nucleotide resolution
estimates for 5hmC and 5mC we applied the OxyBS algorithm?° to data from paired BS
and oxBS treated DNA measured with 450K arrays. Altered expression of enzymes that
process cytosine modifications on DNA (such as TET1, TET2, DNMT3A and DNMT3B)
could potentially explain the observed variation in total 5ShmC across samples, therefore
we tested for correlation between total 5hmC and expression of enzymes that process
cytosine modification. Generally, there was no correlative evidence between total 5ShmC
and gene expression of cytosine modifying enzymes, however we did observe modest
correlation between total 5hmC and DNMT3A expression (r?=0.52, P=0.03,
Supplementary Table 1). Supporting the hypothesis that 5ShmC may have function
independent of its role in regeneration of naive cytosine, we tested the association
between total 5ShmC (that is, the sum of 5ShmC p-values across all CpGs in a sample
divided by the total number of CpGs profiled) and 5mC content across all samples and
no evidence of a significant relationship was observed (linear regression P = 0.11,
Supplementary Figure 1). Variation in cell-type composition of heterogeneous tissues
is known to be a potential confounder in epigenomic studies®°, and could impact 5hmC
levels. To address this issue, we estimated putative cell types and their proportions
using a reference-free cell-type deconvolution-based approach (RefFreeEWAS)3",
which suggested two major cell populations with varying proportions across subjects in
these samples (Supplementary Figure 2). However, no relationship was observed
between total 5ShmC content and cellular proportions (Supplementary Figure 2).

We next sought to evaluate the genome-wide distribution of 5hmC at the

nucleotide level. Cumulative density plots of mean 5hmC and 5mC at each measured
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CpG across all samples revealed that the majority of CpGs had very low levels of 5hmC
and that mean 5mC levels across all CpGs had the expected bimodal distribution
(Figure 1A). Most CpGs also showed a negative correlation between 5ShmC and 5mC
levels, with only approximately 10% of all CpGs demonstrating a positive correlation
(Figure 1B). We observed the well-documented characteristic dependency of CpG
island context on 5mC abundance, with relatively lower proportions of 5mC situated
within CpG island and shore regions compared to ocean and shelf regions (Figure 1C).
Despite substantially lower abundance of 5ShmC, a similar pattern of abundance was
observed across the CpG island context strata to that of 5mC, with the lowest levels of
5hmC present within CpG island and CpG island shores (Figure 1D). Functions of DNA
methylation are known to vary by genomic region, therefore we posited that 5ShmC may
be differentially distributed among CpG islands, shores, shelves, and oceans in breast
tissue. The highest levels of both 5hmC and 5mC were observed within CpG island
shelf regions (Figures 1C & 1D). Similar levels of 5hmC was seen across CpG oceans,
shores and shelves while shores exhibited greater levels of 5mC relative to oceans and

shelves (Figure 1D).

Genomic enrichment of 5hmC in normal breast tissue

To better understand the potential functional relevance of 5hmC in breast tissue,
we sought to identify CpG loci with the highest consistent abundance across samples.
Large numbers of CpGs had median 5hmC beta-values near 0, though 66,341 CpG
sites had median 5hmC levels above 5%, 14,733 CpG sites had median 5hmC levels

above 10%, and 2,881 CpG sites had median 5hmC levels above 15% (Figure 2A).
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Aiming to distinguish functional 5ShmC signal from background noise due to the
generally sparse nature of 5ShmC abundance, we selected 3876 CpGs with the highest
1% median 5hmC values, as calculated across all samples (Figure 2B). These CpGs
had a range of median 5hmC beta-values from 14% to 31% and were defined as the
‘high 5hmC CpGs’ utilized in subsequent analyses. We utilized the quantile distribution
of 5hmC beta-values to measure the consistency of each high 5hmC CpG across all
tested breast tissues. 84.6% of the high 5hmC CpGs (3281/3876) presented with a
5hmC beta value of >0.15 (25" percentile of 5hmC beta-value distribution) in at least
half of the 18 samples, demonstrating these CpG loci were consistently elevated across
samples. In contrast, 12.9% (500/3876) of the high 5ShmC CpGs were among the top
1% most variable, based on standard deviation, suggesting more inter-subject
variability. Basic genomic annotation data, as well as CpG-specific median and
standard deviation are provided for the complete high 5hmC CpG set in
Supplementary Data 1. To assess the relationship between 5ShmC and 5mC
abundance at a CpG-specific level, we compared 5hmC and 5mC beta-values at all
high 5ShmC CpG sites across all subjects. Generally, the greatest levels of 5ShmC were
observed for CpGs with intermediate to low levels of 5mC (Figure 2C), suggesting
5hmC may function in a manner distinct from 5mC. The majority of high 5hmC CpGs
(3342/3876, 86.2%) were located within promoters, exons or introns), with the remaining
CpGs located in intergenic regions (Supplementary Data 2). SEPT7, a key cytoskeletal
gene, had a total of 9 high 5hmC CpGs located either within or proximal to the gene
(Supplementary Data 2). In addition, there were 44 genes with at least 5 high 5hmC

