LETTERS TO THE EDITOR

Transcriptional activities of DUX4 fusions in B-cell
acute lymphoblastic leukemia

DUX4 tusions are novel oncogenes in a subset of B-cell
acute lymphoblastic leukemia (B-ALL) clinical cases, gen-
erally in older children and adolescent patients." DUX4
fusion transcripts are generated from insertions of wild-
type (WT) DUX4, mainly into the IGH locus."* Notably,
the translocation replaces the 3" end of the WT DUX4
coding region with a fragment of IGH or another gene,
producing DUX4 out-of-frame fusion proteins devoid of
the C terminus of WT DUX4 protein. Importantly, the
introduction of DUX4-IGH into a mouse pro-B cell
results in defective differentiation of B cells, and ultimate-
ly leukemic transformation.’
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WT DUX4 is a transcription factor with a double-
homeobox domain, coded in a macrosatellite repeat
region called D474 in subtelomeric regions of chromo-
somes 4 and 10. In normal physiology, WI DUX4% is
expressed in germ cells, such as testis, while its expres-
sion is usually epigenetically repressed in somatic
tissues,” and it plays a critical role in embryonic cleavage-
specific transcriptional programs.*®

To date, insertion of the DUX4 gene has been implicat-
ed as the leading event in the pathogenesis of B-ALL car-
rying DUX4 fusions. The resultant DUX4 fusions possess
transforming abilities, even though WT DUX4 is pre-
sumed to be pro-apoptotic.’

To investigate the transcriptional targets of DUX4-
IGH, we first performed ChIP-seq with anti-DUX4 anti-
body and anti-H3K4me3 antibody, using NALMG6, a
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Figure 1. Genome-wide DUX4-IGH
binding in NALM®6 cells. (A) The pro-
portion of mapped regions in the
human genome for reads obtained
by chromatin immunoprecipitation
coupled with sequencing (ChIP-seq)
against DUX4-IGH in NALM6 cells
(right, blue). The proportion of the
respective regions within the
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maps of DUX4-IGH (left) and
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(right). (C) The average binding den-
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shown: blue, DUX4-IGH; red,
H3K4me3. (D) De novo motif-dis-
covery analysis using HOMER soft-
ware. DUX4-IGH (endogenous) in
NALM6 (upper panel), WT DUX4
(ectopic, Hendrickson et al. 2017) in
induced pluripotent stem cells (mid-
dle panel), DUX4-IGH (JALSGOO5-
type, ectopic) in Reh cells (lower
panel) (E) Venn diagram showing
the number of genes upregulated by
overexpression of DUX4-IGH (green)
or wild-type (WT) DUX4 (light blue) in
NALM6 cells. (F) Expression of the
representative target genes of WT
DUX4 in NALMG6 cells, in which
expression of DUX4-IGH or WT DUX4
was induced by doxycycline (Dox).
(G) Mapped reads at the ZSCAN4,
DUXA, RFPL4A locus obtained with
chromatin immunoprecipitation
coupled with sequencing (ChIP-seq)
against DUX4-IGH or trimethylated
lysine residue at position four of his-
tone H3 (H3K4me3) in NALM6
cells. (H) Luciferase assay using the
reporter plasmid containing
ZSCAN4 promoter. LINE: long inter-
spersed nuclear element; LTR: long
terminal repeat; FDR: false discov-
ery rate.

DUXA
27000

18000

9000

Dox () (+) () (#)
S
R

N

X
@
o

KL,
N




B-cell acute lymphoblastic leukemia cell line carrying
DUX4-IGH fusion. We detected 1,272 peaks (P-value cut-
off: 1.0 x 107°) with ChIP-seq against endogenous DUX4-
IGH. Promoter, intronic, long terminal repeat, LINE
regions were increased in the DUX4-IGH binding sites
(Figure 1A), consistent with the previous report which
showed increased binding of WT DUX4 in long terminal
repeat regions. When the reads marked by H3K4me3
were aligned against read peaks of DUX4-IGH, they were
preferentially clustered toward the center of the DUX4-
IGH peaks, indicating that H3K4me3 colocalized with
DUX4-IGH (Figures 1B and 1C). Motif analysis using
DUX4-IGH binding regions identified a motif that was
almost identical to that recognized within WT DUX4
binding regions in human myoblast and embryonic cells
(Figure 1D, top), which was also recapitulated by

reanalysis of the published data on ChIP-seq of WT
DUX4 in induced pluripotent stem (iPS) cells (Figure 1D,
middle). Furthermore, ChIP-seq using anti-DUX4 anti-
body in Reh cells ectopically expressing another type of
DUX4-IGH identified in a clinical sample (JALSG005)'
indicated a similar motif (Figure 1D, lower). In every
case, only the DUX4 motif was statistically significant,
suggesting the absence of a transcription factor that colo-
calizes with DUX4-IGH.

