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Simple Summary: Genomic rearrangements are chromosomal abnormalities that alter the arrangement
of genes and are important for diagnosing multiple cancer types and guiding therapy selection. However,
current diagnostic tests may not detect all genomic rearrangements. Hi-C sequencing is a promising
new method for detecting genomic rearrangements. First, we examined whether Hi-C can detect known
genomic rearrangements in pediatric leukemia and sarcoma specimens. Next, we evaluated whether
Hi-C can detect genomic rearrangements that were not found using standard diagnostic testing. Hi-C
showed complete agreement with other diagnostic methods in identifying known rearrangements. Hi-C
also detected previously unknown genomic rearrangements in 5/11 pediatric leukemia cases that could
impact diagnosis, prognosis, or treatment choices. These data suggest Hi-C could be beneficial for
medical diagnostic testing of pediatric cancers, but more extensive clinical validation is needed.

Abstract: Hi-C sequencing is a DNA-based next-generation sequencing method that preserves the 3D
genome conformation and has shown promise in detecting genomic rearrangements in translational
research studies. To evaluate Hi-C as a potential clinical diagnostic platform, analytical concordance
with routine laboratory testing was assessed using primary pediatric leukemia and sarcoma speci-
mens. Archived viable and non-viable frozen leukemic cells and formalin-fixed paraffin-embedded
(FFPE) tumor specimens were analyzed. Pediatric acute myeloid leukemia (AML) and alveolar
rhabdomyosarcoma (A-RMS) specimens with known genomic rearrangements were subjected to
Hi-C to assess analytical concordance. Subsequently, a discovery cohort consisting of AML and acute
lymphoblastic leukemia (ALL) cases without known genomic rearrangements based on prior clinical
diagnostic testing was evaluated to determine whether Hi-C could detect rearrangements. Using
a standard sequencing depth of 50 million raw read-pairs per sample, or approximately 5X raw
genomic coverage, we observed 100% concordance between Hi-C and previous clinical cytogenetic
and molecular testing. In the discovery cohort, a clinically relevant gene fusion was detected in 45%
of leukemia cases (5/11). This study provides an institutional proof of principle evaluation of Hi-C
sequencing to medical diagnostic testing as it identified several clinically relevant rearrangements,
including those that were missed by current clinical testing workflows.

Keywords: Hi-C sequencing; structural variants; 3D genomics; pediatric oncology
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1. Introduction

Pediatric cancer is the leading cause of disease-induced morbidity and mortality in
children in the USA and encompasses a wide range of cancer types, including leukemias,
lymphomas, and sarcomas [1]. Advances in sequencing technologies have contributed to a
better understanding of the molecular characteristics of these diseases and have provided
clues to new markers for targeted therapy [2,3].

While the mutational burden of pediatric cancers is generally lower than their respec-
tive adult counterparts [4,5], genomic rearrangements, including gene fusions and other
chromosomal rearrangements, are more common drivers in pediatric cancer [3,5,6]. These
genomic rearrangements can result in the overexpression or loss-of-function of genes or
create entirely new chimeric genes, which may then serve as biomarkers for disease, give
information as to prognosis, and/or be therapeutically targetable.

Clinical testing methods for genomic rearrangements are shared across pediatric cancer
types including rhabdomyosarcomas and leukemias; commonly used techniques include
cytogenetic methods such as karyotyping, fluorescence in situ hybridization (FISH), and
chromosomal microarray analysis (CMA). However, analysis of genomic rearrangements in
pediatric cancer using these routine cytogenetic testing methods is complicated by several
factors. First, live cells must be obtained and grown in culture for karyotyping. This is often
not possible for solid tumors where tissue is formalin-fixed and paraffin-embedded (FFPE)
and a fresh sample is not set aside for karyotyping analysis, or if karyotyping fails due
to poor tumor cell growth in culture [7]. Furthermore, karyotype analysis has a relatively
coarse genetic resolution, detecting only structural changes greater than 5-10 Mb, thus
rendering some rearrangements cryptic and undetectable [8]. Second, FISH requires the
selection of probes for the assay and, therefore, cannot detect genomic rearrangements
involving novel genes or, depending on the FISH probe design (breakapart vs. dual fusion),
cannot resolve the fusion partner or detect fusions involving novel (unprobed) partners,
respectively. FISH also can be fraught with a higher background signal when analyzing
FFPE solid tumor tissue, potentiating false negative or false positive calls [9]. Third, CMA is
unable to detect balanced genomic rearrangements, which are important known drivers of
pediatric cancers [10]. There are also notable strengths of cytogenetic techniques, including
relatively fast turnaround time and low limit of detection, as both karyotype and FISH are
inherently single-cell resolution techniques. However, these strengths are counterbalanced
by operational complexities, which require specialized lab and interpretation expertise to
conduct FISH and karyotype analyses, thus limiting the number of clinical laboratories that
can perform such analyses [11].

