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Abstract

The fusion oncoprotein RUNX1/ETO which results from the chromosomal translocation t (8;21) in acute myeloid leukemia
(AML) is an essential driver of leukemic maintenance. We have previously shown that RUNX1/ETO knockdown impairs
expression of the protein component of telomerase, TERT. However, the underlying molecular mechanism of how RUNX1/
ETO controls TERT expression has not been fully elucidated. Here we show that RUNX1/ETO binds to an intergenic region
18 kb upstream of the TERT transcriptional start site and to a site located in intron 6 of TERT. Loss of RUNX1/ETO bind-
ing precedes inhibition of TERT expression. Repression of TERT expression is also dependent on the destabilization of the
E3 ubiquitin ligase SKP2 and the resultant accumulation of the cell cycle inhibitor CDKN1B, that are both associated with
RUNXI1/ETO knockdown. Increased CDKN1B protein levels ultimately diminished TERT transcription with E2F1/Rb
involvement. Collectively, our results show that RUNX1/ETO controls TERT expression directly by binding to its locus and
indirectly via a SKP2—CDKN1B—E2F1/Rb axis.

Keywords RUNXI1/ETO - Acute Myeloid Leukaemia (AML) - Transcription factor - Telomerase Reverse Transcriptase
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Introduction

Telomerase maintains chromosomal integrity by prevent-
ing telomere shortening and attrition caused by chromo-
some replication and DNA damage, respectively. It, thus, is
required for normal and malignant self-renewal by prevent-
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erase complex are the RNA and reverse transcriptase subu-
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ated in normal cells. Typically, TERT is repressed in somatic
cells and activated in most cancer cells [4, 5]. Transcrip-
tion factors such as MYC, STAT3 and members of the E2F
family have been described to activate TERT transcription
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«Fig.1 TERT is a direct target gene of RUNXI1/ETO. A, B Knock-
down of RUNXI/ETO transcript and protein levels in Kasumi-1
cells. Left panel, qPCR analysis; right panel, western blot. C, D
TERT RNA (left panel) and protein (right panel) levels after RUNX1/
ETO knockdown. E Telomerase Activity after RUNX1/ETO knock-
down after 10 days in Kasumi-1. F UCSC screenshot displaying
changes in RUNXI1/ETO binding on the TERT locus two days after
RUNXI/ETO knockdown. G, UCSC screenshot displaying changes
in transcription factor binding at the TERT locus upon RUNX1/ETO
knockdown. H RUNX1/ETO and CEBPA transcript levels 48 h post
siRE mediated suppression. I Lack of RUNXI1/ETO binding on the
TERT CLPTMIL locus (— 18 kb region from TERT TSS) in primary
AML samples. J Publicly available RNASeq datasets of CLPTMIL
levels post RUNXI/ETO suppression via several methods. (shAE;
small hairpin RNA mediated RUNX1/ETO suppression, siRE; small
interfering RNA mediated RUNXI/ETO suppression; dTAG-47:
direct protein mediated RUNX1/ETO degradation). siRE RUNX1/
ETO siRNA; siMM mismatch control. Error bars indicate standard
deviations from three independent experiments. Asterisk indicates
p-value <0.05

[6-8]. Point mutations within the TERT promoter have been
described for several tumors including glioblastomas and
melanomas that generate de novo binding sites for ETS fac-
tors. A recent study demonstrated that GABPA binding to
such de novo ETS sites facilitates a long-range interaction
with an enhancer 300 kb upstream of TERT [1, 3]. In con-
trast to its mutated variants, the regulation of the wildtype
TERT promoter by enhancer elements is only incompletely
understood.

Oncogenic fusion proteins are also known to promote
malignant self-renewal by maintaining telomerase activity.
We and others have previously shown that TERT is a down-
stream target for oncogenic fusion proteins including EWS/
FLI1, MLL/AF4 and RUNX1/ETO [9, 10]. RUNXI/ETO is
the most common fusion protein in AML,; it both represses
genes essential for myeloid differentiation and promotes leu-
kemic self-renewal by maintaining cell cycle regulators such
as D-cyclins and CDKG6 [11]. Notably, loss of RUNX1/ETO
impairs TERT expression and induces telomere shortening
and ultimately replicative senescence in AML cells [8, 9].
However, the mechanism of RUNX1/ETO-exerted regula-
tion of TERT has remained unknown. Here we report that
RUNXI/ETO affects TERT expression directly by binding to
an upstream enhancer sequence and indirectly by controlling
SKP2 and CDKNI1B (p27) protein levels.

