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There is growing evidence supporting an inherited basis for susceptibility to acute lym-
o Leukemia phoblastic leukemia (ALL) in children. In particular, we and others reported recurrent
predisposition germline ETVé variants linked to ALL risk, which collectively represent a novel leukemia
variants in ETV6 lead predisposition syndrome. To understand the influence of ETVé variation on ALL patho-

to dramatic loss of genesis, we comprehensively characterized a cohort of 32 childhood leukemia cases arising
:::':-se;:z:l::tivity, from this rare syndrome. Of 34 nonsynonymous germline ETVé variants in ALL, we
mainly by disrupting identified 22 variants with impaired transcription repressor activity, loss of DNA binding,
DNA binding. and altered nuclear localization. Missense variants retained dimerization with wild-type

o Germline ETV6 ETV6 with potentially dominant-negative effects. Whole-transcriptome and whole-genome

variants influence ALL sequencing of this cohort of leukemia cases revealed a profound influence of germline
transcriptional profile ETVé6 variants on leukemia transcriptional landscape, with distinct ALL subsets invoking
with a!;t’ikingf unique patterns of somatic cooperating mutations. 70% of ALL cases with damaging
?J:,T(., j::l_e :utETV6- germline ETV6 variants exhibited hyperdiploid karyotype with characteristic recurrent
unique somatic mutations in NRAS, KRAS, and PTPN11. In contrast, the remaining 30% cases had a diploid
mutations. leukemia genome and an exceedingly high frequency of somatic copy-number loss of PAX5

J and ETV6, with a gene expression pattern that strikingly mirrored that of ALL with somatic
ETV6-RUNX1 fusion. Two ETV6 germline variants gave rise to both acute myeloid leukemia and ALL, with lineage-
specific genetic lesions in the leukemia genomes. ETV6 variants compromise its tumor suppressor activity in vitro with
specific molecular targets identified by assay for transposase-accessible chromatin sequencing profiling. ETVé6-
mediated ALL predisposition exemplifies the intricate interactions between inherited and acquired genomic varia-
tions in leukemia pathogenesis. (Blood. 2021;137(3):364-373)
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Introduction genetic susceptibility plays a much larger role than previously

Acute lymphoblastic leukemia (ALL) is the most common pe- thought. For example, genome-wide association studies have

diatric cancer and a significant cause of childhood morbidity and ideﬁtifieq commaon polymorphisms associated with ALL risk af-
mortality.'? Historically, hereditary predisposition has not been fecting, including IKZF1, ARID5B, CEBPE, CDKN2A, BMI1-

considered a major risk factor contributing to ALL development; PIP4K2A, and TP63, and studies of leukemia-prone kindreds or
however, there is a growing body of evidence indicating that children with the low hypodiploid ALL subtype have revealed
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rare damaging germline variants in PAX5, IKZF1, and TP53.42
More recently, we and others described germline variants
in ETV6, the gene encoding the essential hematopoietic
transcriptional repressor erythroblast transformation specific
(ETS) variant 6, among families exhibiting autosomal-dominant
thrombocytopenia and preponderance of ALL."3"® These ETV6
variants were absent from the general population and coseg-
regated with thrombocytopenia in all cases. Initial functional
evaluation of the small number of index variants revealed that
they decreased ETVé transcriptional repressive activity, and
the majority impaired DNA binding and altered subcellular
localization.'®'> Additional studies have recently identified fa-
milial leukemia cases with inherited structural alterations in the
ETV6 gene, further highlighting the role of this gene in ALL
predisposition.'¢1”

To explore the contribution of germline variation in ETV6 more
broadly in childhood ALL, we subsequently sequenced 4405
childhood B-ALL cases and identified potential leukemia-related
variants in ~1% of patients.'® Of these, nearly half were located
in the essential DNA-binding domain, including 9 variants pre-
dicted to be most deleterious by the combined annotation—
dependent depletion scores. Nevertheless, the pathogenicity of
these purported ALL risk variants remained unclear without ex-
perimental characterization of their functional consequences.
More importantly, the mechanisms of germline ETVé-mediated
leukemogenesis remained undefined.

Here, we systematically characterize how these germline ETVé
variants affect the transcriptional repressor function of the
encoded ETV6 protein and elucidate their impacts on down-
stream gene expression in vitro and in human primary ALL
samples. We also comprehensively describe the somatic ge-
nomic landscape of a large cohort of childhood leukemia cases
with ETVé risk variants and explore the functional interactions
between specific somatic lesions and germline ETV6 variants
during oncogene-mediated transformation.

Methods

Thirty-one B-ALL and 2 acute myeloid leukemia (AML) samples
with germline ETV4 variants from 32 unique patients at St. Jude
Children’s Research Hospital, Dana-Farber Cancer Institute, or
the Children’s Oncology Group were included in this study.
Genomic DNA was extracted from diagnostic bone marrow or
peripheral blood samples using QlAamp DNA Midi or Maxi kit
(Qiagen) and total RNA extracted using TRIzol (Thermo Scien-
tific). Bone marrow or peripheral blood collected during clinical
remission was used as the source for germline DNA. Whole-
genome sequencing of matched germline and tumor DNA was
performed on 30 of 32 cases, while in 2 cases, only tumor DNA
was sequenced. Whole-exome sequencing was applied on 1
paired sample. Whole-transcriptome sequencing was performed
on 22 of these 33 samples (supplemental Table 1, available on
the Blood Web site). In addition, 231 children with ALL from the
Ma-Spore ALL clinical trial’®2° and 30 ETV6-RUNX1 ALL cases
from St. Jude Children’s Research Hospital were included for
whom whole-transcriptome and whole-genome sequencing
data were used to compare with those of ETV6 ALL, respectively.
Somatic and germline variant data as well as transcriptome
sequencing data for 13 ALL cases with somatic ETV6 variants

ETV6-RELATED PREDISPOSITION TO CHILDHOOD ALL

(6 nonsense, 4 frameshift, 1 splice site, and 2 missense variants)
were obtained and analyzed from St. Jude Children’s Research
Hospital and TARGET?"?2 (supplemental Table 2). This study was
approved by the respective institutional review boards, and
informed consent was obtained from the parents, guardians,
and/or patients, as appropriate.

Additional details for the genomic profiling, functional assays,
and statistical analyses are included in supplemental Methods.