Molecular methods for detecting gene fusions, such as targeted RNA sequencing
(RNA-seq) approaches, including anchored multiplex PCR (AMP), are increasingly utilized
for detecting gene fusions in solid and hematological cancers [12-15]. However, for solid
tumors stored as FFPE samples, RNA degradation can preclude reliable analysis in routine
diagnostic use; this issue is further exacerbated for research specimens with longer archival
periods [16,17]. Also, even though AMP is partner-agnostic, it still requires the targeting
of at least one gene involved in a given gene fusion, thereby missing fusions where both
genes are untargeted [15]. More generally, AMP is also insensitive to other types of
genomic rearrangements, such as non-coding rearrangements (promoter swaps or enhancer
hijacking events) that do not produce fusion transcripts, which are routinely tested for
and inform clinical decision-making in hematological cancers, such as acute lymphoblastic
leukemia (ALL) [18]. Other molecular methods include optical genome mapping (OGM).
Since the benefits of OGM are dependent upon the successful isolation of high molecular
weight (HMW) DNA, OGM has been deployed by some clinical labs for hematological
cancers where HMW DNA can be isolated and preserved from higher-quality specimens.
However, OGM currently cannot be applied to FFPE tissues where the DNA is potentially
already fragmented and/or the tissue specimen quality is compromised, thus precluding
OGM analyses of FFPE solid tumors [19].
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In this study, we evaluated a 3D genomics approach to detect genomic rearrange-
ments in primary pediatric leukemia and sarcoma specimens. The approach, termed Hi-C
sequencing, is a DNA-based next-generation sequencing (NGS) method that preserves
the 3D conformation of the genome. Hi-C sequencing has emerged as a promising ap-
proach for genomic rearrangement detection in translational research studies and has been
previously shown to be an accurate and sensitive approach for identifying genomic rear-
rangements, including inter- and intra-chromosomal translocations and other structural
rearrangements [20-30]. However, detailed evaluations of the technology with a focus on
analytical concordance relative to routine clinical laboratory testing workflows in solid and
hematological cancers are lacking, as is an evaluation of how Hi-C-based testing could
impact the diagnostic yield by detecting clinically significant gene fusions, either in the
context of supplementing or replacing technologies in current clinical testing workflows.
Overall, this study aimed to provide an institutional proof of the principle evaluation of
Hi-C for genomic rearrangement detection in pediatric cancer and sought to determine its
utility in clinical testing workflows.

2. Materials and Methods
2.1. Overview

First, to evaluate analytical concordance, archived pediatric acute myeloid leukemia
(AML) and alveolar rhabdomyosarcoma (A-RMS) specimens with known gene fusions as
determined by prior clinical testing were subjected to Arima Genomics” Hi-C sample prep,
followed by lllumina sequencing and genomic rearrangement bioinformatics analysis. Next,
to explore the potential impact on diagnostic yield using Hi-C, a discovery cohort with
additional AML and ALL specimens was analyzed. These specimens had been previously
subjected to standard-of-care clinical cytogenetic and /or molecular testing, and no genetic
driver/known gene fusion had been identified. Hematologic specimens included frozen
white blood cell pellets and viably preserved frozen hematopoietic cells, either from bone
marrow aspirates or peripheral blood. For solid tumor specimens, unstained FFPE scrolls
were used.

2.2. Samples—Solid Tumors

Pediatric A-RMS specimens were collected by the Children’s Mercy Hospital (CMH,
Kansas City, MO, USA) as part of the routine diagnostic workflow. Each specimen was
formalin-fixed and paraffin-embedded and stored at room temperature. FFPE A-RMS
samples (N = 5, archival period range 9-13 years) that were known to be gene fusion-
positive as detected by previous clinical testing (i.e., chromosomes, FISH, or microarray)
were sectioned to produce unstained tissue scrolls (N = 3 to 5 scrolls per sample) for
Hi-C library preparation and sequencing. The average estimated tumor percentage was
86% (range 80-90%). The Hi-C workflow and genetic analyses were performed blinded
to the clinical genetic results. A summary of the sample types, preservation methods,
archival periods, and estimated tumor percentages are provided in Supplemental Table
S1. A retrospective study, including genetic analysis, of de-identified archived paraffin-
embedded RMS tissue was approved by the CMH Institutional Review Board (IRB).