Materials and methods

Cell culture

Kasumi-1 and SKNO-1 cells were cultivated in Roswell
Park Memorial Institute Medium (RPMI 1640) contain-

ing 10% (v/v) or 20% fetal bovine serum, respectively.
SKNO-1 medium was further supplemented with 10 ng/ul

of granulocyte macrophage stimulating growth factor (GM-
CSF). Cells were incubated at 37 °C in a humidified atmos-
phere containing 5% CO,. For telomerase assay in SKNO-1
after knockdown of RUNXI1/ETO, cells were cultured in
RPMI +20% FBS without GM-CSF.

Gene knockdown

Electroporation of Kasumi-1 and SKNO-1 cells was essen-
tially performed as described previously [12]. Cells (10’
cells/ml) were electroporated at room temperature in com-
plete culture medium with 50 — 200 nM siRNA in 4 mm
cuvettes using a 10 ms square wave of 330 V (Kasumi-1)
or 350 V (SKNO-1) using a Bio-Rad Gene Pulser Xcell.
In case of prolonged knockdown, electroporations were
repeated every 3—4 days. The siRNAs used in this study are
listed in Table 1 in supplementary material.

RNA and protein extraction

Total RNA was extracted from Kasumi-1 and SKNO-1 cells
using Qiagen RNeasy according to the manufacturer’s proto-
col and stored at — 80 °C. The first RNeasy flow-through was
used for protein extraction by precipitation with 2 volumes
of acetone. After careful removal of the supernatants, the
protein pellets were dissolved in urea lysis buffer (9 M urea,
4% CHAPS, 1%DTT) and stored at — 80 °C.

Real time qPCR

Quantitative reverse transcription polymerase chain reac-
tions (RT-qPCR) were carried out in a StepOne Plus instru-
ment (ABI) using the Quantifast SYBR Green one step RT-
PCR master mix (QIAGEN). Primers used in this study is
shown in Table 2 in supplementary material and synthesized
by BIONEER, Korea. Reactions were set up in triplicates
with 20 ng of RNA for each sample. The composition of
each reaction is shown in Table 3 in supplementary material.
Data were analyzed using the ACT approach using HPRTI
for normalization.

Western blots

A rapid semidry transfer method was carried out using
Trans-Blot Turbo blotter (BIORAD). Transfer was carried
out using a mixed molecular weight protocol which used a
constant current of 1.5A up to 25 V. Western blot was done
as described [13, 14]. Antibodies used are listed in Table 4
in supplementary material. To image the targeted protein
on the membrane, Clarity Western ECL Substrate (BioRad)
was used as per manufacturer’s protocol. Membranes were
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«Fig.2 RUNXI/ETO controls TERT via posttranslational regula-
tion of CDKNI1B. A TERT transcript levels after palbociclib treat-
ment, CCND2 or RUNXI1/ETO knockdown. Graph shows normal-
ized RNA-seq data from n=3. B CDKNI1B protein expression level
after gene knockdown with siRE in Kasumi-1 cells at various time
points. Graph shows normalized protein data from n=2. C Cell cycle
distribution of Kasumi-1 cells after RUNXI1/ETO and CDKNIB
knockdown. FACS analysis of Pl-stained cells was performed 10 days
after first siRNA treatment. D Induction of senescence by RUNX1/
ETO knockdown with and without concomitant CDKN1B knock-
down. Left panel, graph showing quantitation of SA-BGAL -positive
cells; right panel, Kasumi-1 cells stained for senescence-associated
fB-galactosidase (SA-BGAL). E RUNXI/ETO RNA and protein lev-
els, respectively, after RUNX1/ETO knockdown with and without
concomitant CDKNI1B knockdown (RNA; day 4, 7 and 10) (pro-
tein; day 10). Upper panel, qPCR analyses; lower panel, western
blot. F CDKNIB transcript and protein levels in Kasumi-1 cells after
RUNXI/ETO knockdown with and without concomitant CDKN1B
knockdown (RNA;day 4, 7 and 10) (protein; day 10). Upper panel,
gPCR analyses; lower panel, western blot. G, TERT RNA and pro-
tein levels, respectively, after RUNXI1/ETO knockdown with and
without concomitant CDKNI1B knockdown (RNA; day 4, 7 and 10)
(protein; day 10). Upper panel, qPCR analyses; lower panel, west-
ern blot. siRE, RUNXI1/ETO siRNA; siCDKN1B, CDKNI1B siRNA;
siCCND2-2 and siCCND2-4, two independent CCND2 siRNAs;
siMM, mismatch control. Error bars indicate standard deviations
from three independent experiments. Asterisk indicates p value <0.05

imaged using VersaDoc system (BioRad). Band intensity
was analyzed using Quantity One/ Image One software.

