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of somatic structural variant driver
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sequencing in a pediatric leukemia cohort
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Gene fusions are common primary drivers of pediatric leukemias and are the result of underlying
structural variants (SVs). Current clinical workflows to detect such alterations rely on a multimodal
approach, which often increases analysis time and overall cost of testing. In this study, we used long-
read sequencing (IrSeq) as a proof-of-concept to determine whether clinically relevant (cr) SVs could
be detected within a small (n = 17) pediatric leukemia cohort. We show that this methodology
successfully determined all known crSVs (n = 5/5) detected through routine clinical testing. This
approach also identified crSVs that resulted in the classification of a leukemia genetic subtype for four
additional patients (n = 4/12), such as an ins(11;10)(g23.3;p12p12) forming a KMT2A::MLLT10 fusion,
that were missed by routine clinical approaches. This study demonstrates the diagnostic potential of
IrSeq as an assay for SV detection in pediatric leukemia and supports IrSeq as a valuable tool for the

accurate detection of crSVs.

Pediatric leukemias are the most common cancers of childhood and are
largely defined by genetically distinct subgroups that confer prognostic
significance'”. Gene fusions are the genetic drivers of many of these
subgroups and often result from underlying chromosomal transloca-
tions and/or other structural variants (SVs)"**’. Current routine clin-
ical diagnostic testing algorithms for pediatric leukemia rely on a series
of complementary yet distinct approaches to identify SVs, including
karyotyping, fluorescence in situ hybridization (FISH), chromosomal
microarray, DNA sequencing, RNA sequencing (followed by expres-
sion profiling and/or fusion panel analysis), and optical genome map-
ping: an emerging technology in clinical laboratory practice™*"".
Although generally effective, this approach has several drawbacks: it
necessitates that sufficient neoplastic sample be available to perform a
battery of tests until a genetic driver alteration is identified; it is often
limited to neoplastic-only (also known as “tumor-only”) analyses,

which cannot distinguish between true somatic events versus those that
are in the patient’s germline; and, finally, it results in an overall
increased cost of testing and time to diagnosis due to the use of multiple
different methods.

Long-read sequencing (IrSeq) allows for the improved resolution of
historically difficult-to-sequence regions of the genome, as well as superior
detection and delineation of SVs compared with other existing
technologies'>". This approach has been used for variant detection in rare
disease'*", and other studies have demonstrated the utility of IrSeq in
adult cancer testing, which successfully identified known SVs, and
revealed novel SVs, in colorectal cancer'®, lung cancer”, mantle cell
lymphoma'®, acute myeloid leukemia (AML)", and hereditary cancer’*”,
among others™”. Some IrSeq studies have been performed in a pediatric
cancer setting, notably for pediatric medulloblastoma™ and pediatric

leukemia”*; however, the diagnostic utility of whole genome HiFi IrSeq
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Fig. 1| Pediatric leukemia cohort demographics. Seventeen pediatric patients were
included in the present study, comprising of 13 individuals with B-cell acute lym-

phoblastic leukemia and 4 individuals with acute myeloid leukemia. The race/eth-

nicity, sex/gender, and age at diagnosis for each patient are specified. In addition,
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genetic subtypes of the 5 “known” and 12 “unknown” genetic subtypes (including
the 4 “unknown” cases that were resolved in the present study) are depicted. Striped
pie chart segments indicate cases for which one of the two partner genes involved in
the structural variant was not known prior to IrSeq.

for SV calling within pediatric cancer (and pediatric leukemia, specifically)
has not been explored to date.

Here, we investigate the feasibility of SV detection by HiFi IrSeq in a
small pediatric leukemia cohort (1 =17 cases) selected from patients with
known (n = 5) and unknown (n = 12) genetic subtypes. The demographics
of the cohort assessed in this study are summarized in Fig. 1 (see also
Supplementary Data 1). The IrSeq data generated from archived DNA for
each case were assessed using a recently developed somatic SV detection
tool, Severus”, which uses a phased breakpoint graph approach for the
resolution of complex rearrangements™". Severus can utilize paired tumor/
normal data for improved, true somatic SV detection, or assess neoplastic
data in a “tumor-only” fashion (i.e., without a paired normal sample). It also
showed the best performance compared to currently available 1rSeq SV
callers when assessing a panel of tumor cell lines”. We first aimed to
determine whether IrSeq, paired with SV calling by Severus in both tumor/
normal and tumor-only modes, could result in the accurate detection of SVs
in cases with known alterations. We then explored whether additional cases
with unknown genetic subtypes after routine clinical testing might be
resolved by this approach.

Results

Quality control metrics of IrSeq data

For the IrDNA-seq data, an average of 77.7 Gb of data were generated per
SMRT Cell (with 1 SMRT Cell sequenced per sample; range:
18.28-107.6 Gb), with an average read length of 14.7kb (range:
10.86-17.43 kb), average N50 of 15.3 kb (range: 11.2-18.1 kb), and average
read quality score of 33.6 (range: 29-39). For the 'RN A-seq data, an average
of 29.8 Gb of data were generated per SMRT Cell (13.9 Gb and 45.7 Gb for
Case 3 and Case 16, respectively), with an average read length of 4.3 kb
(3.94 kb and 4.65 kb, respectively), average N50 of 4.1 kb (3.77 and 4.44,
respectively), and average read quality score of 39.5 (38 and 41, respec-
tively). Please see Supplementary Data 3 for sample-specific QC metrics.