2.3. Samples—Leukemias

Leukemia specimens were collected by CMH and put into its biorepository. This was
performed in a tumor bank research study approved by the CMH IRB, which included
patient consent, as well as collection, processing, and storage of patient samples. Specimens
collected prior to 2019 underwent white blood cell (WBC) isolation, were snap-frozen (non-
viably), and stored at —80 °C. Specimens collected after 2019 underwent WBC isolation
and were gradually frozen (viably) in a preservation media comprising 10% DMSO and
tissue culture media and then stored at —80 °C.

For the concordance cohort, five AML specimens were cryopreserved, while two were
frozen non-viably (N = 7). Six AML specimens were obtained from bone marrow aspirates,
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while one was a peripheral blood specimen (N =7 total; archival period range 1-4 years,
Supplemental Table S1). The average estimated blast percentage was 52% (range 11-81%)
(Supplemental Table S1). In the concordance cohort, each specimen had undergone clinical
standard-of-care cytogenetic (karyotyping, FISH, and/or microarray) and/or molecular
testing (targeted cancer NGS sequencing panel, PCR). For five of the specimens, a known
gene fusion had been identified. Of these five specimens, the average percentage of
cells positive for the gene fusion by prior clinical FISH testing was 79% (range 52-94%)
(Supplemental Table S1). For two specimens, no known gene fusions had been identified,
and instead, driver alterations other than gene fusions had been detected (e.g., biallelic
CEBPa mutations). Once again, the Hi-C workflow and genetic analyses were performed
blinded to the clinical genetic results.

For the discovery cohort, eight leukemia specimens were cryopreserved, while three
specimens were frozen non-viably (N = 11). Nine specimens were bone marrow aspirates,
and two were peripheral blood specimens (N = 11 total), comprising precursor B-ALL,
T-ALL, and AML. Archival period ranged from 1-4 years. The average estimated blast
percentage was 83% (range 62-98%) (Supplemental Table S1). In the discovery cohort,
each specimen had undergone clinical standard-of-care cytogenetic (karyotyping, FISH,
microarray) and/or molecular testing (targeted cancer NGS sequencing panel), and no
genetic subtype or known gene fusion had been identified. For all leukemia specimens,
a summary of the sample types, preservation methods, archival periods, estimated blast
percentages, and percentage of cells positive for the gene fusion by prior clinical FISH
testing is provided in Supplemental Table S1.

2.4. Arima-HiC Sequencing

For frozen cell pellets or viably-preserved cells isolated from blood, cells were first
crosslinked and then subjected to Hi-C sample preparation using the Arima-HiC kit (P/N
Ab51008, Arima Genomics, Carlsbad, CA, USA). For FFPE tissues, 5-10 um sections were
first de-waxed and rehydrated and then subjected to Hi-C sample preparation using the
Arima-HiC for FFPE kit (P/N A311038). Subsequently, short-read sequencing libraries
were prepared by shearing the proximally ligated DNA, followed by size-selecting DNA
fragments using solid phase reversible immobilization (SPRI) beads. DNA fragments
containing ligation junctions were then enriched using Enrichment Beads (provided in
the Arima-HiC kits) and converted into sequencing libraries using the Swift Accel-NGS
25 Plus kit (Swift Biosciences, Ann Arbor, MI, USA, P/N: 21024). After adapter ligation,
DNA was PCR amplified and purified using SPRI beads. The purified DNA underwent
standard quality control (QPCR and Bioanalyzer) and was sequenced using a NovaSeq 6000
(Ilumina, San Diego, CA, USA) according to the manufacturer’s instructions.

2.5. Data Analysis Workflow

Genomic rearrangements were identified using the Arima-SV v1.3 pipeline [31]. The
Arima-SV v1.3 pipeline contains several sub-components. First, raw read-pairs are aligned
to the human reference genome (hg38) and deduplicated using HiCUP [32]. Genomic
rearrangements are called using HiC-Breakfinder, which outputs rearrangement calls
where the breakpoints are localized to a genomic bin rather than an individual nucleotide,
such as a 1 kb or 10 kb bin [20]. For data visualization, deduplicated alignments from
HiCUP are converted into Hi-C matrices using Juicer software (Version 1.19.02) [33], which
are then visualized alongside the genomic rearrangement calls using Juicebox [34]. For
sub-sampling analyses, raw read-pairs were randomly extracted from the full datasets
using a sub-sampling feature of the Arima-SV v1.3 pipeline, and then the sub-sampled raw
read-pairs were run through the Arima-SV v1.3 workflow for rearrangement detection and
data visualization.
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3. Results
3.1. Hi-C Library Preparation and Quality Assessment

