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Abstract

Although B cell acute lymphoblastic leukemia (ALL) is the most common malignancy in children
and while highly curable, it remains a leading cause of cancer-related mortality. The outgrowth

of tumor subclones carrying mutations in genes responsible for resistance to therapy has led

to a Darwinian model of clonal selection. Previous work has indicated that alterations in the
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epigenome might contribute to clonal selection yet the extent to which the chromatin state is
altered under the selective pressures of therapy is unknown. To address this, we performed
chromatin immunoprecipitation, gene expression analysis, and enhanced reduced representation
bisulfite sequencing on a cohort of paired diagnosis and relapse samples from individual patients
who all but one relapsed within 36 months of initial diagnosis. The chromatin state at diagnosis
varied widely among patients: while the majority of peaks remained stable between diagnosis and
relapse, yet a significant fraction were either lost or newly gained with some patients showing
few differences and others showing massive changes of the epigenetic state. Evolution of the
epigenome was associated with pathways previously linked to therapy resistance as well as

novel candidate pathways through alterations in pyrimidine biosynthesis and downregulation of
polycomb repressive complex 2 targets. Three novel, relapse-specific super-enhancers were shared
by a majority of patients including one associated with S100A8, the top upregulated gene seen

at relapse in childhood B-ALL. Overall, our results support a role of the epigenome in clonal
evolution and uncover new candidate pathways associated with relapse.

Statement of Significane: This study suggests a major role for epigenetic mechanisms in

driving clonal evolution in B ALL and identifies novel pathways associated with drug resistance.

Keywords
Epigenetics; leukemia; drug resistance; super enhancers

INTRODUCTION

The prognosis for children with acute lymphoblastic leukemia (ALL) has improved
significantly (1,2). However, relapsed ALL remains a leading cause of cancer mortality in
children and there is an urgent need to identify the biological basis of drug resistance (3-5).
We and others have studied the clonal evolution of drug resistance leading to the discovery
of relapse-specific or enriched somatic genetic alterations that result in resistance to one or
more agents used in treatment (6-10).

Interestingly, two thirds of relapse-enriched mutations occur in genes encoding epigenetic
regulators (11-13). We previously reported that leukemic blasts display a unique gene
expression signature at relapse (8) and found that the histone deacetylase inhibitor (HDACI)
vorinostat “reversed” the signature and restored chemosensitivity (10). Lastly, the relapsed
genome is hypermethylated compared to diagnosis (8) and combination therapy with

DNA methyltransferase and HDAC inhibitors works collaboratively with conventional
chemotherapy to overcome drug resistance (10).

These studies implicate the epigenome in clonal evolution and treatment failure.
Investigators have examined the regulatory epigenetic networks in hematological
malignancies, (14-17) but mapping of genome-wide epigenetic state of primary leukemic
blasts at diagnosis and relapse of B-ALL is lacking.

To understand the impact of epigenetic variation on clonal evolution we embarked on
an unbiased genome-wide approach to map the location of key DNA methylation and
histone marks in diagnosis/relapse pairs from bone marrow of children with B-ALL. Our
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studies reveal great diversity in the chromatin state between individual patients and over the
course of therapy. However, we observed a coalescence on particular epigenetic pathways
associated with known mechanisms of drug resistance as well as previously unrecognized
pathways that may drive relapse. These observations underscore the importance of
epigenetic changes in mediating clonal evolution of relapsed disease.

MATERIALS AND METHODS

Samples and Sequencing Methods:

Cryopreserved paired diagnosis/relapse primary patient bone marrow or blood samples
from individual patients who initially relapsed within 36 months of diagnosis (except

for 1 who relapsed at 38 months) were obtained from the Children’s Oncology group
(COG) ALL biorepository. All patients (and/or parents) had written informed consent for
the use of their tissue in research. Two cohorts were processed in chronological order.
Cohort A patients (14 pairs) were treated on COG protocols AALL0331 and AALL0232
for NCI standard and high risk patients, respectively. Cohort B patients (20 pairs) were
treated on COG protocols AALL0932 and AALL1131 for NCI standard and high risk
patients, respectively. Details of all the samples are summarized in Supplementary Table S1.
Cohort A samples were processed using conventional ChlPseq using antibodies targeting
histone marks associated with transcriptional activation (H3K4me3, H3K9ac), enhancers
(H3K27ac), and repression (H3K9me3, H3K27me3). Gene expression microarrays were
already available in the TARGET database. Cohort B samples were processed using
ChIPmentation, which uses significantly fewer cells (18), for 3 histone marks (H3K27ac,
H3K27me3 and H3K9ac) that showed significant shifts across samples in preliminary

data from cohort A. RNAseq, DNA enhanced reduced representation bisulfite sequencing
(eRRBS) and whole genome sequencing (WGS) were performed according to published
methods as discussed in Supplementary Information. Sequencing data are deposited in Gene
Expression Omnibus (GSE156563).