CpG located within or proximal to them. An overwhelming proportion of these the high
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5hmC CpGs associated with these genes were located within intronic regions
(Supplementary Data 2), consistent with previous findings that 5hmC is highly enriched
at gene bodies® *2. In addition, many of the genes containing at least 5 high 5hmC
CpGs were located within transcriptional (co)activators or chromatin modifying genes,
including NCOR2, ARID1B, DNMT3A, FOX0O3, and FOXP1, among others
(Supplementary Data 2). Given the positive correlation between 5ShmC and gene
expression that has been observed across many studies, presence of 5hmC at tumor
suppressor genes (TSGs) may be an important regulatory mechanism is ensuring their
expression to prevent carcinogenesis. Indeed, several genes with several high 5hmC
CpGs located within their gene bodies are considered tumor suppressor genes (TSGs)
in breast tissue, including MBNL1, ARID1B, DNMT3A, and FOXO3. Unsupervised
clustering analyses using the high 5hmC loci did not clearly distinguish subjects by age,
BMI or cell type proportion (Supplementary Figure 3).

Previous studies in both non-diseased and diseased tissue have suggested an
enrichment for 5ShmC amongst regions involved in transcriptional regulation and gene
bodies® ° 32, Amongst the high 5hmC CpGs, similar proportions were observed up and
downstream (51.7% and 48.3%, respectively) of the nearest canonical transcriptional
start site (TSS) (Supplementary Figure 4), with the majority situated within at most 1kb
of the TSS (Figure 2D). To explore the potential functions of 5hmC, we tested
enrichment of 5ShmC among genomic features (promoters, exons, introns, and
intergenic regions) and breast specific DNA regulatory regions using the Cochran-
Mantel-Haenzel test to adjust for CpG context due to the varying proportion of 5ShmC

observed across CpG island, shores, shelves, and oceans. Consistent with previous
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findings33 34 3% we observed a substantial enrichment for intronic 5hmC, yet a dearth of
exonic and intergenic 5ShmC. To test the enrichment of 5ShmC among breast specific
regulatory regions, we utilized publicly available ChIP-seq data for a variety of histone
modifications in normal breast myoepithelial cells and human mammary epithelial cells
(HMECs). 5hmC was enriched in regions of active chromatin, marked by H3K4me3 in
breast myoepithelial cells (Figure 3). Depletion of 5ShmC was observed among H3K9ac-
marked DNA, indicative if active promoters, and H3K9me3 and H3K27me3-marked
DNA, indicative of transcriptionally inactive chromatin (Figure 3). In HMECs, a
substantial enrichment of 5hmC was observed at poised and active enhancer regions,
marked by H3K4me1 (OR; 3.2, 95% CI; 3.0-3.4, Figure 3). A smaller yet sizable
enrichment of 5ShmC at H3K27ac-marked regions (OR; 1.58, 95% ClI; 1.47-1.71, Figure
3), which distinguishes active enhancers from those that are inactive or poised,
suggested that more breast-specific enhancer 5hmC may be located within poised
enhancers. Furthermore, regions of markers of transcriptionally active regions
(H3K4me3, H3K36me3, H3K79me2, H3K20me1) also displayed positive enrichment for
5hmC (Figure 3). Conversely, 5hmC was depleted among repressed and
transcriptionally inactive chromatin regions, marked by H3K9me3 and H3K27me3.
DNase hypersensitivity sites and H2A.Z-marked regions did not show a significant
enrichment for 5ShmC in HMECs (Figure 3). Together, these results demonstrate breast-
specific 5hmC is strongly enriched among gene regulatory regions associated with
transcription, while severely depleted among regions associated with transcriptional

repression.
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Gene set enrichment of 5ShmC

While 5hmC is enriched among regulatory regions in breast tissue, it is plausible that a
higher order structure exists for its distribution such that 5hmC is involved in regulation
of specific gene sets. To investigate potential enrichment of 5ShmC among specific gene
regulatory programs, genomic coordinates of the high 5hmC CpGs were tested for gene
set enrichment using the Genomic Regions Enrichment of Annotations Tool (GREAT).
CpG loci measured on the 450K array were used as the background test set in these
analyses. The ten most enriched gene sets with FDR Q-values < 0.05 from each of the;
i) biological process, ii) molecular function, and iii) cellular process gene ontology
analyses are presented in Table 1. Results for all gene sets significant at FDR < 0.05
are provided in Supplementary Data 3. The most enriched gene set in the biological
process analysis was for lactate oxidation (fold enrichment; 28.3, hypergeometric FDR
Q-value; 0.03, Table 1). Among the most enriched gene sets were also those relating to
production of interleukins, function and activity of various immune cell types, and
several biosynthetic processes including D-serine synthesis (Table 1). Interestingly,
enrichment of the prolactin signaling pathway gene sets suggests potential involvement
of 5hmC in regulating breast milk production (Table 1). Enrichment of molecular
function gene sets relating to interleukin binding and D-serine biosynthesis activity
further supported the results observed in the analyses of biological process gene sets.
Enrichment was also observed for several molecular function gene sets related to
binding and activity of TGF-beta (Supplementary Data 4), supporting the observation
that five of the high 5ShmC CpGs were located within the gene body of TGFBR2

(Supplementary Data 4). Consistent with recent findings that 5hmC may be involved in
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the regulation genome stability, the most strongly enriched gene set in the cellular
process ontology analysis was related to the replication fork protection complex (fold
enrichment; 28.3, hypergeometric FDR Q-value; 0.02, Table 1). In addition, several of
the enriched cellular process gene sets related to cell tip and membrane regulation

(Table 1, Supplementary Data 5).

