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LETTER TO TH E JOURNAL

A strong internal promoter drives massive expression of
YEATS-domain devoidMLLT3 transcripts in HSC and most
lethal AML

The AF9 (protein AF9) transcription factor, encoded by
MLLT3 (mixed-lineage leukemia translocated to 3) on chro-
mosome 9, functions as a chromatin reader. Through
its N-terminal YEATS (Yaf9, ENL, AF9, Taf14, and Sas5)
protein domain, it interacts with acetylated [1] or crotony-
lated [2] histone H3, as well as with the PAF1 (RNA
polymerase II-associated factor 1 homolog) and P-TEFb
(positive transcription elongation factor b) components
of the super elongation complex (SEC). AF9 also inter-
acts through its poly-serine domain (Poly-Ser) with the
TFIID (Transcription factor II D) subunit of the RNA poly-
merase II (RNApol II) complex. In addition, its C-terminal
transactivation domain, AHD (nuclear anchorage protein1
homology domain), binds other SEC components, such as
AFF1 and AFF4 (ALF transcription elongation factor 1 or
4), as well as transcription regulators CBX8 (chromobox 8),
DOT1L (disruptor of telomeric silencing 1 like), and BCOR
(B cell lymphoma 6 corepressor), as reviewed by Kabra &
Bushweller [3] (Figure 1A). Thus,MLLT3 is an integral part

Abbreviations: AF9, Protein AF9; AFF1/4, ALF Transcription
Elongation Factor 1 or 4; AHD, ANC1 (nuclear anchorage protein 1)
homology domain; AML, Acute myeloid leukemia; BCOR, BCL6 (B Cell
Lymphoma 6) corepressor; CBX8, Chromobox 8; CD14, Monocyte
differentiation antigen CD14; CD34, Hematopoietic progenitor cell
antigen CD34; DOT1L, Disruptor of telomeric silencing 1 like (a histone
lysine methyltransferase); ELN2017, European LeukemiaNet 2017;
GATA2, GATA Binding Protein 2; HSC, Hematopoietic stem cell; IUCT,
Institut Universitaire du cancer de Toulouse; KMT2A, Lysine (K)
methyl-transferase 2A; MECOM, MDS1 (Myelodysplasia syndrome 1)
and EVI1 (Ecotropic virus integration site 1) complex locus; MLLT1/3,
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of the SEC, which is essential for optimizing the catalytic
activity of RNApol II transcription at specific genome loci.
Several studies have indicated thatMLLT3 is highly and

specifically expressed in hematopoietic stem cells (HSCs),
but it is rapidly and significantly downregulated dur-
ing normal differentiation or immediately after HSCs are
placed in ex vivo culture. In both scenarios, this shutdown
parallels the rapid loss of stemness. Consistently, ectopic
expression of MLLT3 significantly prolongs self-renewal
capacity of HSCs, suggesting thatMLLT3 is a crucial factor
for HSC maintenance [4].
Based on standard quantification of RNA-sequencing

reads mapping to the MLLT3 locus, we first confirmed
that, compared to the MLLT1 paralogue used as an inter-
nal control,MLLT3 expression was significantly higher in
CD34+ cells than in mature lymphocytes, granulocytes, or
monocytes from healthy samples of the Leucegene dataset
(Leucegene-NH, detailed in Supplementary Information)
(Figure 1B, left panel). To refine this observation, made in
CD34+ cells containing a mixture of progenitors but only
a few HSCs, we repeated the analysis in HSCs and vari-
ous stages of progenitor cells sorted form healthy donors
(IUCT-NH, detailed in Supplementary Information). The
data clearly confirmed that MLLT3 is highly expressed
in HSCs but rapidly declines as differentiation proceeds
(Figure 1B, right panel).
However, closer examination using a k-mer approach

(described in Materials and Methods in Supplementary
Information), which visualized RNA-sequencing read
alignment along the 11 exons (E1-E11) of the reference
MLLT3 transcript, revealed an unexpected profile. Strik-
ingly, the substantial MLLT3 expression detected in
HSCs was driven by a sharp and pronounced increase
in reads starting precisely at the first nucleotide of exon
E6 (Figure 1C). This unexpected profile was absent when
examining MLLT1 expression in the hematopoietic lin-
eage (Supplementary Figure S1). These findings suggest
the expression of one or more 5’ end shortened MLLT3
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F IGURE 1 A strong internal promoter drives massive expression of YEATS-domain devoidMLLT3 transcripts in HSC and most lethal
AML. (A) Next to its P1 promoter, theMLLT3 locus is transcribed into a P1 mRNA encompassing 11 exons (E1 to E11) and coding for a P1
protein starting at AUG1 (encoding Met1), which contains three characterized functional domains (YEATS, Poly-Ser, and AHD) that interact
with other transcriptional regulators (see text for details). (B) To establish the expression profile ofMLLT3 in the hematopoietic lineage versus
that of its paralogMLLT1 (top), which serves as an internal control, quantification of the global expression of their respective mRNAs was
performed using standard procedures in two RNA-Seq cohorts containing healthy donor samples (bottom). The Leucegene-NH dataset
included sorted CD34+CD45RA− cord blood cells (n = 17), granulocytes (n = 5), monocytes (n = 5), B cells (n = 5), T cells (n = 5), and
unsorted white blood cells (WBC, n = 3) from individual donors (left). The local IUCT-NH dataset (see Supplementary Information for
details) contained hematopoietic differentiation intermediates sorted from a pool (n = 30) of healthy donors (right). Bars: median with 95%
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transcripts arising from a hematologic lineage-specific
internal promoter located inMLLT3 intron 5.
A new set of specific and successive k-mers covering the