Results

As a transcription factor, ETVé primarily functions to repress the
expression of a wide spectrum of target genes, many of which
are highly regulated during hematopoiesis.?*?> Using in vitro
biochemical assays, we first sought to systematically characterize
the impacts of 34 nonsynonymous germline ETV46 variants that
have been identified as ALL associated thus far.'® By directly
measuring transcription repressor activity with a luciferase re-
porter assay in HEK293T cells, we observed that wild-type (WT)
ETV6 robustly repressed PF4 promoter-driven transcription,
whereas 22 of the 34 variants tested (65%) exhibited significant
impairment of transcription repression; in all cases, expression of
mutant ETV6 was detectable and comparable to the level of WT
ETV6 (not shown) (Figure 1A, these variants are hereafter re-
ferred to as “damaging”). In contrast, the other 12 variants
functioned similarly to or better than WT ETV6 (these are re-
ferred to as "WT-like").

We also tested 12 common ETVé variants as defined previously'®
and found that these exhibited WT levels of transcription re-
pression (supplemental Figure 1). Transcription repressor activity
of ETV6 variants tracked closely with bioinformatic prediction
score derived from the REVEL algorithm,?® with 11 of 13 dam-
aging missense variants exhibiting a REVEL score >0.5 (sup-
plemental Figure 2A). We then compared the prevalence of
ETV6 variants (nonsense/frameshift alterations or missense
variants with REVEL score = 0.5) in ALL cases vs non-ALL controls
in the Genome Aggregation Database data set (N = 134 187)%
and observed a striking 24.0-fold enrichment of damaging
variants in ALL (P = 2.2 X 107"¢), whereas WT-like variants were
equally distributed between ALL and controls (supplemental
Figure 2B).

The ETS domain is critical for ETV6 to suppress transcription.?
Consistent with this notion, 5 of 6 frameshift variants and all 4
nonsense variants predicted to truncate ETV6 upstream or within
the DNA-binding domain resulted in nearly complete loss of
repressor activity. In fact, while examining bone marrow cells
from patients carrying nonsense variant R359X, we could not
detect the truncated protein (supplemental Figure 3), sug-
gesting that these variants result in loss of function, plausibly
through nonsense-mediated decay. Furthermore, of 13 dam-
aging missense variants, all but one (R433H) resided within the
ETS domain. For subsequent functional assays, we tested only
the 22 damaging variants and excluded any WT-like variants. In
keeping with their loss-of-transcription-repressor activity, the
22 damaging variants exhibited a significant decrease in ability
to bind to an ETS DNA consensus sequence (Figure 1B; sup-
plemental Figure 4), as assessed using an electrophoretic mo-
bility shift assay. We also examined the subcellular localization of
WT and variant ETVé proteins. Compared with WT ETV6, which
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Figure 1. Functional characterization of germline ETV6 variants identified in pediatric ALL. (A) ETVé6 transcription repressor activity was determined using a dual-luciferase
reporter assay by cotransfecting an ETV6 expression construct, PF4 luciferase reporter construct, and Renilla luciferase reporter construct in HEK293T cells. Bars show the mean
of triplicate experiments and repeated at least 3 times; error bars represent standard deviation (SD). (B) Electrophoretic mobility shift assays were performed using nuclear
extracts from HEK293T cells ectopically expressing WT or variant ETV6. Bars show the mean of triplicate experiments; error bars represent SD. (C) Western blotting was
performed after subcellular fractionation of HEK293T cells ectopically expressing WT or variant ETVé. Bars show the mean of nuclear to cytoplasmic ratio from 3 individual
experiments; error bars represent SD. In panels A-C, a 1-way analysis of variance (ANOVA) with multiple comparison was performed to compare each variant with WT (*P < .01).
(D) Germline ETV6 variants were classified as damaging or WT-like on the basis of functional characterization as shown in panels A-C.

was sequestered within the nucleus, 21 of 22 damaging variants
tested (95%) exhibited a significant loss of nuclear localization,
albeit to varying degrees (Figure 1C; supplemental Figure 5). A
summary of the functional classification for each variant as either
damaging or WT-like is shown in Figure 1D.

Because carriers of ETV6 variants always have a heterozygous

genotype in the germline, we postulated that variant proteins
may function in a dominant-negative fashion. To test this hypothesis,
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we assessed luciferase activity following cotransfection of con-
structs encoding WT and increasing amounts of variant ETV6.
Across all 22 damaging variants, we consistently observed a
dose-dependent inhibition of WT ETVé activity (Figure 2A),
pointing to a potential dominant-negative mechanism of action.
In contrast, none of the WT-like variants exhibited such effects
(supplemental Figure 6). ETV6 functions as a homodimer or
polymer to efficiently bind ETS consensus sequences.??3°
Therefore, we next evaluated the ability of deleterious variants to

NISHII et al
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Figure 2. Dominant-negative effects of variant ETV6 on WT ETVé. (A) ETV6 transcription repressor activity was measured by cotransfecting HEK293T with constructs
encoding WT ETVé, increasing amounts of variant ETV6, and a luciferase reporter. The top panel denotes missense variants, while the bottom panel indicates nonsense or

frameshift variants. Bars show the mean of triplicate experiments and repeated at least 3 times; error bars represent SD. **P < .01 in =1 condition. (B) HEK293T cells were
cotransfected with MYC-tagged WT and FLAG-tagged variant ETV6 constructs followed by pull-down with anti-FLAG beads for western blotting to examine dimerization. Seven
representative variants were chosen for this assay. IP, immunoprecipitation. (C) HEK293T cells were cotransfected with MYC-tagged WT and the same 7 FLAG-tagged variant
ETV6 constructs as in panel B followed by subcellular fractionation and western blotting of nuclear and cytoplasmic fractions using an anti-MYC antibody. Red bars indicate

frameshift variants, orange bar indicates a nonsense variant, and lime green bars indicate missense variants. Bars represent the nuclear-to-cytoplasmic ratio from triplicate

experiments; error bars represent SD. *P < .05. In panels A and C, a 1-way ANOVA with multiple comparison was performed to compare each variant with WT.

dimerize with WT protein using a coimmunoprecipitation assay,
focusing on 7 variants representative of truncating and missense
changes. In this assay, all selected variant ETVé proteins
exhibited robust dimerization with WT ETVé, whereas the
double mutant A93D/V112E (known to impair polymerization)?’
remained completely uncoupled (Figure 2B). We further asked
whether the subcellular localization of WT ETVé protein would
be affected by the presence of mutant ETV6 when both are
simultaneously expressed in the same cells. Upon cotransfec-
tion, the presence of each of these 7 representative ETV6 var-
iants caused a general reduction in the ratio of nuclear to
cytoplasmic WT ETVé (Figure 2C; supplemental Figure 7). Taken
together, these results indicate that damaging ETV6 variants
lose their transcriptional repressor function due to impairment of
DNA binding and nuclear localization, with minimal effects on
dimerization.