Relationship between 5ShmC and gene expression in breast tissue

Numerous studies have observed enrichment for 5hmC among regions of
transcriptionally active chromatin® % 32, and it is thought that 5hmC contributes to the
positive regulation of gene expression in these regions®. To test the relationship
between 5hmC abundance and gene expression, we measured transcript levels of four
genes with known functions in breast tissue and multiple high 5ShmC CpG loci.
Generally, 5hmC was positively correlated with expression across the measured
transcripts (Figure 4A, Supplementary Data 7), while 5mC showed mostly negative
correlations with gene expression (Figure 4B, Supplementary Data 7). Among the
most statistically significant correlations were those of cg23267550 and cg01915609
with RAB32 expression for both 5ShmC and 5mC (Figures 4D & 4E). The remaining four
high 5hmC CpGs associated with RAB32 demonstrated positive correlations between
5hmC and gene expression, while exhibiting negative correlations between 5mC and
gene abundance, but did not reach statistical significance (Figures 4A & B). All six of
the high 5ShmC CpGs associated with RAB32 were located in the within 1500bp of the
TSS (TSS1500), at CpG island shore regions (Figure 4C). Across the transcripts

measured for breast cancer tumor suppressor RASSF1A, there was evidence for
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positive correlations between 5hmC and expression for three CpG-expression
relationships, while almost all of the tested CpGs showed negative correlations between
expression and 5mC (Supplementary Data 7). Although several studies have
suggested roles for 5hmC in regulation of alternative splicing, we did not observe
dramatic modification of 5ShmC-gene expression correlations by transcript-specific
expression of RASSF1 and DNMT3A, suggesting 5hmC may not regulate mRNA

splicing at these genes in breast tissue (Supplementary Data 8).

Normal breast tissue 5ShmC is enriched at regulatory regions in transformed and
malignant breast cancer cell lines

Epigenetic deregulation is an early event in carcinogenesis. Substantial deviation
from DNA methylation patterns in normal breast tissue have been observed in
premalignant lesions as well as advanced disease. Although 5ShmC tends to be depleted
in proliferating cells, recent studies have suggested 5hmC may actively contribute to
cancer pathogenesis. To determine whether 5hmC may contribute to breast
carcinogenesis, we tested the normal breast tissue ‘high 5hmC CpGs’ for enrichment
among known regulatory regions in variant human mammary epithelial cells (VHMECs).
vHMECs are proliferative clones of regular HMECs that invariably result during cell
culture, and are considered a model of premalignant breast cancer. Strong enrichment
for the normal breast tissue high 5ShmC CpGs was observed among regions marked by
H3K4me1, associated with distal enhancer regions, as well as H3K4me36, associated
with active transcription (Figure 5A). The strongest depletion of the normal breast

tissue high 5ShmC CpGs in vHMECs was observed among regions marked by H3K9me3
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and H3K27me3, associated with transcriptional repression and inactive chromatin.
Depletion was also observed at H3K4me3-marked regions, generally associated with
gene activation. Regions of high normal breast tissue 5hmC were not enriched among
DNase hypersensitivity sites in vHMECs.

To explore potential enrichment of 5ShmC among regulatory regions in breast
cancer cell lines, we utilized Locus Overlap Analysis (LOLA) software to test genomic
coordinates of the high ShmC CpGs for enrichment among known TFBS and regulatory
regions from publicly available data collections. Enrichment of 5hmC among fifteen
TFBS across three breast cancer cell lines was observed at FDR <0.05 (Figure 5B,
Supplementary Data 9) from the cistrome collection3. Strikingly, binding sites for
ESR1 (estrogen receptor 1) were enriched for 5hmC in MCF7, T47D, MDA-MB-231
cells (Figure 5B). Binding sites for other transcription factors involved in regulation of
breast specific regulatory programs was also observed, including PGR (progesterone
receptor), FOXA1, and GATAS (Figure 5B). The LOLA algorithm was also used to
query the enrichment of 5hmC among TFBS from the ENCODE project collection.
These analyses revealed enrichment for 5hmC among c-Fos binding sites in ER-Src
transformed normal-like breast cell line MCF10A, as well as GATAS binding sites in
MCEF-7 cells (Supplementary Data 9). Finally, enrichment for 5hmC was observed
among H3K4me1-marked regions in T47D cells from the cistrome-epigenome
collection, suggesting enrichment among active and poised enhancers (Supplementary