Tumor/normal analysis of leukemia samples with known struc-
tural variants

Five tumor/normal pairs had known, diagnostically significant, SVs
previously detected by routine clinical testing. All five of these cases were
successfully detected by IrSeq and Severus. This included two B-ALLs,
one with a t(12;21)(p13;q22) resulting in ETV6::RUNX1 fusion and the
other with a t(4;11)(q21;q23) expected to result in KMT2A::AFF] fusion
(formerly known as MLL::AF4), and three AMLs, one with t(8;21)
(922;q22) resulting in RUNXI:RUNXITI fusion, one with t(6;11)
(927;q23) resulting in KMT2A::AFDN fusion, and one with a NUP98
rearrangement identified via FISH but without additional testing per-
formed to identify the partner gene. Breakend analysis of the IrSeq data
using Severus detected each of these rearrangements. In addition,
Severus provided the exact genomic breakpoints within each gene,
confirmed that AFFI was rearranged with KMT2A in the t(4;11)
(q21;923) B-ALL, and also identified the unknown fusion partner in the
AML case with the NUP98 rearrangement, calling a t(5;11)(q35;p15.5)
resulting in NUP98::NSD1 fusion. The specific details of these rearran-
gements, including the breakpoints within each gene, are listed in Table 1
(see also Supplementary Data 1).

Tumor/normal analysis of genetically undefined leukemia
samples

We next examined four tumor/normal pairs with a heretofore genetically
undefined leukemia subtype. These four cases had previously undergone
routine clinical genetic characterization but did not have a WHO diagnostic
genetic subtype identified. All four had IrSeq DNA data analyzed for
clinically relevant SVs. On average, Severus detected 14 somatic breakend
calls per sample (range 0-60; see Supplementary Data 4), and two of these
four genetically unknown cases were successfully defined by this approach
(see Table 1 and Supplementary Data 1). One was an AML with an
ins(11;10)(q23.3;p12p12) resulting in KMT2A::MLLT10 fusion (Fig. 2),and

npj Genomic Medicine| (2026)11:32


www.nature.com/npjgenmed

Article

//doi.org/10.1038/s41525-026-00560-5

https

SAS
Aessy onsoubelp
SON ‘ewoydwA| (013N xa(diyin j0 SON ‘ewoydwA| umouun
Jelwayna) SA\S jueoiyiubis uoisn4 annsebbns Jelwayna| pauleway
onsejqoydwAl-g V/N V/N V/N V/N V/N anefeN  susepedoN BUON [oued TV oneboN onselqoydwAl-g  ‘umowiun 9 esepn
¥8EINZ:006dT
(cerbireerd) SAS
(czen ©1N.9) Aessy  onsouBeip Apmis Aq
UMM BWOYAWAL y ponsdn  OpL6899:HU0  L'GPZSBEL00IAN 8E4INZ (on xSidaInA o SON ‘uioydwij — panjosey
Jelusyng| uoisn4 ®>_«mwm.m3m Jelus)ng| Jare]
anse|qoydwA|-g guonul  80SEEL¥igZIud ¥'627L00 NN 00€d3 ¥864NZ::006dT V/N aneboN  suieped oN auoN [oued Ty enebeN onsejqoydwA|-g  ‘umouqun 91 8sen
(Le'erdip L 1d) SAS
@11 onsoubelp Apmis Aq
e Zuonul  gz0/899°ZLUD  L'GhSBELO0 AN #8E4INZ ©D & SON ‘BuioudwAl — panjosoy
/elweyna| pawoped annsabbns /elwayna| J91e]
onsejqoydwA|-g £ uoau) 609EVE LFXIUO €95€L00 NN Xexaa v8E4NZ::XEXAd V/N 10N swiepedoN QUON [oued TV @AnebeN onsejqoydwA|-g  umouyun |1 8seD
¥8E4NZ::€40L
(eerditeerd) SAS
(6LZL) onsoubelp Apnis Aq
L euioyduiky ZUORUl  b/PI899:ZHUO  L'PE/SELLO0 AN p8EAINZ ©L®ND 40 SON "BuioudwAl  panjosey
/eiwanna| pawioped  aAnsabbns /elwana| Jae
anse|qoydwAl-g L1 uoau] 6E€L29LI6 LU0 S'002€00 NN €401 Y8EINZ:€40.L VN 10N swiepedoN BUON «loued T1v eAnebaN onsejqoydwA|-g  umouyun /L 8seD
OLLTIN=YZLNY SAS
(e1dz1digregh) onsoubelp Apmis Aq
w1 psur Luonul  ppOSLOLZI0MUD  £'929561L00 NN 0LLTIN (0L ND & . e
BILWLSNNI| pawoped annsabbns SON ‘elwsna| J91e]
projeAw ainoy guonul  669EBYBLLILLIUD  ZH0LLELLO0 NN VZLNY  OLLTIN:YZLNM V/N 10N swepedoN QuoN [oued TNV oAieBaN plojpAW 80y ‘umouun L 8se)
(Apris Aq
SAS panjosay
LASN:86dNN onsoubelp Jouped
(rs1digrgeb) oLt D 8 - j0 peBueieal  uoisnd) AS
I e Guonu  88y922L/ LIS §'G5¥220 NN LASN (0L ND RO SRR e 4
plojeAw aynoy 2l uonu 00GEVLE: L LIUD G'02€9L0 NN 864NN LASN:86dNN $86dNN ION  swiepedoN SUON  juswobueieal 864NN plojeAw einoy umouy|  geseQ
I=EL AR AV pabue.lieas (Apmis Aq
‘(€"eebre 12b) SAS VLN panjosey
(LLpR onsoubelp (g'ezgbl LM Jauped
U SEL R puORUl  6VLBLO/SWIUO  £'€6999LL00 NN L44v ©L®ND & U ewoyduwiy - uoisnz) AS
/eluayna| pawlopad annsebbns  (g'ggbig 1gb) /elusyna| onsoubeig
anse|qoydwA|-g Ok UOHU|  GPPB88YSLLILLIUD  2'v0LL6LLO0 AN VZLNY LAY YELNA SEVELN 10N swiepedoN (LL'ph  Juswabueness vz LNy anse|qoydwA|-g umouy] ¢ esen
SAS
NGHV:YZLNY onsoubelp NGHY:YZLNY
(g'egb!2eb) o o® - 10 (g'egbt22b) AS
D N Luonul  g8r9r8/9L:94u0  1'88898€L00 AN Na-vY (OL®ND Y] SRR (e-s2bis2b) (LL'oh ‘elueyns]  onsoubelq
projeAw anoy Ok UonUl  $GGO8Y8LLILLIYO  2'¥0LL6LL00 N YZLNY NGHV:YZLNY NGV:YZLNY 10N swiepedoN (Leign  juswebueLieas vz 1Ny projeAw ainoy umouy  geseD
SAS
LLLXNNE:LXNNY onsouBelp LLEXNNE:LXNNY
1zzbizeh) Zuonul  OpSEYOZEIBIUD £'YE9SLL AN LLIXNNY LB ND & ) eebiee) s
(128t ‘elwanna) pawloped  eAnsebbns (cebrzeb) (L2'g)t ‘elwenina]  onsoubelq
projeAw anoy guonul  9/€858YELZIUD S$S21L00 NN IXNNE  LLIXNNE=IXNNE  LLLXNNY:LXNNE 10N swepedoN (12'8n LLLXNNE=IXNNY projeAw endy umouy]  gesey
LXNNY::9/LT LXNNY::9ALT
(1-gebizeLd) SAS (1-gebizeLd)
(L2teih onsoubelp (L2teih
yum ewoydwA| ot . 5 . — j0 yum ewoydwiA| AS
o s, zuonul  /89906%E: L2y §'$S21L00 NN IXNNE (OL®ND Y] ONEEE (zzbield) ANETE e
onse|jqoydwA|-g S o] 110088} L:Z LU0 G'/86100 NN [VE] LXNNE-9ALT LXNNY:9ALT 10N swiepedoN (Lzeih IXNNE=9ALT onse|qoydwA|-g umouy| | 8se]
beagu| Aq
pajes AS
bagij-3sod (8eyoyv) uoneosojsue} (epon uny (ejgeoydde Bunsa) onsoubelp Bunsay [eouljo
adfigns uoneoso| suiodyeaiq ul pPaAjoAul snianag) Buipuiy 1) bagy) uoisng pajoalep -}sod adfygns adfyasedo  Jaqunu
onauab elwayna wiodyeaig uoneoojsuel ) 1duosues) sauayn onsouBeiq bagy 10J AS paroadxgy VNH Reny Ajleaiunp SAS [oued HSI4  9nduab elwaynaT Apms ase)