Because germline ETVé variants do not always result in malig-
nancy, with only 25% to 30% of carriers developing leukemia,??
we hypothesized that additional genomic abnormalities must
be acquired somatically to induce leukemia. To identify
these cooperating events and exhaustively define the genomic
landscape of ALL with germline ETVé variants, we performed

ETV6-RELATED PREDISPOSITION TO CHILDHOOD ALL

comprehensive genomic profiling of the leukemia samples from
32 available index cases in whom we identified damaging
(n = 24) or WT-like (N = 8) germline ETV6 variants (supplemental
Table 1; 1 case [R386fs] had both an ALL and an AML sample
available). Using whole-genome sequencing, we examined
genome-wide structural alterations (eg, focal copy-number
changes and large chromosomal aberrations) and sequence
mutations (single-nucleotide variants and small indels); in par-
allel, we also identified gene fusions and global expression
patterns using whole-transcriptome sequencing (supplemental
Tables 3-6). Of 23 cases with damaging ETV46 variants, 16 (70%)
showed gross chromosomal gains, consistent with our previous
report describing an association of germline ETVé variants with
hyperdiploid ALL'® (Figure 3A). Along with DNA index, the other
clinical features of damaging ETV46 variant carriers can be found
in supplemental Table 7. The hyperdiploid cases exhibited re-
current somatic mutations affecting RAS pathway genes, in-
cluding NRAS, KRAS, and PTPN11, as is commonly seen in this
ALL subtype.® In contrast, the remaining 7 ETV6 ALL cases had a
diploid leukemia genome with a strikingly high prevalence of
PAXS5 and ETV6 copy-number loss (86% and 57%, respectively).
These PAX5 and ETV6 deletions were largely absent in hyper-
diploid ALL samples but were frequently observed in ALL
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Figure 3. Comprehensive genomic profiling of ALL harboring germline ETVé variants. (A) Heatmap showing major somatic coding mutations and structural variations
identified in cases with a germline ETV4 variant or ETV6-RUNXT fusion. (B-C) Unsupervised hierarchical clustering of global gene expression profile from cases with germline
ETVé variants (B) or with addition of the 231 pediatric ALL cases of diverse subtypes (C). (D) Somatic genomic features in AML and ALL arising from the same ETV6 germline

variant.

harboring the somatic ETV6-RUNX1 fusion (Figure 3A). Chro-
mosomal rearrangement (gene fusion) was relatively rare, de-
tected in only 3 of these 23 cases. We did not observe any
recurrent genomic features in the 8 cases with WT-like germline
ETVé variants other than hyperdiploidy in 5 samples. We further
performed somatic mutation signature analysis®*** of the ALL
cases with germline ETV6 variants. Mutational signatures cor-
responding to activity of the AID/APOBEC family of cytidine
deaminases (SBS2 and SBS13) and defective DNA repair with
BRCA1/2 mutations (SBS3) were identified in 7 and 14 cases,
respectively. However, there was no significant difference in
mutational signatures between diploid and hyperdiploid sub-
groups within germline ETVé variant-positive ALL cases (sup-
plemental Figure 8).

Similarly, ETV6 ALL cases also exhibited distinct transcriptomic
patterns depending upon the functional effects of germline
ETVé variants and somatic genomic alterations. Unsupervised
hierarchical clustering analysis first separated cases with dam-
aging vs WT-like germline ETV6 variants, pointing to a global
effect of ETV6 on leukemia gene expression (Figure 3B). How-
ever, within cases with damaging ETVé variants, the transcrip-
tional profile was largely driven by leukemia ploidy (diploid vs
hyperdiploid) or plausibly by other genomic features tracking
with ploidy (eg, ETV6 and/or PAX5 deletion vs RAS pathway
mutations in diploid vs hyperdiploid cases, respectively).?33¢
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When we repeated the clustering analysis using whole-transcriptome
sequencing data from 231 pediatric ALL cases representative of
diverse subtypes, damaging ETV6 variant ALL samples with
diploid karyotype grouped tightly with ETV6-RUNXT cases,
whereas ETV6 ALL with hyperdiploidy shared the expression
signature seen in other hyperdiploid cases (Figure 3C). In con-
trast, 4 of 13 (31%) cases with somatic ETV6 mutations (3 cases
with ETV6-RUNXT fusion and 1 case with somatic copy-number
loss of ETV6) clustered with ETV6-RUNXT ALL based on gene
expression, while the 9 remaining somatic ETVé-mutated cases
did not exhibit any characteristic expression profile or distinct
pattern of genomic alterations (supplemental Table 2 and
supplemental Figure 9). Therefore, unlike germline ETV6 vari-
ants, acquired ETV6 mutations do not appear to dictate an
obvious transcriptomic program or direct the acquisition of
specific cooperating alterations in preleukemic cells during the
process of malignant transformation.