Analytical Methods:

Differential histone modification and methylation analysis: Sequencing reads
were analyzed according to standard approaches as described in Supplementary Information.
Genome-wide annotations of peaks were performed using ChlPseeker R package (R version
3.4) (19). Epigenetic changes between paired diagnosis/relapse samples were analyzed

using the R Bioconductor package DiffBind (version 3.6) (20) with a blocking factor. To
avoid picking up insignificant changes due to background noise, we enriched for the most
significant peaks by selecting those in the top 10t percentile in normalized read density
across patients. To determine statistical significance, the distribution of the fold-changes
was compared against the distribution of fold-changes under permutation (permuting the
diagnosis and relapse label of each paired samples). Next, we defined a gain of peak at the
time of relapse as fold change of peak intensity >1.5 (log2FC>0.58) and a loss of peak at
the time of relapse as fold change <0.66 (log2FC<-0.58), and these changes are referred as
“dynamic” changes. Furthermore, we delineated gains and losses as “exclusive” changes in
any given genomic region if no peak was called in one condition (diagnosis or relapse) while
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a peak of great intensity (absolute log2FC>3) was noted in the other condition. Epigenetic
changes at a false discovery rate (FDR) level of 20% are reported as significant.

Differential methylation was assessed using methylKit (21) leading to the identification
of empirically based differentially methylated regions (22), which were CpGs with

>25% differential methylation (up or down) and SLIM (Sliding Linear Model) adjusted
p-values <0.01 (g-value). Q-value is the Sliding Linear Model-adjusted p-value from
methylKit. Refseq was used to annotate genic regions and UCSC genome browser (http://
genome.ucsc.edu) was used to annotate CpG islands.

Putative enhancer and super-enhancer analysis: To identify putative regulatory
enhancers we generated chromatin state maps based on differential binding analysis of
H3K27ac. We excluded regions +/-3 kb from TSS of RefSeq genes as well H3K4me3

peaks to eliminate promoters. Peaks with average normalized read intensity values across
patients in the bottom 25t percentile were excluded to focus on highly enriched regions of
H3K27ac. Typical enhancers were identified by executing the ROSE algorithm (23) using
default parameters with a stitching distance of 12.5 and a TSS exclusion zone size of

0. Likewise, super-enhancers (SE) were identified as described previously (24), using the
geometric inflection point to establish the cut-off. A simple linear model was fit to the ROSE
output and the most significant genes closest to the SE were plotted with a FDR threshold of
<0.2 and an absolute fold-change of >2.5.

Gene expression analysis: The TARGET database was used to segregate genes into
up-regulated and down-regulated categories based on the log ratio of the fold change at
relapse compared to diagnosis (Cohort A). RNAseq data was processed as described in
Supplementary Information.

Correlation of gene expression with differential histone modification: Genes
were paired on a one-to-one manner with promoter-associated (activation) or promoter and
gene body-associated (repressive) histone peaks within individual samples and grouped
based on types of histone changes seen between a diagnosis/relapse pair: dynamic gains or
losses, exclusive gains or losses, and unchanged peaks. Box plots were generated to show
the correlation of the different types of histone changes to the log2FC in gene expression.
Wilcoxon test was performed to determine statistical significance.

Correlation of gene expression and DNA methylation changes: To correlate
changes in gene expression with changes in promoter DNA methylation (Cohort B) we
focused on those genes with robust changes in expression representing approximately 10%
of the total number of transcripts. The normalized DESeq2 counts (cutoffs: low=<4 and
high=>20) of protein coding genes were used to categorize genes based on the direction of
expression changes from diagnosis to relapse: low to high (LH) and high to low (HL). The
log2FC for each gene within the groups were calculated and used to generate a box plot. A
box plot was also generated using the coherence values from the promoter-associated (+1kb
TSS) methylation state of each gene within the two groups to show their correlation with
log2FC in methylation (absolute log2FC>0.58). Wilcoxon test was performed to determine
statistical significance.

Cancer Res. Author manuscript; available in PMC 2021 December 06.
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Integration of gene expression data with ChiPseq and methylation data: The
status for each specific histone mark and CpG methylation at the promoters of the up- and
down-regulated genes (fold cut-off =1.5) for each sample pair were analyzed. For H3K27ac,
changes in enhancers were also associated with the nearest genes. For each patient, the
percentage of gains or losses in gene expression that directly correlated with changes in
histone or DNA methylation status was determined. Bar graphs were generated to represent
the percent correlation per patient, per mark. These were then combined to generate a
stacked bar graph showing the overall contribution of epigenetic regulation of transcriptional
output.