Data 9).
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Normal breast tissue 5ShmC is enriched among CpG loci differentially methylated
between normal and invasive breast tissue

Numerous studies have identified DNA methylation differences between normal breast
tissue and invasive disease. However, due to technical constraints, prior work has not
distinguished 5hmC from 5mC when comparing breast tumor to normal breast tissue.
We sought to investigate whether high 5ShmC loci identified in normal breast tissue were
more likely to be altered in breast tumors than other CpG loci. First, at the same 3876
high 5ShmC CpG loci we identified in normal breast tissue, we compared DNA
methylation between normal (n=95) and invasive breast tissue (n=753) from subjects in
the TCGA project. Of the 3572 CpG loci available for testing, 1712 (47.9%) were
differentially methylated between normal and invasive tissue in limma models adjusted
for subject age and adjusted for multiple testing using Bonferroni correction (Figure 6).
1072 (62.6%) of the significantly differentially methylated loci had negative limma
coefficients, suggesting 5hmC is more commonly lost from high ShmC loci during breast
cancer development, consistent with the observation that 5hmC is depleted in cancer
tissues?® 24, Next, using randomly selected CpGs in the normal versus tumor
comparison we created a null P-value distribution (see methods) and observed that the
P-values for high 5hmC CpGs as a distribution were significantly lower (Kolmogorov-
Smirnov test, P<0.05, Table 2, Supplementary Figure 6A). In addition, as extensive
changes in DNA methylation have been observed to occur in ductal carcinoma in situ
(DCIS)%¥, we repeated the procedure above using DNA methylation data from adjacent
normal (n=11) and DCIS tissue samples (n=28) obtained from the New Hampshire

Mammography Network (NHMN). In the comparison of DCIS to normal DNA
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methylation analysis, high 5ShmC CpG sites identified in normal breast again had a
distribution of P-values significantly lower than randomly selected CpGs (P=0.017,
Table 2, Supplementary Figure 6B). Together these results suggest 5ShmC
dysregulation may contribute to breast cancer development, and an appreciable fraction

of the changes may occur early in the carcinogenic process.

Discussion

While the distribution and functions of 5SmC in various cellular contexts has been
studied at depth, much less is known about the importance of other cytosine
modifications. Traditional approaches utilizing DNA BS treatment to distinguish between
cytosine and 5mC have been limited, as they are unable to disambiguate 5mC from its
oxidized forms. Here, we performed tandem BS and oxBS treatment of DNA from
normal breast tissue coupled with 450K arrays for DNA methylation to estimate relative
5mC and 5hmC proportions and construct a genome-wide map of 5ShmC in breast
tissue. 5hmC was generally depleted compared with 5SmC as expected, but specific loci
with recurrent 5ShmC across individual samples were identified. Regions containing
abundant 5hmC were enriched among enhancers and transcriptionally active chromatin
regions and depleted in transcriptionally repressed areas of the genome. Furthermore,
we provide evidence suggesting deregulation of 5hmC at these loci may contribute to
breast carcinogenesis. Collectively, our findings reveal 5ShmC is present and uniquely
distributed in normal breast tissue and may hold gene regulatory functions protecting

against carcinogenesis.
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Previous studies have observed a lack of obvious correlation between levels of
5mC and forms of oxidized cytosine in individual tissues* 8. Such findings suggest the
abundance of oxidized cytosine may be subject to a higher order regulation in a tissue-
specific context. Indeed, active DNA demethylation controls various cellular processes
such as somatic cell reprogramming3® 4%, chromatin accessibility'"- 1341, as well as other
processes involved in cell fate specification*? 43 44, Enrichment of 5hmC among
enhancers® % 32, DNase hypersensitivity sites®, and gene bodies® 3% 33 4% gbserved in
multiple cell types supports the proposal that 5hmC is a functional epigenetic mark
involved in positive regulation of gene expression. Consistent with these findings, we
found 5ShmC enrichment among introns, enhancers, and regions with transcriptionally
active chromatin. Representation of multiple transcriptional co(activators) and chromatin
regulators, some of which hold established functions in breast tissue, among the genes
with greatest 5ShmC abundance suggests involvement of 5hmC in breast tissue-specific
gene expression control. In contrast to prior studies of other tissue types, we did not
observe enrichment for 5ShmC among breast-specific DNase hypersensitivity sites.
Gene set enrichment analyses of those genes containing the most abundant 5hmC
suggested potential function for 5ShmC in regulation of immune cell activity, TGF-beta
regulation, and cell motility. Collectively, these findings reveal a unique distribution of
5hmC in normal breast tissue that warrants further study.