While DUX4-IGH has the capacity to transform pro-B
cells, induction of WT DUX4 causes cell death in somatic
tissues. To investigate the functional difference between
DUX4-IGH and WT DUX4, we compared the genes
detected with our ChIP-seq and genes described in a pre-
vious report of ChIP-seq against WT DUX4 in iPS cells.
Ninety-seven percent (1057/1082) of genes detected in
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our ChIP-seq against DUX4-IGH were included among
the detected genes in the ChIP-seq analysis using iPS
cells, suggesting that DNA binding motif recognition by
DUX4-IGH was not altered compared with that by WT
DUX4 (Online Supplementary Figure S1).

To identify the genes regulated by DUX4-IGH and WT
DUX4, we introduced inducible vectors encoding DUX4-
IGH (NALMG6-type) or WT DUX4 into NALM6 cells and
Reh cells. In NALMG6 cells, the expression of 149 genes

was upregulated (>1.5-fold, an adjusted P-value of <0.05)
by DUX4-IGH, while 1519 genes were upregulated by
WT DUX4 (>1.5-fold, an adjusted P-value of <0.05)
(Figure 1E). Despite the large overlap between the genes
bound by DUX4-IGH and those bound by WT DUX4,
only a small number of genes were upregulated by both
DUX4-IGH and WT DUX4. Well-known targets of WT
DUX4, such as ZSCAN4, DUXA, and RFPL4A, were
prominently upregulated by the overexpression of WT
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Figure 3. Genes associated with hematopoietic cell function regulated by DUX4-IGH. (A) Expression of representative genes related to hematopoietic differen-
tiation in NALM®G cells infected with control short hairpin RNA (shRNA) or shRNA against DUX4-IGH (upper panel). Expression of the genes in Reh infected with
control vector or DUX4-IGH expression vector (middle panel). Expression of the genes in clinical samples of B-ALL with or without DUX4 fusion (lower panel). (B)
Gene set enrichment analysis of the underrepresented or overrepresented genes in NALMG6 cells with DUX4-IGH knockdown. ES: enrichment score; NES: nominal
enrichment score; FDR: false discovery rate.

103:e524

haematologica 20




DUX4, but not by DUX4-IGH (NALM6-type) (Figure 1F).
Similarly, these genes were not upregulated by overex-
pression of DUX4-IGH in Reh cells. H3K4me3 peaks
were not detected near these genes with ChIP-seq in
NALMG6 cells (Figure 1G), confirming that these genes
were not regulated by DUX4-IGH. Moreover, luciferase
assay of DUX4-IGH or WT DUX4 using ZSCAN4 pro-
moter indicated decreased transcriptional activity of var-
ious types of DUX4-IGH fusion' compared with that of
WT DUX4 (Figure 1H). These results suggested that the
transactivation ability of DUX4-IGH is attenuated com-
pared with that of WT DUX4. This is in good agreement
with a previous report describing that DUX4-s, a short
variant of DUX4 that maintains the N-terminal double-
homeobox domain but lacks the C-terminal transactiva-
tion domain, loses transactivation ability,” possibly
through an inability to bind EP300.

We previously showed that the knockdown of
DUX4-IGH with shRNA leads to decreased proliferation
of NALMG6 cells, which can be rescued by the introduc-
tion of shRNA-resistant DUX4 fusion complementary
DNA. To investigate the genes regulated by DUX4-IGH,
NALMG6 cells were infected with a retroviral vector
expressing shRNA against DUX4-IGH or control shRNA.
The expression level of DUX4-IGH was found to be
decreased to 52% with the shRNA. We identified 279 sig-
nificantly ~ overrepresented  genes  (DUX4-IGH
shRNA/control shRNA >1.5, an adjusted P-value of
<0.05) and 190 significantly underrepresented genes
(control shRNA/DUX4-IGH shRNA >1.5, an adjusted
P-value of <0.05) (Figure 2A and Ouline Supplementary
Table). Only 1.2% (19/1519) of genes upregulated by the
induction of WT DUX4 in NALM6 cells in the prior
experiment overlapped with genes underrepresented in
NALMG6 cells with DUX4-IGH knockdown (Figure 2B).