Extensive profiling of the chromatin state among matched diagnosis/relapse B-ALL pairs

We present data on two cohorts of matched diagnosis/relapse samples (Fig. 1a). Based

on the number of live cells after thawing, immunoprecipitation was prioritized for
H3K27ac and H3K27me3 marks. The mean number and size of peaks for each mark is
enumerated in Fig. 1b and Supplementary Table S2. Although the total number of peaks
varied widely among the samples (Fig. 1b), the numbers at diagnosis and relapse per
sample were correlated with one another for all marks except H3K9me3, possibly due

to the small number of samples analyzed (Fig. 1c, Supplemental Fig. S1). The width
(genome occupancy) of peaks were greatest for H3K27me3 and H3K9me3 repressive marks
compared to H3K4me3, H3K9%ac and H3K27ac activation marks consistent with previous
reports (25). These results indicate the regulatory chromatin network is quite diverse
between samples from individual patients but that total peak number is relatively stable
from diagnosis to relapse.

We also examined the distribution of histone peaks at diagnosis and relapse (Fig. 1d).

We observed that 35-40% of peaks for activation marks (H3K4me3 and H3K9ac) were
deposited within promoter regions at both time points, which is in contrast to 18% and
10% for repressive marks H3K9me3 and H3K27me3, respectively. Likewise, as expected,
the majority of repressive marks (~50%) were in intergenic regions. As H3K27ac is a mark
for promoters and enhancers, a significant number of peaks were also localized within gene
bodies (~50%). Overall, no major differences were observed in the overall genomic region
of occupancy between diagnosis and relapse.

Evolution of histone modifications from diagnosis to relapse

While the majority of histone marks were shared between diagnosis and relapse, a
significant number of gains or losses were observed in all samples (Fig. 2a, Supplemental
Table S3). Changes were most notable for H3K27me3 and H3K27ac (Fig. 2a). Overall,
changes were evenly split between gains and losses as well as exclusive and dynamic
changes. Examination of individual pairs revealed a striking degree of epigenetic diversity
over time with some samples showing remarkable conservation and others revealing
dramatic evolution from diagnosis to relapse (Supplemental Fig. S2a). This is not due to
heterogeneity of samples (e.g. low blast percentage) as there was no significant correlation
between difference in percent blasts and total changes (Supplemental Fig. S2b). As
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expected, most samples contained relapsed-enriched mutations in epigenetic regulators,
however no strict correlation between mutations in epigenetic regulators and epigenetic
diversity over time was evident (Supplemental Table S4). Moreover, there appeared to be
no correlation between the extent of changes between diagnosis and relapse and time to
relapse. However, most of our samples were from children who relapsed within 36 months
of diagnosis.

Interestingly, the majority of gains and losses were at promoter regions for all marks,

except H3K9me3 (Fig. 2b vs. Fig. 1d) suggesting intergenic and gene body areas are more
stable. To better understand changes in promoter states and the role of bivalent promoters,
we focused on pairs of samples for which we had both H3K4me3 and H3K27me3 data

(11 total) dividing promoters into repressed (H3K27me3), active (H3K4me3), bivalent
(both) or absent (neither). Promoters defined as repressed, bivalent, or absent were more
likely to demonstrate a shift compared to those defined as active. Bivalent promoters

most often either remained bivalent or became active (Fig. 2c, Supplemental Fig. S3). For
all the marks, the majority of the changes occurred at the promoters of protein coding

genes (59-87.7%) although there were significant numbers of InNcCRNAs (9.4-34.2%) and
mMiRNAs (1.97-7.7%) associated with the changed peaks (Fig. 2d, Supplemental Table S3).
Unsupervised clustering of H3K9ac and H3K27ac promoter marks revealed that while the
chromatin state was unique to each sample (e.g. the total number of peaks varied extensively
from patient to patient) most pairs did not align next to one another suggestive of significant
evolutionary drift over time for the majority of patients (21/31 for H3K27Ac; 12/22 for
H3K9Ac) (Fig. 2e, Supplemental Fig. S4).

Promoter DNA hypermethylation at relapse

Analysis of DNA methylation state across different genomic regions revealed promoter
associated CpGs were hypermethylated at relapse in the majority of the samples compared
to diagnosis, which is in support of previous data from our lab and others (Fig. 3a).
Unsupervised clustering showed that most pairs (12/17, 70%) clustered next to one another,
indicating a highly personalized methylome for individual leukemia samples (note three
relapse samples do not have associated diagnosis sample) (Fig. 3b). Five of 17 pairs,
however, showed considerable divergence from diagnosis to relapse and these samples
showed a greater median time to relapse (paired: 12.5 months, 95% CI1=9.94-18.73;
separated: 21 months, 95% CI1=19.68-24.32, p=.0033) (Fig. 3c). Interestingly, only 7 out of
16 (44%) pairs clustered together based on H3K27ac (Fig. 2e), highlighting the importance
of studying all layers of epigenetic regulation. GSEA identified polycomb repressive
complex 2 (PRC2) targets as the one of the most significantly affected by DNA methylation
changes with the majority of patients having hypermethylation of PRC2 complex target
genes (Fig. 3d-e, Supplemental Table S5). The NOS and NANOG target pathways were
shared only by those patients that had divergent methylomes from diagnosis to relapse,
suggesting possible convergence over time (Fig. 3d, Supplemental Table S5).