Although decrease of total 5hmC content has been observed invariably over a
wide range of cancers?* 4647 the contribution of locus-specific changes in 5hmC levels
to cancer pathogenesis is not well understood. Emerging evidence suggests acquisition

of 5hmC among enhancer regions and disease-relevant oncogenes promotes growth
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and survival of tumor cells, as has been observed in pancreatic ductal adenocarcinoma,
glioblastoma, and breast tumor initiating cells3® 48 4%. %0, Similarly, our findings that
normal breast tissue 5hmC is enriched among enhancer regions in VHMEC cells,
suggests maintenance of enhancer-specific 5hmC may be required for maintenance of
their premalignant characteristics. In addition, our observation that normal breast 5hmC
is enriched among estrogen receptor alpha (ESR1) binding sites in multiple breast
cancer cell lines suggests 5hmC may contribute to disease-relevant processes. In
addition to ESR1, itself a critical determinant of estrogen therapy treatment response in
ER* breast cancer®’, our findings that 5hmC is enriched among binding sites for
FOXA1, GATA3, and the RAR family transcription factors, all known to function
cooperatively with ESR7 in normal and malignant breast tissue®2 53 %, further supports
the notion that locus-specific maintenance of 5ShmC contributes to breast cancer
pathogenesis. Whether CpG loci within these regulatory regions are subject to locus-
specific increases in 5hmC or are protected from 5hmC loss during carcinogenesis will
require more detailed interrogation of 5ShmC at these loci across normal and malignant
tissues. Additionally, our observation that the high 5ShmC CpGs identified in this cohort
are enriched among differentially methylated loci between normal and malignant tissue
supports the idea that alterations in 5hmC contribute to breast cancer pathogenesis.
Future work is needed to examine the directionality of this phenomenon at the level of
individual genes. Total genomic 5hmC in breast tumors has also been observed as a
poor prognostic indicator?®, suggesting that 5ShmC abundance may also contribute to
tumor progression. Studies profiling 5ShmC at base-resolution in tumors with available

follow up and outcome data are required to further explore this relationship.
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While we are encouraged by the consistency of our findings with previously
published work, our measurements of 5ShmC are aggregates across breast tissue cell
types, which could introduce noise into our data. Though we addressed this issue using
a reference-free cell type deconvolution method, we recognize that larger studies will
provide more precise estimates of cell type proportions and their potential variation
across subjects. Additionally, although the array-based approach we utilized is an order
of magnitude less costly than whole-genome bisulfite sequencing, we expect such an
approach would provide additional insights to the distribution and functional implications
of 5ShmC in breast tissue in future studies.

In summary, we analyzed data from tandem processed BS and oxBS-treated
methylation arrays to produce a genome-wide map of 5hmC and 5mC in normal breast
tissue. ldentification of multiple transcriptional (co)-activators and chromatin modifying
genes containing elevated levels of 5hmC, including several breast-specific TSGs,
suggests 5hmC may be involved in regulation of key transcriptional programs in normal
breast tissue. Consistent with previous findings, 5ShmC was highly enriched among
regulatory regions associated with transcriptionally active chromatin, while depleted
among regions associated with gene repression. Additionally, we provide evidence that
dysregulation of 5ShmC in breast tissue may contribute to carcinogenesis. These findings
extend our understanding of epigenetic regulation in normal breast tissue and provide a

reference that can be used in the study of functions of 5ShmC in diseased breast tissue.

Methods

Study population
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Fresh-frozen disease-free breast tissue was obtained from 18 subjects sourced from the
National Disease Research Interchange (NDRI). All subjects provided written informed
consent at the time of surgery for use of their tissue specimens in research as approved
by the committee for protection of human subjects (IRB). Subject demographics were
available for study and all tissues accessed were from deceased subjects. This work

was performed in accordance with the ethical principles in the Declaration of Helsinki.

DNA extraction, conversion, and methylation profiling

DNA extraction was performed with the QIAmp DNeasy tissue kit (Qiagen) according to
the manufacturer’s instructions. DNA conversion and methylation profiling have been
described previously. Briefly, quantity and quality of breast tissue DNA was determined
with the Qubit 3.0 fluorometer (Life Technologies). Tandem bisulfite and oxidative
bisulfite conversion was performed using the TrueMethyl® kit v.1.1 (Cambridge
Epigenetix) protocol optimized for Infinium HumanMethylation450 arrays (450K,
lllumina, Inc., San Diego, CA), with an input of 4ug per sample. Genomic DNA was then
sheared to ~10kb fragments using g-TUBE (Covaris) and purified with the Gene-JET
PCR Purification kit (Thermo Scientific). oxBS conversion was then performed with
1.4ug of sheared DNA according to the TrueMethyl protocol, and 1.05ug for bisulfite
conversion using manufacturer recommended mass and volume. ssDNA was recovered
and quantified with Qubit and processed on lllumina 450K methylation arrays at the

UCSF genomics core facility.

RNA extraction and gene expression
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RNA extraction was performed using the RNeasy Mini tissue kit (Qiagen) according to
the manufacturer’s instructions. Qubit 3.0 was used to determine RNA quality and
quantity prior to expression profiling. Absolute expression quantification was performed
using the nCounter Analysis System (NanoString Technologies). Transcripts selection
was performed in conjunction with previously published work33, and limited to genes
with known functions in breast tissue and an appreciable abundance of 5hmC, as well
as being amenable to probe design for the nCounter assay. Epigenetic enzymes TET1,
TET2, TET3, DNMT3A (transcript variants 2, 3, 4), DNMT3B, and DNMT1 were also
selected for gene expression profiling. Platform associated variation was normalized
using the nSolver Analysis software (NanoString, V2.6). Expression of candidate
transcripts of interest was normalized to that of housekeeping genes PUM1, BUSB,
TBP, ACTB, and SDHA. Normalized gene expression data from this experiment are

available in Supplementary Data 6.