Notably, in 2 unrelated families, ETV6 germline variants gave rise
to both ALL and/or AML (Figure 3D; supplemental Figure 10),
raising the possibility that lineage-specific leukemogenesis is
driven by secondary somatic lesions. For example, the patient
harboring an ETVé6 R386fs variant first developed ALL and sub-
sequently therapy-related AML. Genomic profiling of the ALL and
AML samples from this individual revealed completely different
somatic second events, characteristic of lymphoid (PAX5 deletion)

NISHII et al
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Figure 4. Effects of ETV6 variants on oncogenic transformation in vitro. Ba/F3 cells were transduced with constructs encoding WT ETVé, damaging ETV6 (R359X or R399C),
WT-like ETV6 (R353Q), and NRASC'?P, followed by sorting for cells expressing mCherry and ZsGreen double-positive cells and IL-3 withdrawal 48 hours after transduction. (A)
Cytokine-independent cell growth was monitored daily as an indicator of transformation in vitro. Data represent the mean from 3 individual experiments; error bars represent SD.
Two-way ANOVA with multiple comparison was performed to compare each variant with WT (*P < .05). (B) RNA-seq and (C) ATAC-seq were performed using Ba/F3 cells at
48 hours after IL-3 withdrawal. Cells expressing a damaging ETVé variant (R359X) exhibited similar RNA-seq and ATAC-seq patterns as cells transduced with empty vector (B).
Differential ATAC-seq peaks in Ba/F3 cells expressing a damaging ETV6 variant (R359X) versus WT ETVé correspond to upregulated genes identified by RNA-seq (C). (D)
t-Distributed stochastic neighbor embedding clustering analysis was performed on the 253 ALL cases as shown in Figure 3C using 94 possible target genes identified by RNA-

seq and ATAC-seq of Ba/F3 cells.

and myeloid malignancies (CBL mutation), respectively.?¢3” In the
second example, 2 individuals from the same family carrying the
ETV6 R399H variant independently developed ALL and AML,
respectively. While the ALL genome had a CRLF2 rearrangement
with ETV6, PAX5, and IKZF1 deletions, the AML blasts harbored a
KMT2A-MLLT3 fusion with an ASXL1 frameshift mutation. These
somatic genomic features are uniquely associated with ALL and
AML, respectively, and likely contributed to leukemogenesis in
distinct lineages arising from the shared germline ETV6 variant.

To explore the effects of ETV6 variants on leukemogenic
signaling, we directly compared variant vs WT ETV6 for their
impacts on oncogene-driven transformation using a cytokine-
dependent growth assay in the murine hematopoietic pro-
genitor cell line Ba/F3. Given the relatively high frequency of
RAS mutations in ALL with germline ETVé variants, we elected to
use the NRASS'2P mutation as the oncogenic driver in these
experiments. We found that coexpression of WT ETV6 strongly
inhibited RAS-mediated transformation in this model (ie,
interleukin-3 [IL-3]-independent growth), with the WT-like ETV6
R353Q variant showing similar effects (Figure 4A). However,
expression of the damaging variants R359X or R399C consis-
tently failed to suppress in vitro transformation in the presence of
NRASCG2P, suggesting that these variants directly affected a key
function of ETV6 as a tumor suppressor. As a control, we

ETV6-RELATED PREDISPOSITION TO CHILDHOOD ALL

expressed ETV6 variants alone and observed that these variants
have no transformation capacity in the absence of NRAS G12D
(supplemental Figure 11). In parallel, we performed whole-
transcriptome sequencing (RNA-seq) and assay for transposase
-accessible chromatin sequencing (ATAC-seq) on these Ba/F3
cells to profile the transcriptional and epigenomic changes in-
duced by WT and variant ETV6. Within 48 hours following
transduction, there were already significant alterations in the
gene expression pattern between cells expressing WT vs variant
ETV6, whereas the latter were largely indistinguishable from
Ba/F3 cells transduced with empty vector (supplemental Figure
12A). These effects were even more pronounced upon cytokine
removal (Figure 4B). Interestingly, of 1189 genes differentially
expressed, 597 (50.2%) were upregulated in cells expressing
variant ETV6 (supplemental Table 8), consistent with the loss of
transcription repressor function. Using ATAC-seq to broadly
profile chromatin accessibility as a proxy for epigenomic mod-
ifications (eg, chromatin occupancy by transcription factors such
as ETVé), we observed an overall increase in ATAC-seq peaks in
NRASC2P-transduced Ba/F3 cells expressing variant compared
with WT ETV6 (5184 upregulated peaks compared with WT,
Figure 4B and supplemental Figure 12A). Footprint analysis
revealed that ETV6 and CEBP motifs were significantly enriched
in the upregulated ATAC-seq peaks (supplemental Figure 12B).
Among these 5184 peaks, 3190 (61.5%) loci encompassed a
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canonical ETVé6-binding motif (supplemental Table 9) (signifi-
cantly more than what would be expected by chance, P =7.44 X
1071%). Of the 668 genes with potential loss of ETV6 binding (as
evidenced by presence of ATAC-seq peaks and ETVé binding
motifs), 107 showed concordant upregulation in expression in
ETV6 variant cells (significantly more than by chance, P = 5.40 X
10759, suggesting a loss or reduction of ETV6 binding at these
targets and, consequently, relief of ETVé6-mediated transcrip-
tional repression (Figure 4C).

Comparing ATAC-seq and whole-transcriptome sequencing
data and mapping to homologous human genes, we identified
94 putative ETV6 target genes (based on upregulation of ex-
pression, increase in chromatin openness, and the presence of
an ETV6 binding motif) (supplemental Table 10). These genes
are most likely to be transcriptionally regulated by ETVé, with
expression altered in cells harboring variant ETV6. Gene On-
tology analysis revealed significant enrichment of genes in-
volved in innate immune response and leukocyte migration in
inflammatory response (supplemental Table 11). Interestingly,
we found that these 94 genes showed significant overlap with
ETV6 targets identified using chromatin immunoprecipitation
sequencing in ALL cell lines (12 out of 94 genes, P = .038 by
Fisher's exact test) (supplemental Table 10).38 This supports the
notion that these genes may be direct transcriptional targets of
ETVé6. Strikingly, t-distributed stochastic neighbor embedding
clustering analysis®® of the transcriptome of 253 primary ALL
tumors on the basis of these 94 genes recapitulated the tran-
scriptional relationship of germline ETV6 variant-associated ALL
with other subtypes as determined by transcriptome seq
(Figure 4D). This finding strongly suggests that these 94 genes
are essential ETV6 targets, potentially linking their deregulation
to the pathogenesis of germline ETV6 variant ALL. Finally, a
comprehensive summary of the functional consequences of each
germline ETV6 variant identified in this study can be found in
Figure 5.