Epigenetic changes correlate with alteration in gene expression

To understand the impact of epigenetic alterations on gene expression, we integrated already
available gene expression microarray results from the TARGET database (cohort A) and

Cancer Res. Author manuscript; available in PMC 2021 December 06.
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RNAseq (cohort B). As shown in Figure 4a, there was a positive correlation between
differential H3K27ac peaks at gene promoters and changes in gene expression, which is
consistent with previous reports (26). The correlation was more pronounced for exclusive
changes compared to dynamic changes (Fig. 4a). H3K9ac differential promoter peaks also
correlated with changes in gene expression, while H3K27me3 showed minimal negative
correlation (Supplemental Fig. S5a). The lack of direct correlation of H3K4me3 with gene
expression is not surprising, as a significant subset exists as bivalent promoters (range

at: diagnosis 13.8-73.1%, median 37.9%; relapse 24.3-81.8%, median 33.5%) (Fig. 2d,
Supplemental Fig. S3) (27,28). H3K9me3 did not correlate either; however, we had the least
amount of samples for this mark.

Changes in DNA methylation at promoters in relapse were also correlated with alterations
in gene expression. As expected, genes that were upregulated at relapse (low/high) had

a loss of promoter CpG methylation while those that were downregulated at relapse
(high/low) had a gain in promoter CpG methylation (Fig 4b). Based on our finding of
hypermethylation of PRC2 targets, we assessed gene expression levels for the leading edge
genes for each patient and found variability in the expected decrease in expression. In three
of five patients the majority of the genes were indeed downregulated (absolute L2FC>0.32)
while one patient showed many genes were paradoxically upregulated (Supplemental Fig.
S5b). In comparison, the two patients who had hypomethylation of PRC2 targets had more
upregulated genes (Supplemental Fig. S5b).

We also sought to understand the combined impact of alterations in chromatin and

DNA methylation on changes in transcriptional output between diagnosis and relapse.
Collectively, 20-30% of changes in gene expression correlated with changes in histone
marks and an additional 5-10% correlated with DNA methylation differences (Supplemental
Fig. S5¢). However, these figures varied significantly across patients (Fig. 4c). When
combining all histone and DNA methylation changes (cohort B), 23.6%-71.6% of the gains
and 26.8%-61.7% of the losses in gene expression across patients were associated with
expected changes in the epigenome. Collectively, these results further support our hypothesis
that epigenetic reprogramming may have substantial impact on clonal evolution and it is
highly variable among patients.

Convergent evolution of the epigenome correlates with pathways associated with drug

resistance

To understand the extent to which the epigenome correlates with the downstream signaling
state of leukemic blasts, we performed pathway analysis on each sample pair individually
using differential gene expression or histone peaks at promoters for each mark and then
determined the shared pathways. This analysis revealed known cancer driving pathways,
such as p53, JAK/STAT, Ras, Wnt, and apoptosis for each of the histone marks, suggesting
various epigenetic alterations converge on signaling networks previously shown to be
associated with drug resistance (Supplemental Fig. S6) (9,29). These pathways were also
shared by >20% of patients as assessed by differential gene expression (Supplemental Fig.
S7). In fact, >50% of pathways impacted by differential H3K27ac and H3K9ac peaks
were also identified using differential gene expression (Supplemental Fig. S7). We then
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determined the extent to which shared pathways associated with H3K27ac promoter changes
correlated with shared pathways associated with promoter changes in other histones,

CpG methylation state, and gene expression. Pathway analysis of differential H3K27ac at
promoters correlated best with pathways affected by gene expression and promoter changes
of activating marks (H3K9ac, H3K4me3) and much less with the repressive marks (Fig.

5) consistent with their greater impact on gene expression. This analysis suggests that
changes in different epigenetic marks likely facilitate evolution of similar transcriptional
states and downstream pathways. For example epigenetic shifts are associated with changes
in the expression of Ras, B cell activation, T cell activation, JAK/STAT (30), PI3K (31)

and apoptotic programs all of which have been previously linked to acquisition of the drug
resistant state.

We sought to determine the degree to which samples shared gain or loss of histone promoter
marks at specific loci, which might reflect modulation of specific genes involved in tumor
escape rather than convergence on downstream pathways. We did not find significantly
shared differential H3K9ac promoter peaks among the whole cohort (FDR <0.05, abs
L2FC=0.58). However, when we separated patients into early relapse (<18 months) vs.
intermediate relapse (>18 months) we saw a significant number of shared differential peaks
(4463) for intermediate relapse and none for early relapse (Fig. 6a). Likewise, when we
examined H3K27ac promoter peaks we observed a significant number of shared differential
promoters (238) among the intermediate relapses (FDR<0.05, abs L2FC=0.58) (Fig. 6a).
These results suggest that longer exposure to chemotherapy is more likely to result in
modulation of specific genes that lead to later relapse. Pathway analysis (Fig. 6b) of these
shared differential peaks among intermediate relapse patients revealed many of the same
pathways noted above in analysis of the whole cohort and documented to be involved

in drug escape. However, we also observed novel pathways such as pentose phosphate
pathway, salvage pyrimidine ribonucleotides, and pyrimidine biosynthesis. In this regard, it
is noteworthy that the maintenance phase of therapy begins about 6-9 months into therapy
and is heavily dependent on methotrexate, which is an inhibitor of pyrimidine biosynthesis.