Arima-HiC libraries prepared from retrospective leukemia and sarcoma cases were
deeply sequenced, and genomic rearrangements were detected using the Arima-SV v1.3
pipeline (Figure 1). Each full sequencing dataset was evaluated for quality using well-
established performance metrics for Hi-C data that are output from the Arima-SV v1.3
pipeline (Supplemental Table S2). Of note, within the leukemia specimens, we observed
that the data quality for the specimens prepared as frozen non-viable cell pellets was
considerably lower than the specimens prepared as frozen viable (cryopreserved) cells. This
is most likely due to cells bursting upon non-viable freezing but may also be exacerbated
by the archival periods (e.g., 4 years) or other factors. Also of note, the FFPE specimens
with an archival period of 9-13 years had relatively low DNA yields and reduced data
quality metrics relative to FFPE specimens with shorter archival periods. Lastly, while data
quality was assessed using the original full sequencing depths (Supplemental Table S2), we
performed all genomic rearrangement analyses in the leukemia and sarcoma specimens
at a sub-sampled raw sequencing depth of 50 million raw read-pairs (~5X raw genome
coverage). The sub-sampled datasets had quality metrics resembling those of the full-depth
datasets except with fewer mapped Hi-C read-pairs available for analysis.

Collect specimens and preserve genome conformation via HiC

Q) (') | 3‘ -

fragmented ends purifty DNA

Library Preparation, Sequencing, and Data Analysis

N Y T ERERERAEE
E— - I: i T S
. b
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(3a) fragment and (3b) add adapters (4) paired-end (5) genomic rearrangement
enrich ligated DNA and PCR amplify sequencing detection and visualization

Figure 1. Genomic rearrangement detection using Arima Genomics’ Hi-C workflow. (Step 1) collect
specimens and prepare for Hi-C testing. For hematologic cancers, extract the white blood cells from
the bone marrow aspirates or peripheral blood and crosslink. For formalin-fixed paraffin-embedded
(FFPE) solid tumors, de-wax and rehydrate the tissue; (Step 2) preserve the 3D conformation of the
genome via Hi-C, resulting in labeled proximity ligated DNA that has preserved 3D conformation
information; (Step 3) library preparation, resulting in a sequence-ready Hi-C library; (Step 4) next-
generation sequencing (NGS); (Step 5) bioinformatics analysis using the Arima-SV v1.3 workflow to
identify genomic rearrangements and visualize results.
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3.2. Hi-C Is Concordant with Gold-Standard Methods for Pediatric Cancer Clinical
Cytogenetic Testing

We used the sub-sampled datasets to 50 million raw read-pairs to determine con-
cordance with clinical cytogenetic testing. At this depth, the clinically relevant gene
fusions in all five previously determined fusion-positive AML cases were detected (two
RUNX1::RUNX1T1 fusions, one CBFB::MYH11 fusion, one CBFA2T3::GLIS2 fusion, and one
KMT2A::MLLT4 fusion) (Table 1). For example, in the “AML C6” case, prior clinical testing
from karyotype analysis showed an apparent chromosome 11 deletion and translocation
with the long arm of chromosome 6. A panel of FISH assays found a KMT2A rearrangement
with 3’KMT2A loss, and microarray analysis found deletions of KMT2A exons 11-36 and
MLLT4 exon 1 deletion, suggestive of a KMT2A::MLLT4 fusion. Hi-C analysis detected
a genomic rearrangement between chromosome 11 and the long arm of chromosome 6,
but also the reciprocal rearrangement when a telomeric portion of chromosome 6 translo-
cated with the long arm of chromosome 11. These findings are apparent when the Hi-C
data are viewed at the chromosome scale (Figure 2A), where the “bowtie” signal pattern
in the Hi-C data is known to be indicative of a reciprocal inter-chromosomal rearrange-
ment [27]. Upon inspection of the genomic rearrangement breakpoint at higher resolution,
the KMT2A::MLLT4 gene fusion is readily detected, as well as apparent reductions in se-
quencing coverage at both the 3’ portion of KMT2A and the 5 portion of MLLT4 (Figure 2B).
The Hi-C results were further supported by conventional NGS-based testing (using both
DNA and RNA) performed at a commercial reference laboratory, which also detected the
KMT2A::MLLT4 gene fusion.

Table 1. Hi-C is concordant with clinical cytogenetic testing.