Discussion

In this study, we comprehensively characterized the functional
impacts of a large panel of germline ALL risk variants in ETV4,
profiled the somatic genomic landscape of ALL arising from this
unique genetic predisposition, and explored how these germ-
line and somatic genetic variations interact to enable trans-
formation and alter the epigenomic and transcriptional landscape
of leukemia cells. Through these studies, we classified 22 of
34 ETV6 variants as damaging based on the degree of reduction
in transcription repressor activity, all of which also lost the ability to
bind ETV6 target DNA sequences and properly localize to the
nucleus. Nearly all of the 22 damaging variants resided within, or
caused truncation of, the ETS DNA-binding domain (Figure 1),
and they maintained their ability to dimerize with WT ETV§,
leading to cytoplasmic sequestration and impaired repressor
activity of the WT protein.

Compared with the damaging germline variants, most WT-like
variants were missense and located outside the ETS DNA-
binding domain. Despite their normal transcription repressor
activity, it remains possible that at least some of these WT-like
variants have functional consequences. For example, the PNT
domain facilitates homo-oligomerization and formation of co-
repressor complexes, and the central domain has been implicated
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in binding of corepressors.??4%4 Therefore, ETVé variants in or
near these domains could disrupt protein-protein interactions and
thus alter the binding of corepressor complexes to specific tar-
gets. Such effects might not be observed in a heterologous ec-
topic expression system using a single target promoter.

Intriguingly, 2 of the 12 WT-like variants demonstrated en-
hanced repressor activity compared with WT (E44fs and L442P).
Close examination of E44fs sequence revealed 2 possible
protein products: (1) it encodes an early termination at amino
acid residue 44 of the canonical reading frame, which resultsin a
truncated ETV6 missing most of the functional domains; or (2) it
uses the +1 reading frame and an alternative start codon, which
gives rise to a shortened ETV6 protein that loses the first 45
amino acids at the N-terminal portion but retains the PNT, linker,
and ETS domains (supplemental Figure 13). The latter is similar
to a previously reported ETV6 isoform (TEL-M43), which lacks the
first 42 amino acids, but exerted enhanced repressor activity
compared with WT ETVé protein due to altered nuclear export.**
To test this directly, we transfected 293T cells with constructs
encoding WT ETVé or the TEL-M43 or E44fs variants and then
performed western blots to evaluate protein expression. A
shortened ETV6 protein was indeed detected in cells expressing
the E44fs variant, with the same molecular weight as TEL-M43
(supplemental Figure 13). While evaluation of endogenous
protein expression driven by the E44fs variant in patient samples
or knockin cells would be ideal to confirm this finding and rule
out the possibility of nonsense-mediated decay, our data nev-
ertheless suggest that the E44fs variant encodes a shortened
E44fs protein that is highly analogous to the TEL-M43 isoform
and exerts a similar mechanism of enhanced repression. By
contrast, the L442P variant is located in close proximity to the
C-terminal helix that directly interacts with the ETS domain,
which potentially blocks ETV6 DNA binding with inhibitory
effects.?04> We postulate that the L442P variant introduces
changes to this highly conserved leucine residue and interferes
with this autoinhibitory function and thus enhances repressor
activity.

Given the consistent damaging effects of ETV6 variants on the
activity of this critical hematopoietic transcription factor, we
hypothesized that ALL arising from this predisposition syndrome
would have a unique global transcriptional landscape.
This notion is partly supported by our whole-transcriptome
sequencing-based clustering analysis in which ALL cases with
damaging ETV6 variants were clearly separated from those with
WT-like variants. The impact of these germline variants is pro-
found at a genome-wide level, and the preservation of such
effects in leukemia cells suggest their importance in leukemo-
genesis. On the other hand, within ETV6 ALL, the transcriptional
program was also strongly influenced by secondary somatic
abnormalities, with an especially striking separation of hyper-
diploid vs diploid ALL cases. In contrast to hyperdiploid cases
with RAS pathway mutations, diploid ALL cases with germline
ETVé variants exhibited highly recurrent focal deletion of ETVé
and PAX5 (and to a lesser degree IKZF1). This suggests that even
with the same underlying genetic predisposition factor, pre-
leukemic cells can invoke a few restricted but distinctive path-
ways as major cooperating events during leukemogenesis.
Because hyperdiploidy can arise in utero, this early and large-
scale genomic abnormality could efficiently promote leuke-
mogenesis, coupled with germline ETVé defects, with a small
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Figure 5. Summary of in vitro functional characterization of ETV6 variants. A variety of in vitro assays were performed to comprehensively characterize the impacts of
germline ETV6 variants. Dot colors represent different assays; blanks denote that the variant was not tested in the assay. The top panel includes “damaging” variants as
determined by impairment of transcriptional repression in luciferase reporter assays. The bottom panel includes WT-like variants, which showed no impairment of transcriptional

repression.

number of additional somatic hits (eg, RAS mutations). In con-
trast, diploid ETV6 ALL may take a narrower path to leukemia,
requiring loss of several hematopoietic transcription factors (eg,
ETVé, PAX5, and IKZF1) that would result in disruption of normal
B-cell differentiation. This is further demonstrated by our dis-
covery of distinct lymphoid- and myeloid-related somatic ge-
netic events in the same individual (ETV6 R386fs) with both ALL
and AML, and in 2 members of the same family (ETV6 R399H),
one with ALL and the other with AML, respectively. While
germline ETV6 variants might set the stage for leukemogenesis,
the development of leukemia subtypes of differing cellular origin
likely results from the acquisition of specific second somatic hits
(eg, PAX5 deletion in ALL or AXSLT frameshift in AML) and the
hematopoietic compartment in which they arise. Functional
validation of these somatic genomic features in appropriate
leukemia model systems is warranted in future studies to de-
termine their cooperativity with germline ETV6 variants.

The shared transcriptional landscape between ALL with germline
ETVé variants and those with the somatic ETV6-RUNXT fusion is
highly reminiscent of the recently described “ETV6-RUNX1-like”
ALL subtype.**47 These notable similarities beg the question as
to whether all or a proportion of ETV6-RUNX1-like cases arise in
individuals harboring damaging germline (or somatic) ETV6
variants. Also of note is a high frequency of somatic copy-
number loss of ETV6 in ETV6-RUNX1T ALL and germline ETV6
variant ALL, arguing that the deletion of the WT ETVé allele is
required for development of leukemia in some, but notall, cases.
This raises the possibility of complex mechanisms by which ETV6
is involved in leukemogenesis, similar to the multifaceted roles
of the major tumor suppressor p53, which can promote tu-
morigenesis by loss of tumor suppressor function or conversely
by acquisition of dominant-negative or even “gain-of-function”
effects.*® Knockin of variant ETV6 in murine or other models is
needed to more definitively dissect the leukemogenic proper-
ties associated with specific germline ETVé variants.