Identification of enhancers and super-enhancers associated with relapse

Overall, we identified 11317 unique enhancer regions across patients that were gained

at relapse (fold-change cutoff=1.5), while only 405 regions were lost (fold-change
cutoff=0.66). However, very few of these differential enhancers were shared among patients
with early relapse (6) in contrast to patients with intermediate relapse where we identified
718 shared differential enhancer peaks (FDR<0.05, abs L2FC=0.58) (Fig 6a). Pathway
analysis on these shared enhancers again showed de novo pyrimidine synthesis as the top
pathway as well as Wnt signaling (Fig. 6b), which has previously been associated with B-
ALL drug resistance (9). Based on the de novo pyrimidine pathway having shared H3K9ac
promoter and H3K27ac enhancer peaks, we compared histone peaks with RNA expression
in genes that lead to identifying this pathway. As expected, we noted enrichment of H3K9ac
promoter peaks for intermediate but not early relapse, but gene expression was increased at
relapse compared to diagnosis in both early and intermediate relapse cases for all but one
gene (Fig. 6¢). The same trend was observed for 5/8 genes associated with the other H3K9ac
associated pathways (Supplemental Fig. S8a). While the correlation was not as evident for

Cancer Res. Author manuscript; available in PMC 2021 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fleur-Lominy et al.

Page 9

H3K27ac enhancer peaks, 3/6 genes showed a similar trend with enrichment for H3K27ac
in intermediate relapse samples yet increased gene expression in both groups (Fig. 6c¢). This
unexpected finding suggests that many factors may drive expression of key pathways early
in therapy but more prolonged exposure to therapy might lead to epigenetic consolidation at
specific loci. This pattern was less apparent for enhancer marks in Wnt signaling (Fig. S8b).

Across all patients, 3867 unique SEs were called with an average of 975 at diagnosis and
1111 at relapse per patient. Strikingly, we identified 3 gained SEs shared across a majority
of patients overlapping SZ00A8(20/32), RHAG (17/32) and HBGZ2/HBE1 (18/32) (Fig. 7a
& ¢, Supplemental Fig. S9a & b). A gain/increase of SE correlated with an increase in
expression of associated genes at relapse compared to diagnosis, whereas an unchanged/loss
of the SE was associated with unchanged gene expression at relapse compared to diagnosis
(Fig. 7b). This is consistent with previous data demonstrating significant upregulation of all
three gene transcripts at relapse (8,32). These results linking relapse-specific activation of
super-enhancers to the expression of their target genes across multiple patients provides a
strong indication of their relevance in clonal evolution.

DISCUSSION

Relapsed leukemia is one of the leading causes of death in children with cancer. The major
obstacle to effective therapy is tumor heterogeneity and the emergence of therapy resistant
clones. Discoveries of relapse-enriched somatic variants have been enormously fruitful

in elucidating pathways that drive tumor escape, but far fewer studies have focused on
epigenetic alterations involved in the clonal evolution of drug resistant clones (29,33). This
study provides global insights into the association of epigenetic alterations with individual
genes and pathways known to drive chemoresistance in childhood B-ALL.

The importance of the epigenome in malignancy and drug resistance is supported by

the discovery of somatic alterations that converge on epigenetic regulators. Mar et

al showed that 57% of relapsed ALL patients harbored mutations in genes encoding
epigenetic machinery (SETDZ, CREBBP, MSH6, KDM6A and ML L2) with the majority
representing a gain at relapse not seen at initial diagnosis (12). Likewise, Mullighan and
colleagues observed that 18% of blasts from relapsed patients harbored deletions or somatic
mutations of CREBBP (11). CREBBP missense mutations result in reduced expression

of glucocorticoid-responsive genes. The availability of new agents targeting epigenetic
machinery mandates study of how the epigenome responds to the selective pressures of
therapy.

Our results indicate that the chromatin state varies considerably across patients, which is

in line with the known genomic heterogeneity for various cancers including childhood
leukemias. The fact that the majority of patient-specific patterns are conserved between
diagnosis and relapse also indicates that the epigenetic state, like previous observations
using transcriptome profiling, is highly individualized (34). However, we also show that
considerable evolution of the epigenome can occur over time under the selective pressures of
therapy. Some samples showed minimal differences from diagnosis to relapse while others
showed massive reorganization of the chromatin state. Such variability did not correlate with
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genetic subtype nor the presence of mutations in epigenetic regulators but we did not have
detailed sequence information on all patients.