Hoyod Apnis ayy 1o} sbuipuly AS49 Jo Alewwng | | ajqel

32

npj Genomic Medicine| (2026)11


www.nature.com/npjgenmed

Article

https://doi.org/10.1038/s41525-026-00560-5

SAS
oD onsoubelp
SON ‘ewoydwA| j0 SON ‘ewoydwA| umouMun
/el na) SAS jueoyubis pawlopsd  anisebbns /elwayna) pauleway
anse|qoydwA|-g V/N V/N V/N V/N O ON V/N 10N swiepedoN SUON [oued TV @AnebeN onse|qoydwA|-g ‘umouyun gl esepy
SAS
oD Aessy onsoubelp
SON ‘ewoydwA| xa(diin j0 SON ‘ewoydwA| umouun
Jelwayna| SAS jJueoyIubls uoisn4 aAnsebbns /el na| pauleway
anse|qoydwA|-g V/N V/N V/N V/N Ajreatuo oN V/N eneboN  suieped oN SUON [oued 1V @AlebeN anse|qoydwA|-g ‘umouyun Gl esepy
SAS
oD onsoubelp
SON ‘ewoydwA| j0 SON ‘ewoydwA| umouMun
/elwayna) SAS jueoyubis pauwloped  aAisebbns /elwayna) pauleway
onse|qoydwA|-g V/N V/N V/N V/N Ajreouio oN V/N 10N swepedoN SUON [oued TV eAnebeN onse|qoydwA|-g ‘umouyun 1 8sep
. (o .
SON ‘ewoydwA| SON ‘ewoydwA| umouun
/elwayna) SAS jueoyubls pawLopad pauLiopad /elwayna) pauleway
anse|jqoydwA|-g V/N V/N V/N V/N Ajreauo oN V/N 1oN 10N SuoN [oued 1V 8AlebeN anse|qoydwA|-g ‘umouyun gl 8sen
. (o .
SON ‘ewoydwA| SON ‘ewoydwA| umouun
Jeisyna| SAS jueoyubis pauLopad pauLiopad /elwayna) pauleway
onsejqoydwA|-g V/N V/N V/N V/N Ajreouo oN V/N 1oN 1oN SUON [oued TV @AnebeN onse|qoydwA|-g ‘umouyun QI 8sep
SON ‘ewoydwA| (013N SON ‘ewoydwA| umouun
/elwayna) SAS jueoyubis pauLopad pauLiopad /elwayna) pauleway
ansejqoydwA|-g V/N V/N V/N V/N Ajreauo oN V/N 1oN 10N SUON [oued TV 8AnebeN onse|qoydwA|-g ‘umouxun 6 8SeD
SAS
Ml-11avy ©L onsoubelp l-11avy
-40g ‘ewoydwA| j0 -40g ‘ewoyduwiA| umouyun
/elwana| SAS Jueoyiubls pawiopad aAlsebbns /el na| peuleway
anse|qoydwAl-g V/N V/N V/N V/N Alieatuo oN V/N ION  suiepedoN SUON [oued TV eAlebeN anse|qoydwA|-g ‘umouxun 88sed
bagi| Aq
pajed AS
baguj-1sod (8euyoyo) uoneosojsuel} (epon uny (e1geodde Bunsa) onsoubelp Bunsay |eoiuljo
adfigns uoneoso| sjulodyeaaq ul PaAjoAul snianag) Buipuiy 1) bagy) uoisng pajoalep -}sod adfygns adfy aseo  Jaquinu
onauab elwayna jiodyeaig uoneosojsuel ] 1duosuea sauan onsoubeiq bagi| 10} AS pajoadx3y VNY Aerny Ajjesunp SAS [oued HS|4  2nouab elwayna Apms ase)

