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Acute lymphoblastic leukemia

Human MLL/KMT2A gene exhibits a second breakpoint cluster
region for recurrent MLL–USP2 fusions
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To the Editor,
For nearly 3 decades, the human MLL (KMT2A) gene

and its rearrangements have been investigated in many
different laboratories around the world. At our diagnostic
center (DCAL Frankfurt), our standard strategy for the
identification of MLL-r is based on two independent
approaches, namely “Multiplex” (MP)-polymerase chain
reaction (PCR) and “Long distance inverse” (LDI)-PCR
approach [1]. The MP-PCR approach is used to rapidly
identify the eight most frequent MLL fusions (AF4, AF6,
AF9, AF10, ENL, ELL, EPS15, and PTDs) which encom-
pass ~90% of all diagnosed MLL-r leukemia patients, while
LDI-PCR is used for all other patients (~10%). By applying
both technologies, we have accumulated 94 direct MLL-
gene fusions and 247 reciprocal fusion partner genes [2].
Nearly, all breakpoints have been identified in the major
breakpoint cluster region (BCR) of the MLL gene (MLL
exons 8–14). However, some of the patients remained
negative, although they were positively prescreened by
various methods.

In order to diagnose MLL breakpoints in every patient, a
total of 2688 overlapping Illumina capture probes covering
the whole-MLL gene were designed and used to analyze a
cohort of AL patients (n= 109) where we had either limited

(n= 4; PCR positive but not sequenced) or no information
(n= 105) on their molecular status. As depicted in Fig. 1a,
we identified chromosomal rearrangements in 93 out of 109
patient cases. Sixteen patients remained MLL-r negative and
were therefore assigned as patients with “unknown status”.
The data analyses of the remaining 93 patients revealed the
following distribution: for 67 patients (72%) a breakpoint
could be analyzed in the major BCR; 5 patients (5%) dis-
played only the reciprocal der(TP) with breakpoints in exon
11 (putative CEP83-MLL spliced fusion), intron 11 (n= 3;
putative FKBP8-MLL spliced fusion, AF9-MLL, RELA-
MLL) and intron 27 (IFT46-MLL), respectively. Surpris-
ingly, an additional 21 patients (23%) had their breakpoints
outside of the major BCR, but inside a novel, minor BCR.
This novel BCR is localizing between MLL intron 19 and
exon 24 (with a clear preference for MLL intron 21–23).

Most of the new BCR cases represented MLL–USP2
gene fusions (n= 17). USP2 is localized about 1 Mbp tel-
omer to MLL at 11q23.3 and transcriptionally orientated in
direction of the centromere of chromosome 11, classifying
all these fusions as intrachromosomal inversions (see
Fig. 1b). In addition, we identified four balanced translo-
cations in the minor BCR: one patient with an USP8 fusion
(see Fig. 2 and Suppl. Figure S1), two with AF4 and one
with AF9.

MLL–USP2 and MLL–USP8 alleles seem to be restricted
to the minor BCR (see Fig. 2), because they were never
diagnosed in association with the major BCR. Most of the
reciprocal USP2–MLL fusions were scattered over a larger
region at 11q23.3 (see Fig. 2), involving also upstream
(C2CD2L) and downstream genes (USP2-AS1). Our ana-
lysis revealed also five patients with 3′-MLL deletions that
were caused by microdeletions (<200 bp), larger deletions
(up to 34 kbp), or complex rearrangements including other
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chromosomes as well (n= 4; chromosome regions 2p21,
4q13.1, 12p13.33, and 18p11.32). A detailed picture of the
investigated MLL–USP2 and MLL–USP8 and their reci-
procal fusions is shown in the Suppl. Fig. S2A–D.

All patients with a rearrangement of USP2 or USP8
fused the conserved “UCH-domain” to an extended 5′-MLL
portion (see Suppl. Fig. S1A). This may indicate that the
UCH domain has a functional importance for the resulting
MLL fusion protein. USP genes belong to a large group of
deubiquitinating proteins binding to specific target proteins
[3–5]. The USP family exhibits a ubiquitin-specific protease
(UCH domain) that is characterized by several conserved
amino acids that are summarized as CYS- and ASP-box
(see Suppl. Fig. 1B). USP2 protein deubiquinates and sta-
bilizes MDM2, leading to an enhanced degradation of p53
[6]. This in turn activates MYC, because active p53 induces
the transcription of several microRNAs that target MYC
mRNA.

MLL fusions with the conserved 3′-UCH domain of
USP2 and USP8 may change profoundly the functions of

these novel MLL fusion proteins. It has already been shown
that PHD2 [7] and PHD3/BD [8] both bind to proteins
(CDC34 and ESCASB2) that mediate the destruction of MLL
by poly-ubiquitination and proteasomal degradation. Fusing
single or all PHD domains to a der(11) product (MLL-AF9
and MLL-ENL) caused even a strong drop of their trans-
forming potential [9, 10]. This well-described degradation
mechanism of MLL may now be counteracted by the UCH
domain of MLL–USP2 or MLL–USP8, and thus, restoring
their oncogenic transformation capacity.