ETV6-RELATED PREDISPOSITION TO CHILDHOOD ALL

Testing NRASS'?P-mediated transformation in vitro, we demon-
strated that damaging ETVé variants lack the tumor suppressor
activity of WT protein and significantly alter the transcriptional and
epigenomic programs. Our sequencing analyses identified
94 potential ETVé6 target genes that were upregulated in cells
expressing the damaging ETV6 R359X variant. Interestingly,
expression profile analysis using this gene set recapitulated the
clustering of germline ETV6 variant ALL cases with other ALL
subtypes, as observed by whole-transcriptome analysis, pointing
to an essential role for these putative ETV6 targets in the global
transcriptional landscape. Comparing our gene set with ETVé
and/or ETV6-RUNXT1 targets reported previously,?>4?*° we ob-
served a number of overlapping genes, including CLIC5, LRPS,
SLC7A11, CHST12, and IL21R (supplemental Figure 14). One of
the most consistently upregulated genes in ETV6 mutant ALL is
CLIC5, the gene encoding chloride intracellular channel 5.
CLIC5 was recently reported as a direct target of ETV6 and is
overexpressed in ETV6-RUNX1 pediatric ALL cases.?® Over-
expression of CLIC5 in that study revealed its ability to suppress
lysosomal-mediated apoptosis induced by hydrogen peroxide.
This represents a potential mechanism by which variants in ETVé
could lead to CLIC5-mediated resistance to oxidative stress and
accumulation of DNA damage. Given these intriguing findings,
there is a pressing need to elucidate the molecular mechanisms
by which ETV6 and its downstream target genes contribute to
normal and malignant hematopoiesis.

In summary, we provide a comprehensive functional charac-
terization of ALL risk variants in ETV4 that result in profound
alterations in biochemical, transcriptional, and epigenomic
functions of ETV6. The functional data gathered in this study will
be helpful to improve upon clinical classification of germline
ETV6 variants. Genomic profiling of ALL arising from this rare
genetic syndrome highlights remarkable similarities in the ef-
fects of damaging germline and somatic ETVé6 aberrations on the
transcriptional landscape of leukemic blasts, implying intricate
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interactions between the host and leukemia genomes in ALL
pathogenesis.

Acknowledgments

The authors thank the patients and parents who participated in the St. Jude
Children’s Research Hospital and Children’s Oncology Group protocols
included in this study, as well as the clinicians and research staff at St. Jude
Children’s Research Hospital and Children’s Oncology Group institutions.

This work was supported by the US National Institutes of Health National
Cancer Institute (grants CA21765, CA98543, CA114766, CA98413,
CA180886, CA180899, and CA241452) and National Institute of General
Medical Science (grant GM115279) and the American Lebanese Syrian
Associated Charities.

The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Authorship

Contribution: R.N., R.B.-D., Wentao Yang, M. Bloom, G.W., K.E.N., and J.J.Y.
wrote the manuscript; R.N., R.B.-D., Wentao Yang, N.O., X.Z., Wenjian Yang,
K.H., M. Bloom, KV., M. Bumns, Z.L., T-N.L,, M.Q., TM,, JM.G.-F., KRR,
ER., CM., C-H.P, AE-JY. JZ, MLM., JMK, SPH, SN, GW. M.LL,
K.E.N., and J.J.Y. gathered data; R.N., R.B.-D., Wentao Yang, N.O., Wenjian
Yang, M. Bloom, M.Q., S.N., and G.W. analyzed data; R.N., R.B.-D., Wentao
Yang, G.W., KEN., and J.J.Y. interpreted data; and all authors critically
reviewed the manuscript and agreed to submit the paper for publication.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profiles: N.O., 0000-0002-9806-0217; Wenjian Yang, 0000-0002-
7305-5649; K.H., 0000-0002-6723-0711; M.Q., 0000-0003-2889-546X;
C.M., 0000-0002-1871-1850; C.-H.P., 0000-0003-0303-5658; A.E.-J.Y.,
0000-0002-6454-976X; S.P.H., 0000-0002-5492-3957; M.L.L., 0000-
0003-4099-4700; K.E.N., 0000-0002-5581-6555; J.J.Y., 0000-0002-
0770-9659.

Correspondence: Jun J. Yang, Hematological Malignancies Program,
Comprehensive Cancer Center, Department of Pharmaceutical Sciences,
Department of Oncology, St. Jude Children’s Research Hospital, MS313,
262 Danny Thomas Place, Memphis, TN 38105-3678; e-mail: jun.yang@
stjude.org; and Kim E. Nichols, Hematological Malignancies Program,
Comprehensive Cancer Center, Department of Oncology, St. Jude
Children’s Research Hospital, MS1170, 262 Danny Thomas Place,
Memphis, TN 38105-3678; e-mail: kim.nichols@stjude.org.

Footnotes

Submitted 6 April 2020; accepted 3 July 2020; prepublished online on
Blood First Edition 21 July 2020. DOI 10.1182/blood.2020006164.
*R.N. and R.B.-D. contributed equally to this study.

For original data, please contact Jun J. Yang (jun.yang@stjude.org) or
Kim E. Nichols (kim.nichols@stjude.org).

The online version of this article contains a data supplement.
There is a Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

Churchman ML, Qian M, Te Kronnie G, et al.

disposition to childhood acute lymphoblastic

susceptibility to pre-B cell acute lymphoblastic
leukemia. Nat Genet. 2013:45(10):1226-1231.

with thrombocytopenia, red cell macrocytosis
and predisposition to lymphoblastic leukemia.

ETV6 mutations confer susceptibility to acute
lymphoblastic leukemia and thrombocytope-

REFERENCES 9.

1. Hunger SP, Mullighan CG. Acute lympho- Germline genetic IKZF1 variation and pre-
k23(|3a1s;|‘(:3|72L(1!I<2)n11|gz{r;jl;slcziren. N Engl J Med. leukemia. Cancer Cell. 2018;33(5):

! ’ ’ 937-948.e938.