Hoyod Apnis ay} 4o} sbuipuly ASI0 Jo Alewwng | (panunuod) | sjqel

32

npj Genomic Medicine| (2026)11


www.nature.com/npjgenmed

https://doi.org/10.1038/s41525-026-00560-5

Article

15. . e :
1 [ —
Chr10 Chril & e
by KM T2A u
- jov ® > @0 Bl
= T SR ) = = e MLLTHJ.(exons 6-8)
F— e e
Coverage Track [l =
Reads ;
KMT2A we—
dp— 1L T10
e MLLTTO DNAJCT EBLNT COMMDI BT SPAGS | PIPiKzA ARMC3
ARMC?(exon 4)
< < ©
b N N Y -
. < < & = ©
w o S ¥ ~40kb S =92
- 2Pk
QO O 5 5 b » kR %<
11 centromere ] 11 telomere
wo I § ~1.3 Mb g o3
c 238 8 1 e ES
: oG 35S = L
11 centromere ! 11 telomere
KMT2A MLLT10  _y 3'MLLT10 —> Additional
Intron 8 Intron 7 intervening ARMC3  KMT2A
d (chr11:118,483,699) (chr10:21,615,044) genes Intron 4 ’"I"”B
5 KMT2A —EE ; ";f >V > > [3 > > > > L ,' Exon 9 Exon 10 3’ KMT2A
/ /1

Fig. 2 | KMT2A::MLLT10 fusion detected by Severus in a previously genetically
undefined acute myeloid leukemia case. a Detection of an ~1.3 Mb segment of
10p12 that s called by Severus (indicated by the blue bars in the "Severus Calls” track
of the IGV screen capture) and corresponding long-read sequencing (IrSeq) reads.
This segment is inserted into the KMT2A gene on chromosome 11¢23, as demon-
strated by the zoomed-in version of the reads within the dashed box. b Typical
spacing of the KMT2A break-apart FISH probe utilized for the in-house acute

myeloid leukemia (AML) panel. The probes are represented by their respective
colors. ¢ Illustration of the increased spacing of the probes that is expected after the
insertion of the ~1.3 Mb segment of 10p12 (indicated by the yellow bar) into
KMT2A. d Schematic of the orientation of the KMT2A (NM_001197104.2) and
MLLT10 (NM_001195626.3) genes including the intronic location of each break-
point; a functional fusion product is predicted.

the other was a B-ALL with a t(12;19)(p13;p13) resulting in TCF3::ZNF384
fusion (Fig. 3).

The AML with the ins(11;10)(q23.3;p12p12) was further investigated
to compare IrSeq findings with those of prior clinical genetic testing, espe-
cially since a FISH AML panel (which included a KMT2A breakapart probe)
had been performed clinically but was negative. Manual review of the lrSeq
data demonstrated that an ~1.3 Mb segment of chromosome 10p within
10p12.33p12.2 (extending from intron 7 of MLLT10 (NM_001195626.3) to
intron 4 of ARMC3 (NM_173081.5)) was inserted into intron 8 of the
KMT2A gene (NM_001197104.2) on 11q23.3 (Fig. 2a). This insertion
would cause the 5" and 3’ probes of KMT2A to further separate from their
baseline of ~40 kb (i.e., no rearrangement present; Fig. 2b), but only to a total
distance of ~1.4 Mb; a difference too small to visualize in FISH or chro-
mosome analyses (i.e., cytogenetically cryptic; Fig. 2¢). Follow-up testing
using a breakapart MLLTI0 FISH probe confirmed the presence of a rear-
rangement involving MLLTI0. Furthermore, the use of lIrSeq data allowed
for the exact breakpoints of this balanced insertion to be assessed, which
demonstrated that a functional fusion product would be expected due to the
5’ to 3’ orientation of the inserted 10p sequence (Fig. 2d). Of note, RN A was
not available for this case for additional confirmatory testing.

The SV calls from the B-ALL with the t(12;19)(p13;p13) were similarly
compared with prior clinical testing results to assess the discrepancy in crSV
detection. Analysis of the SV breakpoints demonstrated that this was a
balanced reciprocal translocation between chromosomes 12p13.31 and
19p13.3 (Fig. 3a, b), with a presumed functional product resulting from the
fusion of the 5" end of TCF3 (NM_003200.5) through intron 11 with intron
2 of ZNF384 (NM_001385745.1) through the 3’ end of the gene on the
derivative chromosome 19 (Fig. 3b). Given its cytogenetically cryptic and

balanced nature, this SV was not detected by clinical chromosome and array
studies; RNA-based fusion testing had not been performed. A clinical FISH
ALL panel had been performed, but neither of the genes involved in the SV
(ZNF384 or TCF3) was tested. These genes are commonly absent from
standard clinical laboratory ALL FISH panels, since translocations involving
these genes are infrequently observed in pediatric B-ALL". Although TCF3
is now a part of our clinical ALL FISH panel, a ZNF384 FISH probe has not
yet been validated.