entire MLLT3 intron 5 revealed the presence of two novel

segments retained in poly(A)+ RNAs.Apart from the 5’ end
of the first segment, which lacked a clearly defined start-
ing point consistentwith a probable transcription start site,
consensus donor and acceptor splice sites flanked these

confidence interval (CI). The data showed a high level ofMLLT3 expression in HSCs that rapidly declined as differentiation proceeded, while
MLLT1 expression remained relatively constant. (C) To observe how RNA-Seq reads distribute along the 11 exons (E1-E11) of theMLLT3
transcript (X-axis, P1 mRNA), a k-mer quantification (Y-axis, normalized number of reads) was performed on the two Leucegene-NH (top)
and IUCT-NH (bottom) datasets described above. The 1949 nucleotides composing the referenceMLLT3 transcript (NM_004529.4, from its
5’end to the stop codon) yielded 1919 consecutive k-mers where k = 31 (31-mers). To avoid bias in data interpretation, 72 k-mers covering the
Poly-Ser-coding repeat sequence were excluded from the graphs (i.e., 1919-72 = 1847 k-mers). An unexpected profile was obtained in HSCs and
progenitor cells, with a sharp and strong increase in the number of reads occurring at the very first nucleotide of E6, which became
progressively less marked as differentiation proceeded. (D) To detect potentially novelMLLT3 sequence segments that could be retained in
poly(A)+ RNAs, a k-mer quantification of RNA-Seq-reads (Y-axis, normalized number of reads) mapping to referenceMLLT3 intron 5
(NM_004529.4, X-axis) was performed in the Leucegene-NH dataset. This revealed the existence of two additional segments embedded in
intron 5, upstream from exon 6 and flanked by donor (gt, black arrowhead) and acceptor (ag, blue arrowhead) splicing sites. These two novel
exons were named E6a and E6b/b’. (E) To verify whether the novel exons E6a and/or E6b/b’ could compete with exon 5 for splicing to exon
E6, we designed new k-mers covering the possible alternative exon-exon junctions as follows: the last 16 nucleotides (3’end) of exon n joined
to the first 15 nucleotides (5’end) of exon n+1 (i.e. k = 16+15 = 31) (left, as described in Supplementary information). Then, RNA-Seq reads
covering these putative exon-exon junctions were quantified using the k-mer technique in individual CD34+ samples (n = 17) from the
Leucegene-NH dataset (right). Bars: mean with 95% CI. The thickness of arcs below is proportional to the number of reads covering the new
alternative exon-exon junctions (bottom). This quantification revealed that all possible exon-exon assortments existed, including the three
alternative transcripts E6a-E6b-E6, E6a-E6b’-E6 and E6a-E6 (alt mRNAs), with the E6a-E6 variant being the most abundant in CD34+ cells.
(F) After naming the shorter alternative transcripts driven by the internal promoter as s-MLLT3 (compared to the full transcript named
l-MLLT3), we returned to the IUCT-NH samples (those used in Figure 1B, bottom right, and showing overallMLLT3 expression) and
measured how their relative expression evolved from HSCs through differentiation intermediates to monocytes. Quantification using
isoform-specific k-mers (performed as described above) confirmed that the shorter s-MLLT3 transcripts were expressed at much higher levels
in HSCs than the l-MLLT3 transcript, and that their expression decreased as differentiation proceeded. (G) Schematic representation of the
MLLT3 locus highlighting the P2 internal promoter-driven s-MLLT3 transcripts (P2 mRNAs). (H) To examine the coding potential of s-MLLT3
transcripts, the HEK test cell line was transfected with CMV-promoted pcDNA3 vectors, resulting in the expression of myc-tagged s-MLLT3 or
l-MLLT3 transcripts (as control) at the 3’-end (top). Visualization of the corresponding proteins (arrows) by western-blotting, as previously
described [9], using anti-myc tag antibodies (bottom left), revealed that, compared with cells transfected with the l-MLLT3 vector (where a
full-size protein was detected), two much smaller bands appeared in cells transfected with the E6a-E6 s-MLLT3 vector. Their smaller sizes
matched with the presence of two AUG codons in exon 7 (AUG2/3, as shown in the top scheme). Endogenous expression of these two shorter
proteins was confirmed by western blotting performed on extracts of CD34+ (and of K-562 leukemia cells as a low-expressing control) using