Data processing and statistical analysis

5-(hydroxy)methylcytosine estimation and quality control

All data analysis was conducted in R version 3.3.1. Data processing of raw signals from
BS and oxBS-treated samples has been previously described. Briefly, normalization and
background correction were performed using the FunNorm procedure available in the
R/Bioconductor package minfi (version 1.10.2). CpG sites located on sex chromosome
or those previously identified as cross-reactive or containing SNPs were removed prior
to analysis. After quality control, 387,617 CpGs were left for analysis. To perform

estimation of 5mC and 5hmC proportions in each sample, we applied the recently
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developed OxyBS algorithm, which uses a maximum likelihood-based method and more
appropriate statistical constraints than previous methods to accurately predict
methylated and unmethylated proportions. Code used to perform the estimation is
available in R-package ‘OxyBS’'?°. To identify CpG sites with greatest potential to be
functionally relevant, we selected the 3876 CpGs among the top 1% median 5hmC
value across all samples. These CpGs are referred to as the ‘high 5ShmC CpGs’ in the

results section.

Enrichment analyses of high 5hmC CpG loci

To test genomic feature enrichment, the GenomicRanges R/Bioconductor package was
used to constructed contingency tables describing the overlap between genomic
coordinates of high 5hmC CpGs and specific genomic features of interest (for example,
post-translationally modified histones), stratified by CpG island context. This approach
resulted in four contingency tables per enrichment test, each denoting the overlap
between high 5ShmC CpGs and the genomic feature within that specific CpG island
context. We then applied Cochran-Mantel-Haenszel tests to obtain odds ratios (ORs)
and P-values. For all enrichment tests, CpG sites assayed on the Infinium 450K array
were used as background. Genomic regions (introns, exons, promoters, intergenic)
were defined using the UCSC_hg19_refGene file from the UCSC Genome Browser.
Where CpG loci were associated with more than one genomic regions, the following
precedence was applied: promoter>exon>intron. R/Bioconductor packages

llluminaHumanMethylation450kmanifest, version 0.4.0, and
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llluminaHumanMethylation450kanno.iimn12.hg19, version 0.2.1 to obtain relevant array

annotation data, including CpG island context.

Preprocessing and quality control of TCGA and GSE66313 data-sets

DNA methylation data from the TCGA project and NHMN (GSE66313) were
subjected to the preprocessing and quality control pipeline described in Salas et al®.
Briefly, raw intensity data files (IDATs) obtained using the 450K microarray platform
were imported and processed using the RnBeads R package®. Methylation B-values for
individual CpG loci were calculated as the ratio of methylated probe intensity divided by
the total signal from the methylated and unmethylated signal intensities, plus an offset
of 100%. Background correction was performed using methylumi-noob®® and normalized
using a functional normalization procedure®. Probes designed against CpG loci on sex
chromosomes, non CpG loci, or previously documented as polymorphic or cross-
reactive were excluded from subsequent analyses®°. Finally, the Greedycut hierarchical
algorithm®® was applied to the remaining data to identify and remove unreliable
samples/probes. Briefly, Greedycut iteratively produces a matrix of retained and
removed measurements each time the algorithm is applied to data where
probes/samples are iteratively added/removed. Probes/samples with the highest

fraction of unreliable measurements are removed from further analysis.

Analysis of CpG specific associations

Differential methylation status between normal-adjacent and tumor/DCIS tissue

at individual CpG-loci in the TCGA and NHMN data sets was determined by using
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multivariable linear models for microarray data (limma)®! to model logit-transformed
methylation B-values (M-values). Models were adjusted for subject age, and Bonferroni
correction was used to adjust for multiple testing. To determine if the proportion of high
5hmC CpG loci demonstrating significant differential methylation between normal and
invasive breast tissue was greater than would be expected due to chance, we first took
1000 samples of randomly selected CpG loci of identical size (n=3572) and CpG island
context to the high 5hmC CpG loci. After ordering each randomly selected CpG set
according to P-value magnitude, a single P-value distribution representative of a ‘null’
distribution was generated by averaging P-values across the 1000 sets. P-value
distributions for the high-5hmC loci and the set representative of the ‘null’ distribution

was then compared using the Kolmogorov-Smirnov test (Supplementary Figure 6).

Cell-mixture deconvolution

Fluctuations in cell-type proportions between samples is a well-documented
potential confounder in studies of DNA methylation®2 83, Reference-free cell mixture
deconvolution methods have been recently developed and widely used®, to infer
putative cell type proportions in studies of heterogeneous tissues where tissue-specific
reference DNA methylomes do not exist. We used the RefFreeEWAS algorithm,
implemented using R-package RefFreeEWAS3 to estimate putative cell-types and their
cellular proportions in each sample. A variant of non-negative matrix factorization, the
RefFreeEWAS algorithm attempts to identify the major axes of cellular variation in DNA
methylation data and deconvolute these to methylomes of the individual cell types.