In silico assessment of limit of detection

We next explored the ability of IrSeq and Severus to detect SVs across a range
of tumor amounts. Notably, the blast percentages of the neoplastic samples
utilized for this study ranged from 20% to 94% blasts at diagnosis (per
Pathology review; the blast percentages of each sample can be found in
Supplementary Data 1). In silico modeling was performed to determine the
limit of detection (LOD) for this approach at an average of 30x depth of
coverage (which corresponds to using 1 HiFi sequencing SMRT cell per
sample). Reads from the seven tumor samples with paired normal data and a
detected clinically relevant SV were ‘diluted” using sequence data that had
been generated from the normal sample, then run through the Severus TN
and TO pipelines (see Supplementary Data 5 and 6). This analysis
demonstrated that the lower limit of detection was ~3-4 reads, corre-
sponding with a 1:5 dilution (i.e., LOD of ~15% VAF in a sample with ~30x
coverage) for both the TN and TO analyses and suggests a minimum
required blast or tumor percentage of ~20% per neoplastic sample for clonal
SV detection. However, variability in the coverage of genes (as well as
variability in intragenic coverage) could also play a role in SV detection (see
Supplementary Figs. 1-37 for gene coverage plots). Our coverage analysis

npj Genomic Medicine| (2026)11:32


www.nature.com/npjgenmed

https://doi.org/10.1038/s41525-026-00560-5

Human (GRCh38/hg38) v| |dei2

o f <« > @O X2 |

a. chr12:6,676,647-6,685,479

Coverage Track i

T
W
¢

Protein Coding
Genes

ZNF384 (exons 3-7)

=
Reads me
it I i |
kh2 & 1 I 1
am R
| I 1 1 (I TN R IR [
| i 1 I |
| I Jam 1 1
| i I I
1 | ‘ = i i
|
: I 1
T 1 = |
| 1 it o N R TR
| | 1 i AN TR BRI ,
|
| I 1 I | |
{ i 1 1 W T T
| 1 1 1
| I

1,000bp

UL TN DR LI DERE D I T
1 LT T T TR R B T TR T
- . H—a.————————— "

TCF3 (exons 8-16)

1,000bp

Chr12
c.

1% TSRCT) -Ters

Exons 3-12 ZNF384
(NM70011A35734.1)

Exons 1-11 TCF3
(NM_OO?ZOO.S)

[ ,
H———H—

2ZNF384
2] Intron 2

chri12pter ¢mm

9 3’ ZNF384

Expected Fusion Product:

n (chr12:6681474)  (chr19:1621339)

TCF3e.1-11

== chr19 centromere == chr19qter

TCF3
Intron 11

Exon 11

Exon 10
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demonstrated random areas of reduced coverage for various genes in our
sample cohort, and this variability was not systematic.

Assessment of tumor-only structural variant calling

Although paired tumor/normal analysis enables true somatic SV calling
from IrSeq data, obtaining a germline sample within a clinically relevant
timeframe is not always feasible in pediatric leukemia testing, nor are paired
‘normal’ samples always available for research cohorts. Thus, we ran Severus
in “tumor-only mode” (ie., without the paired normal sample) for the
previously analyzed tumor/normal pairs above (n=9). There was an
expected increase in the average number of cluster IDs (i.e., breakend calls
that comprise unique SVs) in the unmatched samples versus the matched
dataset (Supplementary Fig. 38; see Supplementary Data 7 and 8 for the
resulting breakend call files from the matched tumor/normal versus tumor-
only analyses, respectively). Severus called an average of 285 break-end calls
per case (range 124-440). However, when restricting to breakends occurring
within a gene, the number of calls was reduced by approximately half (see
Supplementary Data 4 for counts per case by calling mode). To further screen
these calls, we employed a list of genes known to be mutated in pediatric
leukemia per the National Cancer Institute’s Childhood Cancer Genomics
summary and/or the World Health Organization’s diagnostic genetic sub-
types of B-ALLand AML™*. On average, these genes were covered ata depth
of at least 30x, with the exception of cases 6 and 9 which were sequenced at a
lower depth of coverage (see Supplementary Figs. 1-37). This approach,
combined with an additional filter requiring that a breakend occur between
two different genes (supporting a rearrangement that would more probably
result in a fusion product), readily identified the crSVs in all 7 of 7 neoplastic
samples (100%) from the tumor/normal analyses above (see Supplementary
Data 2 for the gene lists utilized), resulting in an average of 1 breakend call per
case (range 0-4; see Supplementary Data 4). This suggests that the use of
appropriate filters in a tumor-only dataset is equally effective as paired
tumor/normal testing despite the larger number of SVs initially detected. Of
note, a few ongoing studies are aiming to generate population-scale SV
databases using IrSeq data, which could be used as a panel of normals in
tumor-only sample analysis in the future™, and the Severus package
includes a ‘panel of normals’ that can be utilized as a filter SV calling”.

To further investigate the utility of tumor-only 1rSeq and analysis
using Severus, eight additional B-ALL cases without an available germline
sample (and also without a known genetic subtype after routine clinical
testing) were analyzed. By using the filtering approach outlined above, a
crSV was identified in two of these cases: one t(X;12)(p11.4;p13.31)
resulting in DDX3X::ZNF384 fusion; and one t(12;22)(p13.31;q13.2)
resulting in EP300::ZNF384 fusion. A summary of all fusions identified by
Severus in both the known’ and ‘unknown’ cases analyzed can be found in
Fig. 1 (with breakpoints of each SV listed in Table 1 and Supplementary
Data 1). As before, the existing clinical data for these ‘tumor-only,
unknown’ cases were reviewed to determine why these rearrangements had
not been previously detected.

Both cases had received karyotyping, FISH B-ALL panel, and chro-
mosomal microarray testing. However, ZNF384 rearrangements are com-
monly cytogenetically cryptic”® and thus were not detected by
chromosome analysis. Because ZNF384 probes are not part of standard
clinical B-ALL FISH panels, ZNF384 was not investigated by FISH for either
case. Finally, the EP300::ZNF384 rearrangement was genomically balanced
and thus not detected by microarray. For the other case (DDX3X::ZNF384),
the microarray analysis showed significant genomic complexity in the 12p
region, where ZNF384 resides, including several copy number alterations,
which made the genetic interpretation difficult. No additional testing was
performed for the case with the DDX3X::ZNF384 rearrangement, and RNA
was not available for follow-up testing. Interestingly, the case with the
EP300::ZNF384 fusion did receive RNA-based fusion analysis testing as well
as next-generation sequencing (NGS). However, ZNF384 was not included
on the RNA fusion panel utilized for the analysis, nor was the NGS assay
validated for SV detection. Thus, neither rearrangement was detected via the
clinical test algorithm selected for each case.