In our cohort, we also identified new MLL fusion partner
genes (n= 3). These novel fusion genes were SNX9
(6q25.3), USP8 (15q21.2), and SEPT3 (22q13.2). SNX9
encodes a protein known to be a member of the sorting
nexin family which contain a phosphoinositide binding
domain and are involved in intracellular trafficking. The
SNX9 protein has a variety of interaction partners, includ-
ing an adapter protein 2, dynamin, tyrosine kinase non-
receptor 2, Wiskott–Aldrich syndrome-like, and ARP3
actin-related protein 3. USP8 has diverse functions, being

Fig. 1 Overview about all analyzed patients, their molecular infor-
mation and breakpoint distribution. a Data from 109 patients which
were analyzed with NGS in percentages. Their breakpoint distribution
is displayed left (major BCR; n= 67) and right (minor BCR; n= 21).
Five patients displayed only a reciprocal fusion, while 16 cases dis-
played no MLL rearrangement. b Top: chromosome 11 is depicted
with highlighting of theMLL (red) and USP2 (green) genes. Below: all

the genes between MLL and USP; blue marked genes: additional genes
found in this study to be rearranged with MLL; orange marked genes:
genes that have been earlier described to be rearranged with MLL.
Recombinations between MLL and USP2 are caused by an inversion,
with reciprocal alleles that carry additional deletions or complex
rearrangements
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required for the internalization of liganded receptor tyrosine
kinases and stabilization of ESCRT components. The USP8
protein is thought to regulate the morphology of the endo-
some by ubiquitination of proteins on this organelle and is
involved in cargo sorting and membrane trafficking at the
early endosome stage. SEPT3 is the seventh member of the
septin family of GTPases that is fused to MLL. Members of
this family are required for cytokinesis.

A few cases of MLL–USP2 fusions have already been
described. However, these were single patient cases and
they were classified as exceptional rearrangements [11–13].
Our NGS approach allowed for the first time the recurrent
characterization of breakpoints in this novel minor BCR
region of the MLL gene. Moreover, our targeted NGS
approach enabled us to overcome the technical limitations
associated with LDI-PCR and MP-PCR approaches.

Another advantage of the targeted NGS approach is the
simultaneous identification of 3′ MLL deletions or copy
number variations. In the current study, 23 of the patients
(out of 88: 26%) had a 3′ MLL deletion. According to our
data, 3′-MLL deletions were present in both breakpoint
groups (major and minor) to a similar extent with 26.9%

and 23.8%, respectively. This seems to be much higher than
previously described (Andersson et al. [12]: 13%; Peterson
et al. [14]: 7%).

In diagnostic fluorescence in situ hybridization analyses,
these MLL–USP2 cases revealed two major patterns: (1)
loss of the 3′-MLL probe signal, and (2) a normal pattern
typical for MLL wild-type (Suppl. Table S1b, Suppl.
Fig. S3). Considering the clinical data (Suppl. Table S1a–c),
our 17 patients with MLL–USP2 were divided into 8 males
and 9 females. All of them were children, and the median
age at diagnosis was 17 months (range: 3–120 months). The
median leukocyte count was 30.4 × 109/L (range: 3.4–
324.0 × 109/L), and the disease phenotype was pre-
dominantly B-ALL (n= 12), followed by mixed-phenotype
acute leukemia (MPAL) (n= 4) and acute myeloid leuke-
mia (n= 1). The MPAL cases all had mixed myeloid and B-
cell phenotype. The patients were treated with diverse
therapy protocols. Five patients (29%) presented with cen-
tral nervous system disease, and 13 patients (76%) had
positive-minimal residual disease (MRD) levels at day 33.
Prednisone response was measured in 12 patients with a
poor response in 5 patients (42%). The median follow-up of

Fig. 2 Detailed distribution of all breakpoints in both BCRs of MLL.
The MLL gene is depicted from exon 4 to the end. The major BCR is
marked in green, the minor BCR in red. Main breakpoint regions are
depicted in dark green/red while regions with fewer breakpoints are

depicted in light green/red. The fusions sites and the fusion partners
are shown. Information about the 5 cases with no der(11) or the 23
cases with 3′-MLL deletions are given in the box at the right bottom
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the patients was 1.2 years (range: 0.1–11.1 years), and 2
cases died after 5 and 9 months following diagnosis. The
remaining patients are still at first clinical remission.

In conclusion, we have identified a minor BCR within
the human MLL gene that is recurrently associated in acute
leukemia patients with MLL–USP2 fusion alleles as well as
MLL fusion partnerships with USP8, AF4, and AF9. How-
ever, with 17 cases out of ~2500 analyzed patients the
incidence is less than 1% while still ranking fourteenth of
our updated fusion gene list (see Table 1 of reference 1).
The discovery of a second, minor BCR extends our
knowledge of the MLL-recombinome and MLL-r oncogen-
esis. Moreover, these findings will enable many labs to
make changes in their diagnostic set-up for MLL-MRD
diagnostics to ensure the best medical treatment for a group
of patients that is still very hard to cure.
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