Sample ID Cancer Type Sample Source Preservation (If Any) Prior Cytogenetic Test Result Hi-C Test Result
AML C1 AML PBMCs 90% FBS/10% DMSO CBFA2T3::GLIS2 CBFA2T3::GLIS2
AML C2 AML Bone Marrow None Negative * Negative
AML C3 AML Bone Marrow None RUNX1:RUNXIT1 RUNX1::RUNXITI
AML C4 AML Bone Marrow  90% FBS/10% DMSO MYH11::CBFB MYH11::CBFB
AML C5 AML Bone Marrow  90% FBS/10% DMSO Negative ** Negative
AML C6 AML Bone Marrow  90% FBS/10% DMSO KMT2A::MLLT4 *** KMT2A::MLLT4
AML C7 AML Bone Marrow  90% FBS/10% DMSO RUNX1:RUNXIT1 RUNX1::RUNXIT1

ARMS C1 A-RMS Tissue FFPE FOXO1-r PAX3::FOXO1

ARMS C2 A-RMS Tissue FFPE PAX3::FOXO1 PAX3::FOXO1

ARMS C3 A-RMS Tissue FFPE PAX3::FOXO1 PAX3::FOXO1

ARMS C4 A-RMS Tissue FFPE FOXO1-r PAX7:FOXO1

ARMS C5 A-RMS Tissue FFPE FOX7:FOXO1 PAX7:FOXO1

AML = Acute Myeloid Leukemia; A-RMS = Alveolar Rhabdomyosarcoma; PBMC = Peripheral Blood Mononuclear
Cell; FBS = Fetal Bovine Serum; DMSO = Dimethyl Sulfoxide; FFPE = Formalin-Fixed Paraffin-Embedded; “-r”
indicates when the fusion partner is unknown. * FLT3 ITD mutation detected (PCR). ** Biallelic CEBPa mutations
detected (targeted DNA-seq). *** KMT2A::MLLT4 fusion also detected upon NGS-based fusion testing.

In addition, the clinically relevant gene fusions in all five previously determined
fusion-positive A-RMS cases were detected (PAX3::FOXO1 (N = 3) and PAX7::FOXO1
(N =2)) (Table 1). For example, in the “ARMS C3” case, previous clinical testing from FISH
analysis showed evidence for FOXO1 (FHKR) gene rearrangement and aneuploidy, and
karyotype analysis showed t(2;13) indicative of PAX3::FOXO1 gene fusion. Hi-C analysis
detected a reciprocal genomic rearrangement between chromosomes 2 and 13 (Figure 2C),
and upon inspection at the genomic rearrangement breakpoint at higher resolution, the
PAX3::FOXO1 gene fusion was readily detected (Figure 2D). Furthermore, because the
signal pattern in the Hi-C data is indicative of the type of chromosomal rearrangement, Hi-
C analysis can distinguish between chromosomal rearrangements and extrachromosomal
rearrangements such as double minutes [35-39]. An analysis of the Hi-C data predicted
the chromosomal rearrangement type as double minutes for three of five A-RMS cases
and as chromosomal translocations for two of five A-RMS cases. These predictions agreed
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with the karyotype analysis for all four cases where karyotype analysis was performed
(Supplemental Figure S1).
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Figure 2. Hi-C is concordant with clinical cytogenetic testing for detecting clinically significant
gene fusions. (A) Chromosome 6 x Chromosome 11 Hi-C heatmap from specimen “AML C6”.
Genomic coordinates, gene locations, and sequencing coverage from Chromosome 6 and 11 are
shown along the edges of the X and Y axes of the heatmap, respectively. Small black boxes overlaid
on the heatmap are the Arima-SV pipeline genomic rearrangement calls. (B) Same as panel (A),
except zoomed-in to the locus around the KMT2A::MLLT4 gene fusion call. The KMT2A and MLLT4
gene positions and orientations are indicated. Black dashed lines depict the breakpoint locations on
each chromosome. (C) Chromosome 2 x Chromosome 13 Hi-C heatmap from specimen “ARMS
C3”. Genomic coordinates, gene locations, and sequencing coverage from Chromosome 2 and 13 are
shown along the edges of the X and Y axes of the heatmap, respectively. Small black boxes overlaid
on the heatmap are the Arima-SV pipeline genomic rearrangement calls. (D) Same as panel (C),
except zoomed-in to the locus around the PAX3::FOXO1 gene fusion call. The PAX3 and FOXO1 gene
positions and orientations are indicated. Black dashed lines depict the breakpoint locations on each
chromosome. In all Hi-C heatmaps, pairs of loci with more Hi-C read support appear as darker red
entries in the Hi-C heatmap, pairs of loci with less Hi-C read support appear as lighter red entries,
and pairs of loci with no Hi-C support appear white/gray entries.

