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Abstract

As integral parts of the transcription super elongation complex, the ENL and AF9 proteins are two master
regulators of gene expression involved in the development and homeostasis of various tissues. They are encoded
by MLLTT and MLLT3, two genes that frequently undergo oncogenic mutations or chromosomal translocations in
cancers. In addition, we discovered an internal promoter driving the production of a YEATS (named after the five
proteins first shown to contain this domain: Yaf9, ENL, AF9, Taf14, and Sas5)-domain-devoid AF9 isoform massively
expressed in healthy hematopoietic stem cells (HSCs), as well as in the blasts of patients with extremely poor-
prognosis acute myeloid leukemia (AML). Here, we show that such internal promoter is also active in a subset

of digestive tissues, including the small intestine, colon and stomach. We also reveal the existence of a similar
internal promoter in the MLLTT locus that is inactive in the hematopoietic lineage and AML but functional in other
healthy tissues, including the pituitary gland, brain, thyroid, uterus and lung. Furthermore, the YEATS-domain-
devoid MLLTT isoform may exhibit tumor-type-specific biomarker values, whereas full-length MLLTT does not. It is
highly expressed in the gonadotroph subtype of pituitary tumors, and its expression in non-small cell lung cancer
inversely correlates with the epidermal growth factor mutation and a transcriptomic signature associated with

a good prognosis. Thus, both MLLTT and MLLT3 have tissue- and tumor-type-specific internal promoters driving
expression of similar YEATS domain-devoid isoforms. This suggests that the functions of both MLLTT and MLLT3

in tissue homeostasis and cancers, as well as their potentials as biomarkers should be re-evaluated taking into
account expression of these YEATS-domain-devoid ENL and AF9 transcription factors.
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To the Editor,

The homologous transcription factors ENL (MLLT1)
and AF9 (MLLT3) optimize the catalytic rate of transcrip-
tion by RNApol II at specific genomic loci. They do so via
an N-terminal chromatin reader domain called YEATS
(named after the five proteins first shown to contain this
domain: Yaf9, ENL, AF9, Tafl14, and Sas5) and a C-ter-
minal transactivation domain called AHD. The YEATS
and AHD domains interact with various protein partners
of the transcription super-elongation complex or SEC
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(Fig. 1A) [1]. MLLT1 and MLLT3 play essential roles in
maintaining cells’ homeostasis in the hematopoietic [2]
and epithelial [3] systems. They both undergo frequent
oncogenic chromosomal translocations or mutations that
drive different types of cancer [4, 5]. Furthermore, we
recently discovered an internal promoter that produces
shorter MLLT3 transcripts, called s-MLLT3 in compari-
son to the full-length I-MLLT3 [6]. These s-MLLT3 tran-
scripts encode a YEATS-domain-devoid isoform of AF9
that is massively expressed in healthy hematopoietic
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Fig. 1 (See legend on next page.)
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Fig. 1 Identification of an internal promoter driving expression of s-MLLTT, a YEATS-domain-devoid isoform of MLLT1. A Schematic representation of
the ENL and AF9 proteins with the N-terminal YEATS and C-terminal AHD domains and their interacting partners in the super elongation complex (SEC)
complex. BTo see how RNA-Seq reads distribute along the 12 exons (E1-E12) of the MLLTT mRNA (X-axis) a k-mer quantification (Y-axis, normalized num-
ber of reads) was performed on two healthy pituitary samples (#1, ID: GTEX-13x6J-3126-SM-5Q5EJ; and #2, ID: GTEX-13VXU-3126-SM-5SIA4). The 1680
nucleotides composing the reference MLLTT transcript (NM_005934.4, from AUG to stop codon) gave 1650 consecutive k-mers where k=31 (31-mers).
A distinct profile was obtained with sample #1, with a sharp increase in the number of reads occurring at the very first nucleotide of E8 (top). To detect
potentially novel MLLTT 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 MLLTT intron 7 (X-axis) was performed. This revealed in sample #1 the existence of one additional segment upstream from E8 and
flanked at its 3"end by a donor (gt) splicing site but lacking a clearly defined 5'end consistent to a probable transcription start site. This novel exon was
named E8a (bottom). C To verify whether the novel exon E8a could indeed be spliced to exon E8, specific k-mers were designed as follows: the last 16
nucleotides (3'end) of E7 or 8a joined to the first 15 nucleotides (5'end) of E8 (i.e. k=164 15=31) (Supplementary Information). Then, k-mer quantification
of the RNA-Seq reads covering either the putative E8aE8 junction or the reference E7E8 junction confirmed the existence of the alternative E8aE8 junc-
tion in pituitary sample #1, but not in sample #2. D Since no starting nucleotide could be detected for the alternative E8a, we searched for the presence
of potential promoter features in the surrounding area by mining existing data. Visualization using the UCSC genome browser of CAGE peaks detected
along the MLLTT locus revealed, in addition to a CAGE peak at the canonical P1 promoter, the existence of another peak right upstream of the alternative
E8a, consistent with the existence of an internal promoter we named P2. E Schematic representation of the canonical P1 promoter-driven full-length
transcripts I-MLLTT and I-MLLT3 (top), together with their P2 internal promoter-driven, YEATS domain-devoid shorter isoforms s-MLLTT and s-MLLT3 (bot-
tom). The complete sequences of -MTT1 and s-MLLT1 transcripts (ENST00000252674.9 and ENST00000585588.1, respectively) and of their corresponding