IrRNA-seq fusion detection supports the crSVs identified by
IDNA-seq

In addition to the IrSeq of DNA for SV detection, two cases underwent
IrRNA sequencing (I'RNA-seq) to assess the feasibility of this approach for
fusion transcript detection as well as to determine whether the crSVs
detected by Severus were supported by the presence of RNA fusion
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Fig. 4 | IrRNA-seq successfully detects fusion transcripts within pediatric
leukemia cases. a IGV demonstrating the presence of a KMT2A::AFDN fusion in the
IrRNA-seq data (top panel), which corresponds with the IrSeq DNA breakpoints
(bottom panel). Fusion transcripts corresponding with different isoforms are
highlighted by the orange arrows, while the blue arrows indicate the location of the

breakpoints within the DNA. b IGV demonstrating the presence of an
EP300::ZNF384 in the IrRNA-seq data (top panel), which corresponds with the IrSeq
DNA breakpoints (bottom panel). Orange arrows indicate a representative fusion
transcript, whereas the blue arrows indicate the SV breakpoints as called by Severus
in the IrSeq DNA data.

transcripts. Diagnostically relevant fusion transcripts were successfully
detected in 2/2 cases, which demonstrated a KMT2A:AFDN and an
EP300::ZNF384 fusion product; these transcripts resulted in the fusion of
exon 11 of KMT2A (NM_001197104.2) with exon 2 of AFDN
(NM_001386888.1), and exon 7 of EP300 (NM_001429.4) with exon 1 of
ZNF384 (NM_001385745.1), respectively (Fig. 4; the mean depth of exonic
coverage for each gene and the respective exons involved in each fusion
product can be found in Supplementary Data 9). Overall, the successful
identification of fusion transcripts in two cases supporting the crSVs and
their corresponding DNA breakpoints highlights the clinical utility of IrSeq
in pediatric leukemia crSV detection.

Discussion

Long-read sequencing (IrSeq) is an effective technology for structural var-
iant (SV) detection in inherited and neoplastic settings, especially for SVs in
repetitive regions of the genome or those that are of high genetic
complexity*"****'. Although several studies have assessed SV calling using
IrSeq in various types of adult cancer'®, the potential to use it as a clinical
diagnostic tool for patients with cancer has not been evaluated system-
atically. In addition, extremely limited focus has been given to pediatric

cancer, with only one published study to date investigating the utility of SV
detection using IrSeq in pediatric medulloblastoma™, and two studies
investigating 1rSeq in pediatric leukemia®™”’. Furthermore, these studies
were performed using existing bioinformatics SV callers***, which had
primarily been built for germline analyses, or in-house bioinformatics
solutions™. Severus (a bioinformatics tool specifically optimized to detect
somatic SVs using IrSeq data) has only recently been developed”. Since
Severus outperformed other long-read somatic SV detection tools”, this
study was performed to assess the feasibility of detecting diagnostically
relevant SVs using break-end calling from IrSeq data in a small clinical
pediatric leukemia cohort.

Using this approach, all diagnostically relevant somatic SVs were
identified with the exact breakpoints demonstrated in the five patients who
had a genetic classification of their leukemia known through prior clinical
diagnostic testing. Of note, for two of these five cases, IrSeq resolved the
partner gene, which enhanced the prior clinical results. In addition, lrSeq
and Severus analysis resolved the genetic driver alterations for four cases (4/
12 total unknowns) that had not been genetically classified by prior clinical
testing. For the eight remaining unresolved cases, there were no notable
technical limitations for crSV detection (e.g., inadequate blast percentage
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and gaps in coverage of key genes) with the exception of case 6 which had a
lower than expected depth of coverage and may have impacted SV calling;
an additional review of the Severus data was performed for these cases
without utilizing the gene panel to determine whether a rare but genetic
subtype defining SV, CNV, or inversion was present. No such findings were
identified; thus, in this small exploratory cohort, the present approach
resulted in a 33% increase in diagnostic yield over current clinical diagnostic
methodologies employed by our laboratory. Of note, a limitation of the
current gene-focused filtering approach is that it does not detect regulatory
rearrangements (e.g., enhancer hijacking or promoter swapping), which are
recognized genetic driver events in pediatric malignancies. A filtering
approach that annotates regulatory elements combined with Severus calls
could potentially detect these other driver events. Though a comprehensive
assessment of other genetic events called by Severus was outside the scope of
the present work, it is important to note that such findings are identified via
the Severus workflow and could also be incorporated into future analyses.