While these concordance analyses were all carried out at a standardized sequencing
depth of 50 million raw read-pairs, we also explored the minimum sequencing depths at
which the clinically relevant gene fusions could be detected. In the FFPE sarcoma samples,
4/5 (80%) gene fusions could be detected at 25 million and 12.5 million raw read-pairs,
and 3/5 (60%) at 5 million raw read-pairs (Supplemental Table S3). As all 5 FFPE sarcoma
samples had an estimated 80-90% tumor cell content (Supplemental Tables S1 and S3),
it is more likely that other factors, such as copy number and Hi-C data quality, affected
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the minimum sequencing depth at which gene fusions could be detected. Furthermore,
in the AML specimens, 4/5 (80%) gene fusions could be detected at 25 and 12.5 million
raw read-pairs and 2/5 (40%) at 5 million raw read-pairs (Supplemental Table S3). There
did not appear to be a correlation between the minimum sequencing depth at which gene
fusions could be detected and the percentage of cells positive for the known rearrangement
(Supplemental Table S3), albeit with a relatively small sample size. However, the one
AML specimen insensitive at 25 million and 12.5 million raw reads was the only specimen
amongst the fusion-positive AML concordance cases prepared as a non-viable frozen pellet,
which had lower Hi-C data quality metrics (Supplemental Table S2), again indicating an
interplay between Hi-C data quality profiles and analytical sensitivity that requires further
systematic analysis. Unsurprisingly, no fusions were detected across all sequencing depths
in the two fusion-negative AML specimens in the concordance cohort.

3.3. Driver-Negative Leukemias—Discovery Cohort

We then assessed a discovery cohort of leukemia specimens for which previous di-
agnostic testing had not identified any driver (i.e., genetic subtype defining) genomic
rearrangements. Samples included one AML, eight B-ALL, and two T-ALL specimens
(Tables 2 and S1). Similar to the concordance cases, we analyzed the data at a standardized
depth of 50 million raw read-pairs. We detected clinically significant fusions in 3 of 11 cases
(two ZNF384::EP300 fusions and one KMT2A::MLLT10 fusion), as well as potentially signif-
icant fusions in 2 of 11 cases (one SKAP2::CDK6 fusion and one ABHD17B::PTK2B fusion)
(Table 2). For example, in the “AML D1” case, Hi-C analysis detected a KMT2A::MLLT10
gene fusion (Figure 3A,B), while previous clinical testing comprising of karyotyping, FISH,
short-read NGS, and microarray did not detect this clinically significant rearrangement.
This observation is consistent with reports of this rearrangement sometimes being cryptic
and not visible on karyotype analysis, FISH, or microarray [40]. Indeed, an interpretation
of the Hi-C signal pattern at the KMT2A::MLLT10 breakpoint (Figure 3B) indicates an inver-
sion of the 5’ portion of KMT2A and fusion to the 3’ portion of MLLT10, resulting in the
expected KMT2A::MLLT10 fusion gene orientation. Identification of the KMT2A::MLLT10
gene fusion carries strong clinical significance; had it been detected in the prospective
setting, it would have changed the pathology diagnosis, risk classification, and treatment
approach [41]. KMT2A::MLLT10 is considered a high-risk fusion in pediatric AML and
is an indication for hematopoietic stem cell transplant in first remission [42,43]. There is
also evidence that the addition of Gemtuzumab to conventional chemotherapy improves
clinical outcomes for patients with KMT2A-rearranged AML [42]. In two other B-ALL
cases (“B-ALL D8” and “B-ALL D6”), Hi-C analysis detected ZNF384::EP300 gene fusions
(Figure 3C-F), which previous clinical testing comprising of karyotyping, FISH, short-read
NGS, and microarray did not detect (Table 2). This finding also carries clinical significance,
whereby, had the ZNF384::EP300 gene fusions been detected in the prospective setting, it
would have changed the pathology diagnosis [41] and been associated with an interme-
diate prognosis. In addition, patients with ZNF384 fusions to EP300 have been reported
to have lower relapse rates than patients with other ZNF384 fusions [44]. Of note, this
rearrangement is known to be cytogenetically cryptic, was not specifically tested for by
FISH, and is balanced, so it was not detected by CMA. Furthermore, RNA-based fusion
panel testing was performed at a reference laboratory for case B-ALL D8 but was negative,
consistent with the panel not targeting EP300 or ZNF384. This scenario underscores the
utility of Hi-C, given its unbiased genome-wide nature for fusion detection with relatively
low-pass coverage (~50 million raw read-pairs).