Using methylation proportions from BS-treated DNA, we selected the 10,000 most
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variable CpG loci to determine the optimal number of cell-types (K) that explain the
methylation data across all 18 samples. K=2 was identified as the optimal number of
putative cell-types. Finally, the full set of 387,617 passing the quality control procedures
described above, were used to obtain sample-specific estimates of the proportions for

each of the two putative cell-types.

Data Availability

Raw (IDAT files) and normalized DNA methylation data (450K platform)

used to estimate 5ShmC and 5mC propotions from the 18 normal breast tissue samples
are available under accession GSE73895 in the Gene Expression Omnibus (GEO)

(http://www.ncbi.nlm.nih.gov/geo/). Raw DNA methylation data for DCIS and adjacent-

normal tissue samples from the NHMN is also available in GEO (GSE66313). Level 1
TCGA breast (BRCA) intensity files derived from the 450K platform were downloaded
from the TCGA data portal and are currently available through the National Cancer
Institute (NCI) Genomic Data Commons (GDC) data portal

(https://portal.gdc.cancer.gov/). Coordinates of DNase hypersensitivity sites and histone

modfications (derived from ChIP-seq experiments) in breast myoepiethial cells and
HMECs were downloaded from the NIH Roadmap Epigenomics Project® and are also
available in GEO. Specific GEO accession numbers from each Roadmap Epigenomics

experiment can be found at https://www.ncbi.nlm.nih.gov/geo/roadmap/epigenomics/.

All other data are available within the article or Supporting Information.

Code Availability
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R code used for all analyses is available in the ‘Normal-Breast-5hmC’ repository on

GitHub (https://github.com/Christensen-Lab-Dartmouth).
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Figure 1 — Abundance and genomic distribution of 5hmC in breast tissue. (A) Cumulative

density distributions of median 5ShmC and 5mC methylation beta-values breast tissue (n = 18). (B)

Cumulative density distributions of Pearson and Spearman correlation coefficients as calculated for

the relationship between 5hmC and 5mC beta-values at each CpG loci across all breast tissues (n =

18). Percentiles of median 5mC (C) and 5hmC (D) beta-values as calculated across all breast tissues

and stratified by CpG island context (islands, shores, shelves, and oceans).
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Figure 2 — 5hmC is uniquely distributed in breast tissue. (A) Rank ordered distribution of CpG-
specific median 5hmC as calculated across 18 breast tissues. Purple, blue, and red lines, in
conjunction with arrows and labels, indicate number of CpG loci with at least a minimum beta-value of
0.05, 0.10, and 0.15, respectively. (B) Rank ordered distribution of CpG-specific median 5hmC as
calculated across 18 breast tissues, with the highest 1% mean 5hmC values (the ‘high 5hmC CpG
sites’) across all samples denoted in red. Green line denotes mean 5hmC value of the 3876" rank
ordered high 5hmC CpG. (C) Scatter density plot of 5hmC beta-value vs 5mC beta-value for all high
5hmC CpGs. Each high 5hmC CpG is plotted once for each sample. Regions of orange and red
indicate higher density of CpGs, whereas darker (black) regions indicate sparsity. (D) High 5hmC

CpG site distribution relative to nearest canonical transcriptional start site (TSS). Vertical axis
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indicates percentage of high 5hmC within each distance grouping denoted on horizontal axis.

Distance groupings provided for regions upstream and downstream on canonical TSSs. kb; kilo

bases.
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Figure 3 — 5hmC is enriched at regions associated with transcriptional activity. Forest plot of
Cochran-Mantel-Haenszel odds ratios and 95% confidence intervals (95% CI) from testing
enrichment of high 5hmC CpGs among indicated genomic features, against 450K background set.

Numerical values for odds ratios and P-values are provided in the adjacent table.
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Figure 4 — 5hmC is positively associated with gene expression. Spearman correlation
coefficients of relationship between 5hmC (A) and 5mC (B) abundance and gene expression at high
5hmC CpGs associated with candidate genes of interest. Colors denote methylation-expression
relationship of CpGs associated with the genes denoted on x-axis. Bubble size corresponds to
statistical significance (-Log1o P-value) associated with correlation coefficient. (C) Genomic annotation
for the 18 high 5hmC CpGs tested for correlations between methylation and gene expression. (D & E)

Scatter plots of subject-specific 5ShmC or 5mC beta-values for cg01915609 (d) and cg23267550 (e)
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against Log» expression values for RAB32. Regression line indicated in blue with 95% confidence

bands in gray.


https://doi.org/10.1101/339069
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339069; this version posted June 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

A
variant human mammary epithelial cells (vHMEC)
DNase -
H3k4me1 | e
H3K4me3 - |
H3K36me3 : ——
H3K9me3 | - :
H3K27me3| o
0 1 2 3 4
Odds Ratio
B ,
161
Cell type
12] MCF-7
MDA-MB-231 Cells
B T47D
g
<} logOdds ratio
= ® 16
2 @138
@20
[ P¥i
41