The clinical utility of RNA-based profiling with fusion transcript
detection and optical genome mapping (OGM)'***** is of known benefit for
genetically subtyping pediatric leukemia®’; however, these assays have his-
torically not been a routine part of our clinical testing workflow. Had they
been, it may have aided in the detection of underlying structural variants
that were cryptic by other methodologies. However, both approaches pre-
sent their unique challenges. For one, RNA is not always available, especially
for historical cases, and requires specific isolation and storage conditions. It
is also a challenge to maintain optimal conditions during transport for such
specimens if they are being shipped out to external reference laboratories for
testing. Additionally, for clinical laboratories that employ RNA-based fusion
panels, if one of the genes involved in the fusion is not specifically included
on the panel, then that fusion transcript will be missed. Such is the case for
ZNF384, which is not part of the gene list for multiple clinically available
RNA-based hematologic cancer fusion panels, even at Children’s Oncology
Group (COG) approved laboratories or those at large pediatric academic
medical centers. For OGM, although it is a DNA-based technology, it
presently requires a specific isolation procedure for ultra-long DNA
molecules, which is not always compatible with banked samples. In contrast,
the IrSeq data analyzed in our study were generated using DNA that was
isolated using routine clinical protocols (see Methods). Additionally, the
breakpoint resolution of SV detected via OGM can be pinpointed only to a
genomic interval that is a few kilobases in length, as it is dependent upon the
location of the breakend relative to the repeat sequences that OGM exam-
ines. For comparison, lrSeq allows for the unbiased and successful detection
of the exact nucleotide-level breakpoints of each rearrangement. Thus,
although the diagnostic yield of our small cohort would likely be impacted if
RNA profiling, fusion analysis, and/or OGM were incorporated into our
clinical workflow, this study demonstrates a proof-of-principle for DNA-
based IrSeq to be successfully, and perhaps more feasibly, implemented
clinically for SV detection in pediatric leukemia.

Importantly, the successful detection of these SVs provides highly
relevant information that has a significant and direct impact on patient
management. This is indeed the case for the four genetically ‘unknown’
cases above that were solved by IrSeq and Severus. For example, the AML
patient with the ins(11;10)(q23.3;p12p12) identified in the present study
would have been managed as high-risk, whereas patients without a diag-
nostic genetic alteration are managed as intermediate risk. Patients who are
high-risk undergo more aggressive treatment, such as hematopoietic stem
cell transplantation*, and KMT2A-rearranged AML has been shown to
respond more favorably to gemtuzumab ozogamicin®, which would have
been an additional therapy that could have been pursued for this patient.

Similarly, ZNF384 rearrangements, like the three identified in the
previously ‘unknown’ cohort, are known to be karyotypically cryptic within
the context of pediatric B-ALL, requiring detection via ZNF384 FISH testing
and/or next-generation DNA or RNA sequencing. ZNF384 is also known to
rearrange with one of several partner genes, most commonly EP300, TCF3,
TAFI15, and CREBBP*. Identifying the fusion partner is important in
ZNF384-rearranged B-ALL, as EP300 confers an inferior prognosis and

high-risk disease®. In contrast, the partner genes TCF3 or DDX3X are not
expected to be of prognostic significance, but the identification of a
TCF3:ZNF384 or DDX3X::ZNF384 translocation helps rule out the pre-
sence of a different, previously undetected, high-risk genetic alteration.

The utility of IrRNA-seq for isoform detection and inferring structural
variants has been described previously in pediatric oncology settings'*;
however, it has not yet been investigated using HiFi data within individuals
with pediatric leukemia. Therefore, we were interested in determining
whether diagnostically relevant fusion transcripts supporting the structural
variants detected via DNA-based 1rSeq and Severus could be captured by
this approach. Both fusion isoforms (i.e., KMT2A:AFDN and
EP300::ZNF384) were successfully detected, suggesting that this test could
be feasibly implemented as an orthogonal method to further support
findings from DNA-based SV detection and/or as a replacement for short-
read RNA-seq. Furthermore, IrRNA-seq may additionally complement
DNA-based SV detection by allowing for the identification of genomic
rearrangement-independent fusions™. Finally, IrRNA-seq offers increased
resolution of fusion transcripts in that it accurately captures specific iso-
forms; this study demonstrated that these isoforms matched the DNA-
based IrSeq breakpoints with remarkably high precision (as shown in Fig. 4).
Future work will be needed to determine the most clinically relevant iso-
form(s) for each patient as IrRNA-seq becomes more widely implemented,
as well as to determine whether IrRNA-seq, including RNA expression
profiling from IrRNA-seq data, could further assist in defining pediatric
leukemia cases with unknown genetic drivers.

In summary, this study establishes the successful detection of crSVs
by IrSeq in a small pediatric leukemia cohort, including an increased
diagnostic yield over commonly used clinical workflows, though we note
the potential for ascertainment bias due to the size and nature of this study.
Given that IrSeq can generate complete genomic data for a sample in a few
days and its cost has decreased to less than $1000 USD per genome, we
may be reaching a point where its clinical implementation in cancer,
especially in a pediatric setting, is now feasible. In addition, although IrSeq
is more expensive than other assays that are routinely used in clinical
settings for crSV detection, it should be noted that the data can be easily
reanalyzed; this allows for seamless reclassification of previously unde-
fined cases as novel genetic subtypes are discovered without necessitating
that new data be generated. Finally, since IrSeq provides additional genetic
information not investigated in the present study, as mentioned above, it is
likely that the utility of IrSeq as a comprehensive cancer profiling test will
continue to grow.

Methods

Study participant details

Nine pediatric leukemia cases with corresponding normal (remission)
samples were selected for HiFi sequencing from the Children’s Mercy
Research Institute Biorepository (CRIB) following informed consent. These
cases were enrolled in the CRIB between 2017 and 2023 and had sufficient
material available for HiFi sequencing. The sample type(s) utilized for each
case can be found in Supplementary Data 1. Samples were stored in
accordance with the CRIB protocol (i.e., a peripheral blood or bone marrow
aspirate white blood cell pellet was snap frozen after red blood cell lysis), or
IrSeq was performed on archival clinically isolated DNA. The pathology
diagnosis for five of these cases was precursor B-cell acute lymphoblastic
leukemia (B-ALL), and for the remaining four was acute myeloid leukemia
(AML). Five of the cases (2 B-ALL; 3 AML) had diagnostic translocations
that had been identified clinically using routine cytogenetic testing (FISH,
chromosomes, and microarray). The remaining four cases (3 B-ALL; 1
AML) had undergone routine clinical testing (FISH, chromosomes,
microarray, and/or next-generation sequencing), and were selected because
no diagnostic genetic driver alteration (i.e., genetic driver “not otherwise
specified”; NOS) had been identified. In addition, eight B-ALL NOS cases
for which a paired normal sample was not available were selected. The age,
sex, race, and ethnicity of each patient are listed in Supplementary Data 1,
when provided by self or physician report.
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DNA sample Prep and IrSeq