Similar to the analyses in the concordance cohort, we also determined the minimum
sequencing depths at which the clinically relevant gene fusions could be detected. Across
the five leukemia specimens with a clinically relevant gene fusion detected, 5/5 (100%)
gene fusions could be detected at 25 and 12.5 million raw read-pairs and 3/5 (60%) at 5
million raw read-pairs (Supplemental Table S3).
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Figure 3. Hi-C detects clinically significant gene fusions not previously detected by clinical cytogenetic
and molecular testing. (A) Chromosome 6 x Chromosome 11 Hi-C heatmap from specimen “AML
D1”. Genomic coordinates, gene locations, and sequencing coverage from Chromosome 6 and 11 are
shown along the edges of the X and Y axes of the heatmap, respectively. Small black boxes overlaid
on the heatmap are the Arima-SV pipeline genomic rearrangement calls. (B) Same as panel (A),
except zoomed-in to the locus around the KMT2A::MLLT10 gene fusion call. The KMT2A and MLLT10
gene positions and orientations are indicated. Black dashed lines depict the breakpoint locations on
each chromosome. (C) Chromosome 12 x Chromosome 22 Hi-C heatmap from specimen “B-ALL
D8”. Genomic coordinates, gene locations, and sequencing coverage from Chromosome 12 and 22 are
shown along the edges of the X and Y axes of the heatmap, respectively. Small black boxes overlaid



Cancers 2024, 16, 2936

10 of 14

on the heatmap are the Arima-SV pipeline genomic rearrangement calls. (D) Same as panel (C),
except zoomed-in to the locus around the ZNF384::EP300 gene fusion call. The ZNF384 and EP300
gene positions and orientations are indicated. Black dashed lines depict the breakpoint locations on
each chromosome. (E) Same as panel (C), except from specimen “B-ALL D6”. (F) Same as panel (D),
except from specimen “B-ALL D6”. In all Hi-C heatmaps, pairs of loci with more Hi-C read support
appear as darker red entries in the Hi-C heatmap, pairs of loci with less Hi-C read support appear as
lighter red entries, and pairs of loci with no Hi-C support appear white/gray entries.

Table 2. Hi-C detects clinically significant gene fusions not detected by prior clinical cytogenetic and
molecular testing.

Sample ID Cancer Type Sample Source  Preservation (If Any) Prior Dx Test Result = Hi-C Test Result  Clinical Impact
AML D1 AML PBMCs 90% FBS/10% DMSO Negative KMT2A::MLLT10 Dx, Px, Tx
T-ALL D1 T-ALL Bone Marrow  90% FBS/10% DMSO Negative SKAP2::CDK6 Tx*
T-ALL D2 T-ALL Bone Marrow None Negative Negative N/A
B-ALL D1 B-ALL Bone Marrow None Negative Negative N/A
B-ALL D2 B-ALL Bone Marrow None Negative Negative N/A
B-ALL D3 B-ALL Bone Marrow 90% FBS/10% DMSO Negative Negative N/A
B-ALL D4 B-ALL Bone Marrow 90% FBS/10% DMSO Negative Negative N/A
B-ALL D5 B-ALL PBMCs 90% FBS/10% DMSO Negative Negative N/A
B-ALL D6 B-ALL Bone Marrow 90% FBS/10% DMSO Negative ZNF384::EP300 Dx, Px
B-ALL D7 B-ALL Bone Marrow  90% FBS/10% DMSO Negative ABHD17B::PTK2B Dx, Px **
B-ALL D8 B-ALL Bone Marrow  90% FBS/10% DMSO Negative ZNF384-EP300 Dx, Px

AML = Acute Myeloid Leukemia; ALL = Acute Lymphoblastic Leukemia; PBMC = Peripheral Blood Mononuclear
Cell; FBS = Fetal Bovine Serum; DMSO = Dimethyl Sulfoxide; Dx = Diagnostic Clinical Impact; Px = Prognostic
Clinical Impact; Tx = Therapeutic Clinical Impact; Clinical Impact is determined according to WHO and NCCN
guidelines. * Phase I clinical trials for CDK4/6 inhibitors have been completed in pediatric and young adults with
ALL [45]. ** PTK2Br is diagnostic and prognostic according to NCCN guidelines for ALL [46].

4. Discussion

We conducted an institutional proof of concept evaluation of Arima Genomics” Hi-C
technology for the unbiased genome-wide detection of clinically relevant genomic rear-
rangements in a retrospective cohort of pediatric solid tumors and hematologic cancers.
Using a standardized sequencing coverage of 50 million raw Hi-C read-pairs per sam-
ple (approximately 5X raw genomic coverage), we observed 100% (12/12) concordance
between Hi-C and prior clinical genetic testing for clinically relevant gene fusions. Addi-
tionally, in pediatric leukemias without any previously detected genomic rearrangements
via available clinical cytogenetic and molecular testing, Hi-C detected a clinically rele-
vant gene fusion in ~45% (5/11) of cases—providing diagnostically, prognostically, and
therapeutically significant information.