F PSS
<<:-o<<°*y(9€$QQyQR‘g~

Transcription factor binding sites (cistrome database)

Figure 5 - Normal breast tissue 5hmC is enriched at regulatory regions in transformed and
malignant breast cell lines. (A) Forest plot of Cochran-Mantel-Haenszel odds ratios and 95%
confidence intervals (95% CI) from enrichment tests of high 5hmC CpGs among indicated genomic
features, against 450K background set, in variants human mammary epithelial cells (vHMEC).
Numerical values for odds ratios and P-values are provided in the adjacent table. (B) Vertical axis
provides -Logi0 FDR Q-value from enrichment tests (Fisher’s exact test) of high 5ShmC CpGs,
compared to 450K background set, among transcription factor binding sites (TFBSs, profiled as part

of the Cistrome project) indicated on horizontal axis. Colors relate to cell lines profiled by chromatin
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immunoprecipitation sequencing (ChlP-seq) experiments for the indicated TFBSs. Bubble size relates

to effect size (log odds ratio) from enrichment tests.
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Figure 6 — Differential methylation analysis of tumor and normal breast tissue at high 5Shmc
CpG loci. Volcano plot shows results from 3572 age-adjusted multivariable linear (limma) models of
differential methylation across normal (n = 95) and tumor tissue (n = 753) for each of the high 5ShmC
CpGs. Red points demonstrated statistically significant differential methylation status across normal
and tumor tissues after correction for multiple testing. Dashed red line indicates Bonferroni

significance threshold for 3572 tests (P = 1.3E-05).
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Table 1 - Genomic Regions Enrichment of Annotations Tool (GREAT) analysis of genomic regions
containing high breast 5ShmC CpGs

H R H FDR
GO: Biological Process Hyper fold yper Raw yper

enrichment P-value Q-value
lactate oxidation 28.3 2.1E-03 2.9E-02
positive regulation of mast cell differentiation 17.5 1.1E-06 6.3E-05
interleukin-17 production 11.7 4.6E-07 3.2E-05
negative regulation of cell adhesion molecule production 11.3 4.2E-04 8.6E-03
D-serine biosynthetic process 10.3 1.2E-04 3.2E-03
prolactin signaling pathway 9.5 9.6E-06 3.8E-04
development of secondary male sexual characteristics 9.4 1.1E-05 4 1E-04
D-serine metabolic process 9 2.4E-04 5.4E-03
dendritic spine maintenance 8.3 4.2E-07 3.0E-05
negative regulation of interleukin-2 biosynthetic process 8.2 1.0E-04 2.7E-03
GO: Molecular Function
phosphatidylinositol 3-kinase catalytic subunit binding 12.40 1.8E-03 4.3E-02
A1 adenosine receptor binding 10.72 5.2E-04 1.9E-02
D-serine ammonia-lyase activity 10.33 1.2E-04 5.9E-03
threonine racemase activity 10.33 1.2E-04 5.9E-03
serine racemase activity 10.33 1.2E-04 5.9E-03
interleukin-18 binding 9.23 9.3E-04 2.9E-02
nicotinamide N-methyltransferase activity 9.18 2.2E-04 9.3E-03
sequence-specific DNA binding transcription factor recruiting 9.02 2.4E-04 9.9E-03
transcription factor activity
polo kinase kinase activity 9.02 1.0E-03 3.0E-02
CCR5 chemokine receptor binding 8.90 1.5E-05 9.6E-04
GO: Cellular Process
replication fork protection complex 14.17 1.2E-03 1.9E-02
host cell membrane 7.78 1.8E-03 2.5E-02
cortical endoplasmic reticulum 6.12 1.4E-03 2.2E-02
growing cell tip 5.34 3.8E-04 7.5E-03
transforming growth factor beta receptor homodimeric complex 5.29 1.6E-04 3.9E-03
actin cap 5.03 5.4E-04 9.4E-03
extrinsic to external side of plasma membrane 4.25 3.1E-03 4.2E-02
mitochondrial outer membrane translocase complex 4.19 3.6E-04 7.3E-03
MLL5-L complex 3.75 2.2E-04 4.7E-03
cell tip 3.65 3.4E-03 4.5E-02

GO, Gene Ontology; FDR, False discovery rate
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Table 2 - Statistical comparison of P-value distributions obtained in differential
methylation analyses between tumor/DCIS and adjacent normal tissues

Kolmogorov-Smirnov test

Data-set Comparison D-statistic P-value
TCGA Normal vs tumor 0.032 0.046
NHMN Normal vs DCIS 0.036 0.017

Two-sided Kolmogorov-Smirnov (KS) tests were used to compare P-value distributions from
a randomly generated CpG set (see Methods) with those obtained from differential
methylation analyses in the indicated data sets. TCGA, The Cancer Genome Atlas; NHMN,

New Hampshire Mammography Network.
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