2. Pui CH' Nichols !(E,.Yang J‘.J' S_omatic and 10. Holmfeldt L, Wei L, Diaz-Flores E, et al. The
germlmen genomics in paediatric acute lym- genomic landscape of hypodiploid acute
phoblastic leukaemia. Nat Rev Clin Oncol. lymphoblastic leukemia. Nat Genet. 2013;
2019;16(4):227-240. 45(3):242-252 ’ ) '

3. Pui CH, Yang JJ, Hunger SP, et al. Childhood 11. Qian M, Cao X, Devidas M. et al. TP53
acute lymphoblastic leukemia: progress ' S y )

. ) ) germline variations influence the pre-
ggmzl;g.;;;g”azzj?t'on' J Clin Oncol. 2015; disposition and prognosis of B-cell acute
@7): B : lymphoblastic leukemia in children. J Clin

4. Papaemmanuil E, Hosking FJ, Vijayakrishnan Oncol. 2018;36(6):591-599.

J,etal. Loci on 7p12.2, 10g21.2 and 14q11.2 12. Shah S, Schrader KA, Waanders E, et al. A
are associated with risk of childhood acute recurrent germline PAX5 mutation confers
lymphoblastic leukemia. Nat Genet. 2009;

41(9):1006-1010.

5. Trevifio LR, Yang W, French D, et al. Germline 13. Noetzli L, Lo RW, Lee-Sherick AB, et al.
genomic variants associated with childhood Germline mutations in ETV6 are associated
acute lymphoblastic leukemia. Nat Genet.
2009;41(9):1001-1005.

6. Ellinghaus E, Stanulla M, Richter G, et al. Nat Genet. 2015;47(5):535-538.
Identification of germline susceptibility loci in 14. Topka S, Vijai J, Walsh MF, et al. Germline
ETV6-RUNX1-rearranged childhood acute
lymphoblastic leukemia. Leukemia. 2012;
26(5):902-909. nia. PLoS Genet. 2015;11(6):e1005262.

7. Sherborne AL, Hosking FJ, Prasad RB, et al. 15. Zhang MY, Churpek JE, Keel SB, et al.
Variation in CDKN2A at 9p21.3 influences Germline ETV6 mutations in familial throm-
childhood acute lymphoblastic leukemia risk. bocytopenia and hematologic malignancy.
Nat Genet. 2010;42(6):492-494. Nat Genet. 2015;47(2):180-185.

8. XuH,ZhangH, YangW, et al. Inherited coding 16. Rampersaud E, Ziegler DS, lacobucci |, et al.
variants at the CDKN2A locus influence sus- Germline deletion of ETV6 in familial acute
ceptibility to acute lymphoblastic leukaemia in lymphoblastic leukemia. Blood Adv. 2019;
children. Nat Commun. 2015;6(1):7553. 3(7):1039-1046.

372 & blood® 21 JANUARY 2021 | VOLUME 137, NUMBER 3

20

21

22.

23.

. Jarviaho T, Bang B, Zachariadis V, et al.

Predisposition to childhood acute lympho-
blastic leukemia caused by a constitutional
translocation disrupting ETVé6. Blood Adv.
2019;3(18):2722-2731.

. Moriyama T, Metzger ML, Wu G, et al.

Germline genetic variation in ETV6 and risk of
childhood acute lymphoblastic leukaemia: a
systematic genetic study. Lancet Oncol. 2015;
16(16):1659-1666.

. Qian M, Zhang H, Kham SK, et al. Whole-

transcriptome sequencing identifies a distinct
subtype of acute lymphoblastic leukemia with
predominant genomic abnormalities of EP300
and CREBBP. Genome Res. 2017;27(2):
185-195.

. Yeoh AE, Ariffin H, Chai EL, et al. Minimal

residual disease-guided treatment dein-
tensification for children with acute lympho-
blastic leukemia: results from the Malaysia-
Singapore acute lymphoblastic leukemia 2003
study. J Clin Oncol. 2012;30(19):2384-2392.

.Ma X, Liu Y, Liu Y, et al. Pan-cancer genome

and transcriptome analyses of 1,699 paedi-
atric leukaemias and solid tumours. Nature.
2018;555(7696):371-376.

Rusch M, Nakitandwe J, Shurtleff S, et al.
Clinical cancer genomic profiling by three-
platform sequencing of whole genome, whole
exome and transcriptome. Nat Commun.
2018;9(1):3962.

Fenrick R, Wang L, Nip J, et al. TEL, a putative
tumor suppressor, modulates cell growth and
cell morphology of ras-transformed cells while
repressing the transcription of stromelysin-1.
Mol Cell Biol. 2000;20(16):5828-5839.

NISHII et al

%20z AeIN €0 U 3sanb Aq Jpd $91900020ZPIGPOOIA/909.6.L/¥IE/E/LEL/Pd-a1o1Ie/POO|q/Jou SUOKEDIIgNdYsE//:d)Yy WOl papeojumoq


https://orcid.org/0000-0002-9806-0217
https://orcid.org/0000-0002-7305-5649
https://orcid.org/0000-0002-7305-5649
https://orcid.org/0000-0002-6723-0711
https://orcid.org/0000-0003-2889-546X
https://orcid.org/0000-0002-1871-1850
https://orcid.org/0000-0003-0303-5658
https://orcid.org/0000-0002-6454-976X
https://orcid.org/0000-0002-5492-3957
https://orcid.org/0000-0003-4099-4700
https://orcid.org/0000-0003-4099-4700
https://orcid.org/0000-0002-5581-6555
https://orcid.org/0000-0002-0770-9659
https://orcid.org/0000-0002-0770-9659
mailto:jun.yang@stjude.org
mailto:jun.yang@stjude.org
mailto:kim.nichols@stjude.org
https://doi.org/10.1182/blood.2020006164
http://www.bloodjournal.org/content/137/3/288

24,

25.

26.

27.

28.

29.

30.

3

=

32.

Irvin BJ, Wood LD, Wang L, et al. TEL, a pu-
tative tumor suppressor, induces apoptosis
and represses transcription of Bcl-XL. J Biol
Chem. 2003;278(47):46378-46386.

Neveu B, Spinella JF, Richer C, et al. CLIC5: a
novel ETVé6 target gene in childhood acute
lymphoblastic leukemia. Haematologica.
2016;101(12):1534-1543.

loannidis NM, Rothstein JH, Pejaver V, et al.
REVEL: an ensemble method for predicting

the pathogenicity of rare missense variants.