proteins are depicted in Fig. S2

stem cells (HSCs) and in blasts of acute myeloid leukemia
(AML) with an extremely poor prognosis [6]. However,
there are no data on s-MLLT3 expression in other healthy
or malignant tissues, nor on the possibility that MLLTI
may possess a similar internal promoter.

An examination of the expression profiles of MLLTI
and MLLT3 using the GTEx repository revealed that the
MLLTI locus exhibited approximately ten times higher
global expression than the MLLT3 locus in almost all
tissues. (Fig. S1). Then, we used a k-mer approach we
validated recently (Supplementary Methods), and which
was designed to visualize how the RNA sequence reads
distribute along reference transcripts, quantitatively and
at single nucleotide resolution [6]. This uncovered one
alternative transcript (called s-MLLTI) starting at an
internal position in MLLT] intron 7, as described here
for two typical pituitary poly(A) + RNA-Seq samples (Fig.
1B and C). Exploration of genomic data using the UCSC
browser confirmed the existence of an alternative tran-
scription start site, as attested by a CAGE peak in intron
7 (Fig. 1D). The resulting internal transcript starts with
an in-frame AUG-containing alternative exon we named
exon 8a (E8a) and is predicted to encode an N-terminal-
truncated, YEATS-domain-devoid ENL protein, exactly
as for AF9 [6] (Figs. 1E and S2).

Quantifications using exon-exon junction-specific
k-mers revealed that s-MLLT1 is expressed in a number
of samples of solid tissues, mainly in the pituitary gland
and in brain, thyroid, uterus and lung. s-MLLT3 is hugely
expressed in CD34" HSCs and progenitors, but moder-
ately in a few samples of the small intestine, colon and
stomach (Fig. 2A).

Next, we compared the relative expression of [-MLLT1
and s-MLLTI transcripts in a well-defined previously
published series of 51 pituitary tumors [7] collected with
the support of the Human Protein Atlas (www.proteinat-
las.org), and U-CAN (www.u-can.uu.se) [8, 9]. Pituitary

tumors can be classified phenotypically as functional
tumors that produce hormones (including acromegaly
for growth hormone, Cushing’s syndrome) or non-func-
tional tumors. They can also be classified molecularly
according to their expression of the cell-lineage-spe-
cific transcription factors PIT1, SF1 and TPIT. The data
revealed that, unlike /-MLLT1, which does not fluctuate,
s-MLLT1 expression is high in non-functional tumors
(Fig. 2B left) and, more generally, in SF1* gonadotroph
tumors, but low in TPIT* samples and very low in PIT1*
samples (Fig. 2B right).