Another major goal of our study was to determine the extent to which epigenetic changes
were associated with biological pathways previously shown to account for drug resistance
as well as the identification of new pathways. In many respects epigenetic alterations might
endow tumor subclones with greater flexibility to respond to the selective pressures of
therapy. Overall, about one third of changes in gene expression directly correlated with
epigenetic alterations with changes in H3K27ac having the best correlation as has been
seen previously (26). We appreciate that this may be an underestimate since we focused

on only the most robust changes in differential chromatin marks. However our results are
consistent with previous work demonstrating that epigenetic changes may not have the
expected correlation with expression indicating more subtle mechanisms of gene regulation
(26,35-37). This is underscored by the fact that we showed correlation varied greatly among
samples indicating that epigenetic reorganization may play a greater role in mediating
changes in transcriptional output in some patients vs. others. Tumor heterogeneity is also
known to impact correlation between epigenetic alterations and gene expression (14),
therefore focusing exclusively on those chromatin and methylation changes that correlate
with expression may miss important networks involved in clonal evolution. Epigenetic
alterations reported here are disproportionately associated with pathways previously
associated with relapse, such as the RAS/MAPK cascade (7,29).

Another interesting finding was DNA hypermethylation of PRC2 targets at relapse in a
majority of patients. A recent pilot study evaluating epigenetic-targeted therapy in pediatric
relapsed ALL found that the top pathway impacted by treatment was PRC2 targets. They
observed reversal of promoter DNA hypermethylation and subsequent upregulation of
gene expression for PRC2 target genes following treatment with decitabine and vorinostat
(37). These data support a role for DNA methylation in transcriptional regulation of

genes influenced by PRC2. There were five patients that had divergent evolution of their
methylome between diagnosis and relapse, all of whom had intermediate relapses, possibly
indicating convergent evolution. Of note, DNA hypermethylation of NOS and NANOG
target genes, which have been implicated in maintenance of cancer stem cells and epigenetic
reprogramming (38), was observed in only those patients that had divergent evolution.

Importantly our study also revealed novel pathways as candidate drivers of relapse. It

was quite interesting to note that there were no shared individual differential H3K9ac
promoter peaks for early relapse and only 6 shared enhancer marks. In contrast, patients
with intermediate relapse showed many shared differential promoter and enhancer marks.
This suggests that later relapse where selection takes place over an extended period of

time might lead to outgrowth of clones with modulation of distinct loci. A particularly
novel finding was the shared differentially histone peaks associated with genes involved in
de novo pyrimidine biosynthesis. The extended pressure of methotrexate, an inhibitor of
pyrimidine biosynthesis and a cornerstone of maintenance chemotherapy, might explain this
observation. This interpretation is strengthened by the fact that previous observations also
revealed upregulation of genes involved in nucleotide biosynthesis and folate metabolism in
late but not early ALL relapse (8). When comparing the impact of histone peak changes at
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specific loci with gene expression we came upon an unexpected finding. While we observed
enrichment of H3K9ac promoter peaks in intermediate relapse, expression was increased at
relapse for both early and intermediate relapse cases for five of the six genes in this pathway.
Similar findings were also seen for genes in additional pathways identified by enrichment

of H3K9ac promoter peaks in intermediate but not early relapse (pentose phosphate,

salvage pyrimidine, heterotrimeric G-signaling). This indicates that myriad factors may drive
resistance pathways in early relapse but the ongoing selective pressures of chemotherapy
may lead to epigenetic “consolidation” of specific promoters possibly through outgrowth of
subclones that drive evolution. Our analysis also indicated enrichment of H3K27ac ehancer
peaks shared across patients for genes in the de novo pyrimidine biosynthesis pathway

but here the correlation was less striking. Some of the disscrepency may be related to the
fact that it is difficult to assign functional significance to H3K27ac peaks outside promoter
regions and boxplots represents the most differential peak out of multiple peaks within the
region of interest.

One of the most startling findings of our study was the discovery of three novel SE shared
by a majority of patients at relapse. The shared SE at S100A8&is particularly noteworthy

as a meta-analysis of gene expression data from diagnosis/relapse pairs, including our prior
work, indicated that SZ00A8was the top differentially expressed transcript and is part of the
S100 calcium EF-hand superfamily (32). S100A8 can function as a complex with SI00A9
(calprotectin) to buffer cytosolic calcium. Studies have associated elevated SZ00A8 with
poor outcome in AML as well as ALL (39,40). SI00A8/S100A9 has been associated with
glucocorticoid resistance in KMTZA rearranged infant ALL (41). Likewise, expression of
S100A8and S100A9 correlate with resistance to conventional agents and venetoclax in
AML (42). Our findings along with previous work indicates that targeting S100A8 is likely
to be a promising strategy to restore chemosensitivity.