an MLLT3-specific antibody (bottom middle). As shown by RT-qPCR quantification, compared to CD34+ cells and to full length l-MLLT3,
expression of the three E6a-E6b, E6a-E6b’, and E6a-E6 s-MLLT3 shorter forms was very low in K-562 cells (bottom right). (I) To measure
expression from theMLLT1 andMLLT3 loci in AML, quantifications were performed using standard bioinformatics procedures in two
RNA-Seq datasets: IUCT-AML and Beal-AML. Although lower than that ofMLLT1,MLLT3 expression appeared much more variable. (J)
Given that different transcript isoforms encoding different MLLT3 proteins were not equally expressed in all AML samples, the overall
survival (OS) time (days) was monitored by Kaplan-Meier curves on Beat-AML patients as a function of either globalMLLT3 (left), l-MLLT3
(middle), or s-MLLT3 (right) expression. To avoid potential bias in data interpretation, as previously described [10], samples that were not
collected at diagnosis but later after the first line of therapy, those presenting at diagnosis with no AML but with an MDS or MPN, and the
samples from patients who could benefit from a transplant, were removed. The curves were finally calculated with this homogeneous set of n
= 236 patients, from the date of diagnosis until death or last received news. Surviving patients were censored at the date of the last follow-up.
Log-rank test was used for statistics. GlobalMLLT3 expression was quantified using standard pipelines, while l-MLLT3 or s-MLLT3 were
quantified using isoform specific k-mers as described in Figure 1E and 1F. For globalMLLT3 expression, the cohort was divided into two
categories based on median expression. For l-MLLT3 or s-MLLT3, the cohort was divided into a “high” category comprising the ∼20% of
samples with the highest level of l-MLLT3 or s-MLLT3 (n = 38/236 in each case) and a “low” category comprising the ∼80% of samples with
the lowest level of l-MLLT3 or s-MLLT3 (n = 194/236 in each case). These analyses indicated that overallMLLT3 expression is of poor
prognosis (left), and that the ∼20% of patients with the highest level of s-MLLT3 had a much worse prognosis than the ∼20% of patients with
the highest level of l-MLLT3 (compare right and middle panels). Abbreviations: utr: Untranslated region; IDR: Intrinsically disordered region;
NH: Normal hematopoiesis; HSC: Hematopoietic stem cell; MPP: Multipotent progenitor, CMP: Common myeloid progenitor; GMP:
Granulo-monocytic progenitor; Mono: Monocyte. WBC: White blood cells; IUCT: Institut Universitaire du Cancer; CMV: Cytomegalovirus;
HEK: Human embryonic kidney; NT: Not transfected; OS: Overall survival; MDS: Myelodysplastic syndrome; MPN: Myeloproliferative
neoplasm; RT: Reverse transcription; qPCR: quantitative Polymerase chain reaction.
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two segments. These unexpected exons were designated
as exon E6a and exon E6b/b’ (Figure 1D). Additional k-
mer analyses confirmed that these exons were spliced to
exon E6, resulting in three possible splice variants: E6a-
E6b-E6, E6a-E6b’-E6, and E6a-E6, with the E6a-E6 variant
being the most predominant (Figure 1E and Supplemen-
tary Figure S2). This assortment of novel CD34+-specific
alternative exons was further validated using standard
Sanger sequencing following RT-PCR amplification with
specific primers (Supplementary Figure S3).
Next, exploration of public CHIP-Seq (chromatin

immunoprecipitation followed by sequencing) and CAGE
(mRNA 5’ cap analysis of gene expression) datasets
revealed the existence of an alternative P2 promoter in
addition to the canonical P1 promoter. Associated with
an active promoter H3K4me3 mark and a CAGE peak,
this P2 promoter, found exclusively in immature CD34+
cells but absent in CD14+ monocytes, was predicted to
drive the expression of transcripts beginning with exon
E6a (Supplementary Figure S4). Transcript-specific k-mer
quantifications confirmed that the exceptionally high
overall level of MLLT3 observed in HSCs was primarily
due to these shorter transcripts starting with exon E6a.
We have collectively named these shorter transcripts
s-MLLT3, in contrast to the reference full-length MLLT3
transcript, referred to as l-MLLT3 (Figure 1F).
These findings revealed the existence of anHSC-specific