Am J Hum Genet. 2016;99(4):877-885.

Karczewski KJ, Francioli LC, Tiao G, et al.
Variation across 141,456 human exomes and
genomes reveals the spectrum of loss-of-
function intolerance across human protein-
coding genes [published online 10 January
2019]. bioRxiv. doi:10.1101/531210.

Sasaki K, Nakamura Y, Maki K, et al. Functional
analysis of a dominant-negative DeltaETS
TEL/ETV6 isoform. Biochem Biophys Res
Commun. 2004;317(4):1128-1137.

Kim CA, Phillips ML, Kim W, et al.
Polymerization of the SAM domain of TEL in
leukemogenesis and transcriptional re-
pression. EMBO J. 2001;20(15):4173-4182.

Green SM, Coyne HJ lll, McIntosh LP, Graves
BJ. DNA binding by the ETS protein TEL
(ETV®) is regulated by autoinhibition and self-
association. J Biol Chem. 2010;285(24):
18496-18504.

. Tognon CE, Mackereth CD, Somasiri AM,

Mclntosh LP, Sorensen PH. Mutations in the
SAM domain of the ETV6-NTRK3 chimeric
tyrosine kinase block polymerization and
transformation activity. Mol Cell Biol. 2004;
24(11):4636-4650.

Feurstein S, Godley LA. Germline ETV6 mu-
tations and predisposition to hematological
malignancies. Int J Hematol. 2017;106(2):
189-195.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

ETV6-RELATED PREDISPOSITION TO CHILDHOOD ALL

. Paulsson K, Horvat A, Strombeck B, et al.

Mutations of FLT3, NRAS, KRAS, and PTPN11
are frequent and possibly mutually exclusive in
high hyperdiploid childhood acute lympho-
blastic leukemia. Genes Chromosomes Can-
cer. 2008;47(1):26-33.

Alexandrov LB, Kim J, Haradhvala NJ, et al;
PCAWG Consortium. The repertoire of mu-
tational signatures in human cancer. Nature.
2020;578(7793):94-101.

Blokzijl F, Janssen R, van Boxtel R, Cuppen E.
MutationalPatterns: comprehensive genome-
wide analysis of mutational processes.
Genome Med. 2018;10(1):33.

Kim M, Choi JE, She CJ, et al. PAX5 deletion is
common and concurrently occurs with
CDKN2A deletion in B-lineage acute lym-
phoblastic leukemia. Blood Cells Mol Dis.
2011;47(1):62-66.

Caligiuri MA, Briesewitz R, Yu J, et al. Novel
c-CBL and CBL-b ubiquitin ligase mutations in
human acute myeloid leukemia. Blood. 2007,
110(3):1022-1024.

Neveu B, Caron M, Lagacé K, Richer C, Sinnett
D. Genome wide mapping of ETV6 binding
sites in pre-B leukemic cells. Sci Rep. 2018;
8(1):15526.

van der Maaten L, Hinton G. Visualizing data
using t-SNE. 2008;9:2579-2605.

Boccuni P, MacGrogan D, Scandura JM,
Nimer SD. The human L(3)MBT polycomb
group protein is a transcriptional repressor
and interacts physically and functionally with
TEL (ETVS). J Biol Chem. 2003;278(17):
15412-15420.

Mackereth CD, Scharpf M, Gentile LN,
Maclntosh SE, Slupsky CM, McIntosh LP.
Diversity in structure and function of the Ets
family PNT domains. J Mol Biol. 2004;342(4):
1249-1264.

Nakamura Y, Yamagata T, Maki K, Sasaki K,
Kitabayashi I, Mitani K. TEL/ETVé binds to

43.

44,

45.

46.

47.

48.

49.

50

corepressor KAP1 via the HLH domain. Int
J Hematol. 2006;84(4):377-380.

Wood LD, Irvin BJ, Nucifora G, Luce KS,
Hiebert SW. Small ubiquitin-like modifier
conjugation regulates nuclear export of TEL, a
putative tumor suppressor. Proc Natl Acad Sci
USA. 2003;100(6):3257-3262.

Lopez RG, Carron C, Ghysdael J. v-SRC spe-
cifically regulates the nucleo-cytoplasmic de-
localization of the major isoform of TEL (ETV®).
J Biol Chem. 2003;278(42):41316-41325.

Coyne HJ Ill, De S, Okon M, et al.
Autoinhibition of ETVé (TEL) DNA binding:
appended helices sterically block the ETS
domain. J Mol Biol. 2012;421(1):67-84.

Lilljebjorn H, Henningsson R, Hyrenius-Witts-
ten A, et al. Identification of ETV6-RUNX1-like
and DUX4-rearranged subtypes in paediatric
B-cell precursor acute lymphoblastic leukae-
mia. Nat Commun. 2016;7(1):11790.

Zaliova M, Kotrova M, Bresolin S, et al. ETVé/
RUNX1-like acute lymphoblastic leukemia: a

novel B-cell precursor leukemia subtype as-

sociated with the CD27/CD44 immunophe-

notype. Genes Chromosomes Cancer. 2017;
56(8):608-616.

Valdez JM, Nichols KE, Kesserwan C.
Li-Fraumeni syndrome: a paradigm for the
understanding of hereditary cancer
predisposition. Br J Haematol. 2017;176(4):
539-552.

Linka Y, Ginzel S, Kriiger M, et al. The impact
of TEL-AML1 (ETV6-RUNX1) expression in
precursor B cells and implications for leu-
kaemia using three different genome-wide
screening methods. Blood Cancer J. 2013;
3(10):e151.

. Teppo S, Laukkanen S, Liuksiala T, et al.

Genome-wide repression of eRNA and target
gene loci by the ETV6-RUNX1 fusion in acute
leukemia. Genome Res. 2016;26(11):
1468-1477.

€ blood® 21 JANUARY 2021 | VOLUME 137, NUMBER 3 373

%20z AeIN €0 U 3sanb Aq Jpd $91900020ZPIGPOOIA/909.6.L/¥IE/E/LEL/Pd-a1o1Ie/POO|q/Jou SUOKEDIIgNdYsE//:d)Yy WOl papeojumoq