We also performed an analysis using a non-small cell
lung carcinoma (NSCLC) RNA-Seq dataset, which
we made k-mer searchable. This dataset comprises 77
NSCLC samples, each of which is matched with adjacent
non-cancerous tissue [10]. Both I-MLLTI and s-MLLTI
appeared globally expressed at lower levels in tumor vs.
adjacent tissues (Fig. 2C left). However, in s-MLLTI*
tumor samples, a lower expression of s-MLLT1 (along-
side higher expression of [-MLLT1) anti-correlated with a
previously published [11] NSCLC poor prognosis 3-gene
signature (Fig. 2C middle), while the overall expression
of MLLTI was not discriminating (Fig. S3). In addition,
higher s-MLLTI expression correlated with EGFR hetero-
zygous mutation (the most frequent mutation in NSCLC)
(Fig. 2C right), which is generally considered as having a
more favorable prognosis value [12].

Thus, both MLLT1 and MLLT3 loci produce internal
promoter-driven transcripts encoding similar YEATS-
domain-devoid ENL and AF9 transcription factors.
However, they are tissue-specific and the corresponding
alternative transcripts may have biomarker values at least
in AML for MLLT3 and in pituitary and lung tumors
for MLLTI. The biological and biomarker potential of
YEATS-domain-devoid ENL and AF9 offers important
new research opportunities, particularly with regard
to tissue homeostasis and malignancies of the pituitary
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Fig. 2 (See legend on next page.)
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Fig. 2 Biomarker values of the tissue- and tumor-type-specific expression of internal promoter-driven s-MLLTT isoform. AI-MLLTT and s-MLLTT were quan-
tified in poly(A) + RNA-Seq samples of the GTEx and Leucegene repositories (Supplementary Information) by using the E7E8 and E8aE8 (for MLLTT) and
E5E6 and E6aE6 +E6b/D'ES (for MLLT3) k-mers (Supplementary Information). The data revealed a total absence of s-MLLTT in the hematopoietic lineage,
but expression in a number of samples of other tissues including the pituitary gland, brain, thyroid, uterus and lung. In contrast, the s-MLLT3 isoform ap-
peared highly expressed in CD34" cells of the hematopoietic lineage, but moderately expressed in a number of samples of small intestine, colon and
stomach. Bars: medians with 95% confidence interval. B To search for a potential biomarker value of [-MLLTT or s-MLLT1 in pituitary tumors, a series of
n=>51 poly(A) + RNA-Seq samples (Supplementary Information) was explored by mapping and counting the s-MLLT1- or I-MLLT I-specific RNA-sequencing
reads using a conventional RNA quantification method. This revealed that the expression of s-MLLT1, but not I-MLLTT, is higher in non-functional tumors
(NF) than in acromegaly (Acro), Cushing’s syndrome (Cush) or tumors producing FSH, TSH or PRL (left). Consistently, s-MLLTT expression is higher in SF1*
samples (right). Bars: medians with 95% confidence interval. C To verify whether [-MLLTT or s-MLLTT could have a biomarker potential in lung tumors, a
series of n = 77 poly(A) + RNA-Seq of non-small cell lung cancer (NSCLC) samples (Tum) together with their matched non-tumor adjacent tissues (Adj)
(Supplementary Information) was quantified by the k-mer technique. This revealed that the expression of both [-MLLTT and s-MLLT1 is lower in tumor vs.
adjacent tissues (left). In s-MLLTT* tumor samples (n = 32), a lower expression of s-MLLTT but a higher expression of I-MLLTT anti-correlated with a 3-gene
signature score (defined as Low or High, Supplementary Information) recognized earlier as a marker of bad prognosis (middle) [11]. Additionally, signifi-
cantly higher levels of s-MLLTT expression were detected in tumor samples from patients with EGFR heterozygous mutations, but not in samples with
mutations in TP53 or KRAS (right). Bars: medians with 95% confidence interval

gland, lung, brain, thyroid, uterus, small intestine, colon
and stomach.

The strengths of this study include a very large sample
size of non-pathological human tissues (thousands of
samples from the GTEx repository), a well-characterized
cohort of lung tumor samples matched with their adja-
cent non-cancerous tissue, and one of the largest cohorts
of well-defined pituitary tumors. The limitations include
focusing on a single analytical technique (RNA-seq cou-
pled with k-mer-designed bioinformatics pipelines) and
using a unique cohort for each lung and pituitary tumor.
Therefore, to validate their robustness and general appli-
cability, it is necessary to validate MLLT1 and MLLT3
internal transcripts as biomarkers using another molecu-
lar technique and samples collected in different centers.
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