The genes underrepresented in NALM6 cells with
DUX4-IGH knockdown were supposed to comprise
genes positively regulated by DUX4-IGH. Only 14%
(26/190) of them were associated with DUX4-IGH-
bound regions identified in ChIP-seq, indicating that the
majority of the genes dysregulated by DUX4-IGH knock-
down were not direct transcriptional targets of
DUX4-IGH. Among the direct target genes of DUX4-
IGH, 93% (24/26) were marked with H3K4me3, indicat-
ing that DUX4-IGH substantially contributed to tran-
scriptional activity in NALMG6 cells. Direct target genes
with the largest fold change in expression with DUX4-
IGH knockdown include STAP1, CCNJ, and ITGA6
(Figure 2C and 2D), whereas indirect target genes with
the largest fold change in expression include CLEC124,
PTPRM, and DDIT4L. STAP1, CCNJ, and ITGA6 were
also bound by DUX4-IGH (JALSGO005-type) (Online
Supplementary Figure S2). In Reh cells, overexpression of
DUX4-IGH induced expression of these direct and indi-
rect target genes (Figure 2D). In the RNA-seq from JALSG
B-ALL clinical samples, we observed significantly higher
expression of these genes in B-ALL cases with DUX4
fusion, compared with other types of B-ALL cases (Figure
2D), further validating the specific transcriptional activity
of DUX4-IGH. Furthermore, the same pattern of expres-
sion was recapitulated regarding the other genes reported
to be distinctly expressed in a cluster of leukemia with
ERG deletion,” such as AGAP1, CHST2, GPR155, and
PAM (Ounline Supplementary Figure S3). Taken together,
DUXA4-IGH exerts the transcriptional activity in forming
the characteristic expression signature of B-ALL carrying
DUX4-fusions, directly and indirectly. To investigate the
role of these genes in the survival of NALMG6 cells, we
performed knockdown of these genes using shRNA,

focusing especially on STAP1, CCNJ, CLEC12A.
However, single knockdown of these genes did not
inhibit the growth of NALMG6 cells (Online Supplementary
Figure 54).

CD34 was underrepresented in NALM6 cells with
DUX4-IGH knockdown, and was overrepresented in Reh
cells with DUX4-IGH overexpression. CD34 is also high-
ly expressed in clinical samples with DUX4 fusion.
Interestingly, genes overrepresented in NALMG6 cells with
DUX4-IGH knockdown included those associated with
hematopoietic cell differentiation, and exhibit a low
expression level specifically in clinical samples with
DUX4 fusion (Figure 3A). None of these genes were
bound by DUX4-IGH, according to our ChIP-seq data.
Expression levels of these genes were moderately
repressed in Reh cells and NALMG6 cells by DUX4-IGH
overexpression (Omnline Supplementary Figure S5).
Furthermore, these genes include those involved in early
B-lymphoid development, such as TCF3 (E2A) and SPI1
(PU.1). TCF3 knockout mice exhibited blocked matura-
tion of B cell." SPI1-deficient mice also failed to generate
the earliest lymphoid progenitors.”*In addition, transcrip-
tion factors regulated through various development
stages of B lymphocytes, such as GFI1, LEF1, and BCL6
were significantly decreased in B-ALL cells with DUX4
fusions. These genes also play important roles in phases
before lymphoid lineage priming.”

To clarify the effect of DUX4-IGH knockdown on
B-cell differentiation, we performed GSEA using the
datasets from Hystad et al."* and Laurenti et al.” GSEA
revealed that genes associated with pro-B cells, pre-B
cells (Figure 3B), and multilineage progenitor cells were
enriched in the genes overrepresented in NALM6 cells
with DUX4-IGH knockdown, while genes associated
with megakaryocyte-erythroid progenitor cells and com-
mon myeloid progenitor cells were enriched in the genes
underrepresented in NALM6 cells with DUX4-IGH
knockdown (Ounline Supplementary Figure S6). This result
indicated that DUX4-IGH enables progenitor cells to
retain an immature status, and knockdown of DUX4-
IGH drives NALMG6 cells toward B-cell differentiation,
which is compatible with our previous results in vivo
demonstrating that murine B-lymphocyte differentiation
is abrogated by the expression of DUX4-IGH.

In conclusion, we revealed that DUX4-IGH exhibited
distinct transcription-inducing activity compared with
WT DUX4, which was associated with the defective dif-
ferentiation of B cells. Further understanding of the
mechanism of transcriptional network perturbation by
DUX4-IGH should provide clues for a treatment strategy
for B-ALL carrying DUX4 fusions.
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