One notable result from this study is that Hi-C is robust to a variety of clinical specimen
types and preservation methods —it is routinely obtained and processed in hematologic and
solid tumor clinical and research laboratory testing workflows—and to various specimen
preservation methods and archival periods. Importantly, for solid tumor clinical testing,
Hi-C performed well using FFPE tissue, which represents a unique and powerful benefit
to Hi-C technology compared to emerging long-read or optical mapping technologies
whose advantages are dependent on the analysis of high-molecular-weight DNA, which
is difficult to obtain from FFPE specimens. Furthermore, the FFPE specimens analyzed
in this study had archival periods of 9 to 13 years. This suggests that in addition to
prospective solid tumor testing, Hi-C technology opens up a range of research opportunities
for pathologists or other clinical research investigators to study genomic rearrangements
in archived FFPE tissue material. This is particularly important given that RNA-seq may
perform poorly when analyzing FFPE specimens following prolonged storage due to RNA
degradation [16,17]. In the hematological cancer setting, Hi-C detected clinically relevant
genomic rearrangements in both viably and non-viably preserved specimens, although the
data were of significantly better quality in viably preserved specimens. More systematic
studies may be needed to tease apart the relationship between preservation method, Hi-C
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data quality, and fusion detection performance. Along those lines, this study also raises
the need to define the compatibility of Hi-C in other sample types or preservation contexts
that arise in clinical testing workflows for hematologic cancers. For example, compatibility
with blood collected in blood collection tubes other than the ones used in this study
(EDTA), blood processed after various time intervals between collection and Hi-C sample
preparation (blood stability), and compatibility with other fixatives used in clinical testing
workflows (e.g., acetic acid and methanol).

The genome-wide, partner-agnostic nature of the Hi-C approach utilized in this study
has notable benefits for clinical testing compared to other clinical testing methods. For ex-
ample, FISH requires the selection of probes for the assay and, depending on the FISH probe
design, is potentially unable to resolve the fusion partner. FISH is also often performed
serially as a single-gene test [47]. In contrast, the genome-wide implementation of Hi-C
can detect rearrangements involving any gene across the whole genome simultaneously
and detect both partners for all rearrangements identified. However, FISH is inherently a
technology with single-cell resolution and is, therefore, capable of detecting fusions even
when the percentage of tumor cells is very low, whereas the limit of detection for Hi-C
remains to be defined.

Targeted RNA-seq has similar limitations since it is restricted to the list of genes on a
given panel but can be multiplexed to hundreds of genes and can be partner-agnostic (e.g.,
AMP), assuming RNA quality and/or workflow complexity do not preclude RNA-seq
analysis. While targeted RNA-seq can detect fusions involving genes already known (or
suspected to be) of clinical relevance based on the probe/primer design, the genome-wide
nature of Hi-C allows it to detect gene fusions of both known and unknown relevance,
potentiating the discovery of novel biomarkers, disease mechanisms, or therapeutic targets
to advance clinical research. Furthermore, RNA-seq only detects gene fusions when a
fusion transcript is produced and expressed at detectable levels. It is, therefore, insensitive
to other types of genomic rearrangements, which do not produce a fusion transcript,
such as promoter swaps or enhancer hijacking events. In contrast, the genome-wide and
DNA-based nature of Hi-C allows it to detect these types of genomic rearrangements, as
exemplified in a recent case study where Arima Genomics’ Hi-C detected an IGH::IRF4
rearrangement in a lymphoma specimen. This rearrangement was previously undetected
by prior RNA-seq (and FISH) analyses despite both assays using probes targeting IRF4
(REF) [30]. While promising, further studies focused on detecting promoter swap or
enhancer hijacking rearrangements using Hi-C would be valuable. Finally, relative to FISH
and RNA-seq, the DNA-based and genome-wide nature of Hi-C gives it the potential
to detect a fuller spectrum of genomic variation from a single test, including CNVs and
sequence variants, as the technology matures and expands.

While this institutional proof of concept evaluation of Arima Genomics’ Hi-C tech-
nology for genomic rearrangement testing was successful, additional clinical validation
studies, such as tumor-normal dilution studies to define the limit of detection (LOD) more
rigorously, would be needed to implement Hi-C into clinical laboratory workflows for
either solid or hematological cancer testing. While these efforts lie ahead for most clinical
laboratories, Arima Genomics’ Hi-C technology is already available in the commercial
clinical laboratory setting for genomic rearrangement analysis services (Aventa Genomics
(Orlando, FL, USA)).

5. Conclusions

Arima Genomics” Hi-C technology was concordant with standard clinical diagnostic
testing methods in solid and hematologic pediatric cancer specimens. Furthermore, the
study demonstrated how Hi-C sequencing could provide additional diagnostic, prognos-
tic, and therapeutic value by identifying clinically significant genomic rearrangements
potentially missed by current clinical diagnostic testing workflows.
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