Genomic DNA from each sample was extracted using a Chemagen
instrument (PerkinElmer, Baesweiler, Germany) or via manual TKM iso-
lation. DNA samples were mechanically fragmented on the Diagenode
Megaruptor 3, and library preparation was performed with the SMRTbell
Prep Kit 3.0 (Pacific Biosciences (“PacBio”), Menlo Park, CA, USA) using
2.5 ug of DNA per sample. Size selection for intact library fragments greater
than 10 kb was performed using the PippinHT (Sage Science, Beverly, MA,
USA). The concentration of each library was determined by Qubit, and
libraries were sequenced on a PacBio Revio instrument using supported
reagents (Revio Polymerase Kit, Revio Sequencing Plate, and Revio SMRT
Cell Tray) to a target depth of 30x.

IrDNA-seq data processing and analysis

The PacBio Human Whole Genome Sequencing workflow was used to
process HiFi reads for haplotagged alignment and phasing to GRCh38,
followed by structural variant (SV) calling from each tumor/normal (TN)
pair using Severus”’. Specific code utilized for data processing can be found
in the Supplementary Information. All prior clinical genetic test data were
collated and used for comparisons with the breakend analysis findings (see
Supplementary Data 1). The TN Severus output was filtered for break-end
calls that overlapped genes known to be relevant to pediatric leukemia (see
Supplementary Data 2). All data filtering was performed in Microsoft Excel,
and SVs were visualized using Integrative Genomics Viewer (IGV)’". Each
neoplastic sample was additionally processed by Severus without the paired
normal sample to assess the feasibility of diagnostic SV detection in a tumor-
only (TO) setting. The TO Severus output was similarly filtered for break-
end calls overlapping genes known to be relevant to pediatric leukemia (see
Supplementary Data 2), with an additional filter to prioritize breakends
occurring between two different genes. The average read depth after base-
calling for the genes assessed was determined; representative coverage plots
can be found in Supplementary Figs. 1-37. To investigate the theoretical
limit of detection of this assay, reads from the paired normal sample were
used to “dilute” the tumor sample at varying concentrations, and the
bioinformatically “diluted” BAM files were run through Severus in TN and
TO modes.

RNA sample Prep and IrSeq
For the IrRNA-seq, RNA was isolated from cell pellets in TRIzol (Ther-
moFisher, Cat. No. 15596026) using a TRIzol/chloroform precipitation and
cleaned with a RNeasy Mini Kit (Qiagen, Cat. No. 74104). Sample con-
centrations were quantified with a Qubit RNA BR Assay Kit (ThermoFisher,
Cat. No. Q10210). Samples with a high concentration (>800 ng/uL) were
diluted 1:10 with RNase-free water and were quantified again. The 1:10
diluted samples were checked on an RNA ScreenTape (Agilent, Cat. No.
5067-5577 and 5067-5576) on the TapeStation platform to assess whether
RIN scores were greater than or equal to 7.0. Long-transcript cDNA libraries
were prepared as described in the PacBio Iso-Seq™ Express Template Pre-
paration for Revio Systems protocol. The maximum recommended input
(300 ng) of RN A was aliquoted from the 1:10 diluted RNA samples and was
used as the sample input. Samples were enriched for long transcripts greater
than 3 kb in length. Quantification with a Qubit dsDNA HS Assay Kit
(ThermokFisher, Cat. No. Q32854) determined that the cDNA yield of the
samples was less than the minimum required yield (160 ng) for the Revio
system and that the samples would need additional PCR cycling (as
described in Appendix 1 of the Iso-Seq procedure™). Three additional PCR
cycles were performed on the samples, as recommended, with NEBNext
High-Fidelity 2x PCR Master Mix (NEB, Cat. No. M0541S) used in the PCR
reamplification master mix. The samples were then bead-cleaned following
the procedure for low-yielded samples and were quantified again with a
Qubit dsDNA HS Assay Kit to ensure there was enough ¢cDNA for
SMRTbell library preparation.

Up to 500 ng of cDNA from each sample was used as an input into
SMRTbell library preparation without pooling using the SMRTbell Express
Template Prep Kit 2.0 (Pacific Biosciences, Cat. No. 100-938-900). After the

SMRTbell library cleanup, the libraries were quantified with a Qubit dSsDNA
HS Assay Kit to determine their final concentration. The library size was
determined with a High Sensitivity D5000 ScreenTape (Agilent, Cat. No.
5067-5592 and 5067-5593) on the TapeStation platform. Resulting libraries
were sequenced with one Revio SMRT Cell (Pacific Biosciences, Cat. No.
102-202-200) each on the Revio System using the Revio Polymerase Kit
(Pacific Biosciences, Cat. No. 102-739-100) according to standard manu-
facturer’s directions with loading at 90pM per library.

IrRNA-seq data processing and analysis

Starting from HiFi reads, data were processed using the standard isoseq
v4.0.0 pipeline as described at isoseq.how, using the cluster2 algorithm for
clustering. FLNC reads were aligned to GRCh38 using minimap2 v2.28-
r1209”. Average coverage for each gene was calculated over exons only
using the samtools v1.16.1 coverage command. Data analysis for expected
crSV products was performed in IGV.

Data availability

HiFi DNA-seq data are publicly available from dbGaP as of the date of
publication (study ID phs002529) and the dbGaP identifiers corresponding
to each case alias utilized in this manuscript can be found in Supplementary
Table 1. Any additional information required to reanalyze the data reported
in this paper is available from the corresponding author upon reasonable
request.
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