We also identified a novel shared SE adjacent to the B-globin locus, composed of the

HBE, HBG1/2, HBD and HBB genes, with upregulation of HBGZ2. We and others have
noted upregulation of globin transcripts HBG1/2, HBE and HBB at relapse (8,32). Zheng
et al. noted the induction of HBB specifically in circulating tumor cells from patients with
breast, prostate and lung cancers (43). Increased intracellular reactive oxygen species (ROS)
triggered the induction of ABB and depletion of HBB dramatically increased apoptosis
following ROS exposure, a by-product of both chemo- and radiation therapy. Similarly,
Park et al noted overexpression of HBE1 in radio-resistant colon cancer cell lines and
correlated expression with decreased ROS in response to irradiation (44). Our observations
raise the possibility for a similar role for members of the B—globin family in mediating
chemoresistance in B-ALL.

The impact of the RHAG associated SE on clonal evolution is not obvious although both
RHAG (encoding a glycoprotein that is part of the Rh complex) and CR/SP2 (encoding
Cysteine Rich Protein 2, a cancer testis antigen) transcripts have been noted to be
upregulated at relapse in multiple studies (8,32). These SEs and their neighboring genes

are the focus of ongoing functional studies to validate their roles in B-ALL clonal evolution.
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We recognize the limitations of conventional ChlPseq when quantitatively comparing
histone levels between samples. Newer techniques are now available but when our project
was initiated we were limited by cell numbers from banked samples (45). When examining
shifts in the epigenetic state between diagnosis and relapse we were quite conservative to
select only the most robust differences to avoid artifacts. It is also noteworthy that we found
a strong correlation between peak number and genomic localization in the diagnosis and
relapse sample of each patient. Finally, the correlation between epigenetic state and gene
expression as seen by others validates our approach. Another potential confounding variable
is sample purity since we did not separate blasts from non-leukemic hematopoietic cells for
fear of depleting cell numbers. The majority of samples had >90% blasts and were separated
by ficoll-paque techniques in COG cell bank and when there was a discrepancy we did

not find a correlation between the magnitude of differences in blast percentage between
diagnosis and relapse and the scale of epigenetic evolution.

In summary, we show that the chromatin state varies widely among samples but that
substantial reorganization of the epigenome takes place under the selective pressures

of therapy in the majority of patients. In spite of the differences among patients and

lack of an overarching epigenomic signature, our data does suggest convergent evolution
leads to shared genes/pathways that appear to mediate drug resistance. In addition to
previously discovered pathways involved in drug resistance that are modulated by epigenetic
dysregulation, our studies implicate changes in pyrimidine biosynthesis, suppression of
PRC?2 targets, and enhancer-driven upregulation of SI00A8 as well as members of the
B-globin and RHAG loci as potenetialy playing a major role in clonal evolution.
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Figure 1: Mapping chromatin marksin leukemia samples.
A) Technical approaches in two cohorts of patient samples. B) Similarity in average number

of peaks for each chromatin mark at

diagnosis and relapse. C) Correlation between total

number of H3K27ac peaks at diagnosis and relapse. Each dot represents an individual
patient. Pearson correlation test performed to determine r and p-values. D) Bar graph
representing the percentage of peak occupancy in the promoter regions (+3 kb up and
down stream of TSS), gene body and intergenic regions for H3K9ac, H3K27ac, H3K4me3,
H3K27me3, and H3K9me3 at diagnosis and relapse.
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Figure 2: Evolution of the chromatin state between diagnosis and relapse.
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dynamic). B) Genomic distribution of gains and losses for the five histone marks studied. C)
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D) Types of transcripts being regulated by promoter (+/- 3 kb TSS) gains or losses. E)
Unsupervised clustering of all samples using the top 5,000 differential H3K27ac promoter
peaks. Patients that aligned next to one another are colored and pairs with intermediate
relapse (>18 months from diagnosis) are indicated by an asterisk.
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Figure 3: Changesin DNA methylation from diagnosisto relapse.
A) Location of DNA methylation changes (promoter, exon, intron and intergenic) shows that

most promoters are hyper-methylated at relapse. Blue indicates loss of methylation (hypo-
methylation) at relapse while yellow indicates gain (hyper-methylation). B) Unsupervised
clustering of promoter methylation marks among all samples. Diagnosis samples labeled

in red, relapse in blue. # represent relapse samples without associated diagnosis sample.
Patients that aligned next to one another are colored and pairs with intermediate relapse (>18
months from diagnosis) are indicated by an asterisk. C) Time to relapse (from diagnosis)
for samples that aligned next to one another on unsupervised clustering analysis (paired)

vs. those that were separated indicating that those samples with greater differences in
methylation between diagnosis and relapse were associated with greater time to relapse.
Unpaired t test with Welch’s correction was performed to determine p-value. D) GSEA per
patient using median difference between each within promoter regions (TSS+-1 kb). Shared
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Benporath significant (q<0.01) pathways are shown. E) GSEA for all patients indicates that
PRC2 targets are selectively hypermethylated at relapse in 11 out of 17 pairs.
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Figure 4: Correlation of epigenetic changes with gene expression.
A) Correlation of Log2 fold changes in gene expression with losses or gains of