internal promoter (P2) that drives the expression of shorter
MLLT3 transcripts (s-MLLT3mRNAs, Figure 1G). To eval-
uate the translational potential of these s-MLLT3 tran-
scripts, we cloned a C-terminal myc-tagged version of
the predominant E6a-E6 variant into an expression vec-
tor (Figure 1H, top), and assessed its protein expression
capacity in the HEK (human embryonic kidney) cell
line by western blotting. Compared with a similar vector
encoding l-MLLT3, the E6a-E6 s-MLLT3 transcript pro-
duced shorter s-MLLT3 proteins, (Figure 1H, bottom left).
A western blotting analysis of endogenous proteins con-
firmed the existence of these shorter forms in CD34+
cells but not in the K-562 leukemic cell line, which
served as a low-expressing control (Figure 1H, bottom
middle). Isoform-specific RT-qPCR quantification further
corroborated that, compared to CD34+ cells and full-
length l-MLLT3, expression of the three shorter forms
(E6a-E6b, E6a-E6b’, and E6a-E6) was very low in K-
562 cells (Figure 1H, bottom right). These western blot
results identified at least two distinct s-MLLT3 proteins,
likely arising from alternative translation initiation codons
(AUG2 and AUG3) located in exon 7, producing proteins
that retain the C-terminal AHD transactivation domain
but lack the YEATS and Poly-Ser domains (Supplementary
Figure S5).

Interestingly, the shorter MLLT3 alternative transcripts
initiate within intron 5, which is also a frequent site of
chromosomal translocation in acute myeloid leukemia
(AML). Specifically, MLLT3 intron 5 is the primary site of
the t(9;11) chromosomal translocation, leading to fusion
with KMT2A (lysine (K) methyl transferase 2A) [5].
KMT2A is a chromatin writer that deposits epigenetic
marks indicating active transcription at specific loci, par-
ticularly the HOX genes required for hematopoiesis [6].
The resulting KMT2A-MLLT3 fusion transcript encodes
a chimeric protein composing the N-terminal third of
KMT2A fused to the C-terminal portion of MLLT3, which
lacks the YEATS domain but retains the AHD transacti-
vation domain (Supplementary Figure S6). To investigate
globalMLLT3 expression in AML, we analyzed two RNA-
Seq datasets: IUCT-AML [7] and Beat-AML [8] (detailed
in Supplementary Information). Compared with MLLT1,
the expression range of MLLT3 was broader, showing a
> 120-fold amplitude across samples (Figure 1I). Isoform-
specific k-mers targeting alternative (E6a-E6 + E6b/b’-E6
for s-MLLT3) and canonical (E5-E6 for l-MLLT3) exon-
exon junctions revealed no correlation between s-MLLT3
and l-MLLT3 expressions. Approximately 20% of samples
exhibited high s-MLLT3 levels, whereas in other samples,
s-MLLT3 was undetectable despite l-MLLT3 expression
(Supplementary Figure S7). This finding suggests differen-
tial regulation of the two promoters and/or the resulting
transcripts in AML.
We next investigated whether the ∼20% of AML sam-

ples with high s-MLLT3 expression represented a distinct
clinical entity. Samples which were either MECOM+

(myelodysplasia syndrome 1 and EVI1 complex locus) or
GATA2-MECOM (Supplementary Figure S8), and those
with mutant RUNX1 (runt-related transcription factor 1)
and/or TP53 (tumor protein p53) showed higher levels of
l-MLLT3, with even greater levels of s-MLLT3 (Supplemen-
tary Figure S9, left and middle). No correlation with the
KMT2A-MLLT3 translocation was observed. Conversely,
NPM1 (nucleophosmin 1)-mutated samples exhibited very
low levels of both transcripts (Supplementary Figure S9,
left and middle). Notably, elevated s-MLLT3 or l-MLLT3
levels were associated with an adverse ELN2017 (Euro-
pean LeukemiaNet 2017) score (Supplementary Figure S9,
right).Median expression-based group separation revealed
that patients with the highest overall MLLT3 expression
had worse survival outcomes (Figure 1J, left). However,
given the lack of correlation between s-MLLT3 and l-
MLLT3 expression in AML samples, we assessed their
independent impacts on survival. Isoform-specific k-mers
showed that s-MLLT3 (but not l-MLLT3) expression signif-
icantly influenced poor patient survival (Figure 1J, middle
and right panels).
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In conclusion, these findings demonstrate the existence
of an internal promoter within the MLLT3 locus, driv-
ing expression of 5’-end-shortened transcripts encoding an
AF9 protein lacking the YEAST chromatin reader domain.
These alternative transcripts are highly expressed in HSCs
and in ∼20% of AML patients with the worst survival out-
comes. These results suggest that the role of the MLLT3
locus in HSCs and in AML should be re-evaluated, con-
sidering the expression of this YEATS-domain-devoid AF9
transcription factor.
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