H3K27ac promotor peaks (blue=loss, grey=no change, and red=gain of mark (light or

dark shading indicates dynamic or exclusive changes respectively)). B) Log2 fold changes
in DNA methylation (top panel) and gene expression (bottom panel) for promoters

whose gene expression are increased at relapse (Low/High) (left) vs. those genes whose
expression decreases at relapse (High/Low) (right). Wilcox test was performed to determine
significance. C) L eft panel. Contribution of gains of individual activation marks (H3K27ac,
H3K9ac, H3K4me3) and losses of repressive marks (H3k27me3, H3K9me3), all histones,
loss of promoter DNA methylation and combined histone/methylation changes to increases
in gene expression at relapse compared to diagnosis. Right panel. Contribution of loss

of individual activation marks, gain of repressive marks, all histones, gain of promoter
DNA methylation and combined histone/methylation to loss of gene expression at relapse
compared to diagnosis.
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Figure 5: Pathway analysis of alterationsin promoter-based epigenetic marks.
Pathway analysis of changes in H3K27ac at promoters first column followed by the extent

to which changes in other histone marks, DNA methylation, and gene expression correlated
with the H3K27ac driven pathways. The size of each bubble reflects the extent to which
changes in the promoter marks for genes in each pathway was shared across patients. Source

of pathways was Panther.
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Figure 6: Convergent changesin promotor and enhancer marks shared across patients.
A) Left Panel. Number of differential H3K9ac promoter peaks shared by patients

(FDR<0.05, absolute L2FC =0.58) for intermediate (>18 months; n=12) and early (<18
months; n=10) relapse. Right Panel. Shared differential H3K27ac promoter (dark grey)
and enhancer peaks (light grey) for patients who relapse intermediate (>18 months; n=18)
vs. early (€18 months; n=14) (FDR <0.05, absolute L2FC =0.58). B) L eft panel. GREAT
Panther pathway analysis of shared differential H3K9ac promoter peaks. Right panel.
GREAT Panther pathway analysis of shared differential H3K27ac promoter (top right)

and enhancer (bottom right) peaks. All significant pathways shown (hypergeometric raw
p<0.05). C) The Log2 fold change (L2FC) for gene expression, H3K27ac, and H3K9ac
across both early and intermediate patients is shown for those genes associated with shared
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differential peaks that led to the identification of pathways shown in panel (B). H3K27ac
peaks were restricted to enhancers (>+/— 3kb TSS) and H3K9ac peaks were restricted to
promoters (<+/-3kb TSS). The peak with greatest absolute L2FC is shown as representative
for each gene. Paired t test was performed to determine significance.

Cancer Res. Author manuscript; available in PMC 2021 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fleur-Lominy et al.

TogR

PAPAGK { i

PAPIDY {z

PAVVBJ {2

PARPRW {2

PARCBK {2

Reh {

RefSeq Genes
CD34 Domains

HB,

AL591704.7\ HBE1

onsm&

2

:
.
Al
o

logD

Page 24

Gene Expression (L2FC)

- e uncrangesioss
. BEscupgan

p=0.049 p=0.017

chrt

P3631 p36i3  pI53 p3A3 piAL

PIZ3 p2L3

ey o a uquz L I 12 B o5 a3 2

1
2

863 kb
0ok 200w o 2o 1525004 a0k a0 1m0k
1 1 1 1 1 1 1 1 1 LIk
om
N UPYRLTTIN [N WU A N PRSI UL | Y Ny
oom
- S R RO A (TN TR A ST Y FORO TP LI N YT
oom
Jrer AN TR . lJLl A LA 4|Lu &
orom
A adbd B 10 IO ST T SO TONY V1 ooy
)
L o ko 2 (o) " e 4 npy e ak
orom
- NSRRIV i -
)
- - A i T VI Lo, i 1 5 TSN
oom
[ WOSRS nosseny g ¥ T FTRTY
oo
" o PRI AN TR WOrY WA OF N T PG |1 | I SO
ooom
I T TN P O X O TS 1 |
oom
ke, ~—~MM-M—...—.J
)
s st il s s il Mo .
[ | [ I ] HM P W n (13 HHEHE . HHH. - -
PRR1B SPRR2S  SPRR2F SPRR2G swoss  sioons | stooar s1004 stooate  swaem IWTSY  Locawos2  oATAD28
L 1

Figure 7: Shared relapse-specific super-enhancers.
A). Log fold peaks of SE at relapse (Y axis) vs. diagnosis (X axis). Three SE show
significant increases at relapse (labeled according to neighboring genes (RHAG, S100A8
and HBG2). B) Correlation of gene expression for S100A8, RHAG and HBG2 (Y axis)

and samples with unchanged or loss of SE (blue) or gain of SE (red). Wilcox test was
performed to determine significance. C) IGV image showing the H3K27ac peak intensity

at S100A8 locus (black box) at diagnosis (turquoise) and relapse (pink). Top four samples
representative of SE gains and fifth sample without SE gain (diagnosis-blue, relapse-red) for
comparison. Bottom two tracks show results from two ChlPseq experiments with the REH
B-ALL cell line (purple).
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