Cell cycle analysis

Cell cycle status of Kasumi-1 and SKNO-1 cells was ana-
lyzed on days 0, 4 and 7 after siRNA electroporation. Cells
were centrifuged at 400xg for seven minutes followed by
cell staining according to the manufacturer’s protocol in the
BD Cycle TESTTM PLUS DNA Reagent Kit. Samples were
kept cold and analyzed within three hours. Results were ana-
lyzed using Mod Fit LT for Windows version 3.3 (VSH,
USA).

Colony formation assay

Colony formation assay was carried out as described [14].
Senescence associated B-galactosidase assay
Cellular senescence was measured using f3-galactosidase

staining. Staining was carried out as described [14] or using
cellular senescence assay kit from Cell Biolabs, Inc.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was carried out as
described. Immunoprecipitation was carried out using the

Dynabeads Protein G kit (ThermoFisher). Briefly, follow-
ing cross-linking and sonication, chromatin was subjected
to immunoprecipitation as previously described [15]. Subse-
quently, DNA purification using the Qiaquick PCR purifica-
tion kit was carried out. Real Time-qPCR was carried out
using the StepOne Plus instrument (ABI) and data were ana-
lyzed using the ACT approach with ChIP input being used
for normalization. ChIP-qPCR primers used for E2F1 occu-
pancy on the TERT promoter and a 3 kb upstream sequence
are listed in Table 2 in supplementary materail.

Co-immunoprecipitation

Co-immunoprecipitation was carried out as previously
described with slight modifications [15]. Briefly, following
cross-linking, purified nuclei were subjected to sonication
and immunoprecipitation using Dynabeads Protein G kit
(ThermoFisher) linked to underphosphorylated Rb antibody.
The isolated purified complex was blotted using antibodies
against E2F1 and Rb. IgG served as the isotype control.

Telomerase activity

Telomerase activity was determined with RQ-TRAP assays
as previously described [16]. HEK 293 T was used to gener-
ate a standard for telomerase activity quantitation. Primers
used for RQ TRAP are listed in Table 2 in supplementary
material.

Statistical analysis

All statistical analysis was carried out using SPSS version
22. Comparison between two groups was carried out using
paired t-test while comparison involving more than two
groups was analyzed using one-way ANOVA. Difference
between single groups in one-way ANOVA was compared
using a post hoc test with Dunnett’s corrections. Levine’s
test for equality of variance was performed as well.

Results

TERT is a direct target gene of RUNX1/ETO
Knockdown of RUNX1/ETO caused G1 cell cycle arrest,
induction of senescence and telomere shortening in the
t(8;21) AML cell lines Kasumi-1 and SKNO-1 [9]. Con-

nected to these changes were reduced levels of TERT
transcript and protein (Figs. 1A-D, S1A, B). This loss

@ Springer
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Fig.3 RUNXI/ETO controls TERT via SKP2 protein stabilization
and CDKNI1B down modulation. A Western blot showing SKP2
protein levels in Kasumi-1 cells upon RUNX1/ETO knockdown. B
SKP2 protein levels after RUNX1/ETO knockdown with and with-
out concomitant CDKN1B knockdown. C SKP2 protein levels after
SKP2 knockdown D CDKN1B protein levels after SKP2 knockdown.
E, Induction of senescence by RUNX1/ETO, CDKNIB and SKP2

of TERT resulted in a five-fold reduction in telomerase
activity as demonstrated by RQ-TRAP assays (Figs. 1E,
S1C). Interestingly, genome-wide ChIP-Seq experiments
identified two locations bound by RUNX1/ETO with one
weaker binding located at the 3’-end of intron 6 and a sec-
ond, substantial peak 18 kb upstream of TERT in proxim-
ity to the transcriptional start site of CLPTMIL (Fig. 1F)
[17, 18]. RUNX1/ETO knockdown led to a complete loss
of its binding to both locations within 48 h. Moreover,
and in agreement with the recruitment of class I histone
deacetylases by RUNX1/ETO, its knockdown increased

@ Springer

C D
Fold change 2 & Fold change <= &
— 50
SKP2 e . — 50
— B-Actin === N
B-Actin - m— — 50 CDKN1B
= o — 35 so 26
= =
F , )
asiMM msiRE
12 - BsiCDKN1B  OsiSKP2
1

REL. COLONY NO
o o o o

o r o ®

H
o 3
Fold change < &
— 150
TERT =~
— 100
e — 50
p-Actin — ¥
=g
=
® N
w

knockdown, respectively. Senescent cells were stained for SA-PGAL.
F Clonogenic growth of Kasumi-1 cells upon RUNXI/ETO,
CDKN1B and SKP2 knockdown, respectively. G, H, TERT transcript
(G) and protein (H) levels after SKP2 knockdown. siRE RUNX1/
ETO siRNA; siSKP2, SKP2 siRNA: siCDKN1B, CDKNI1B siRNA;
siMM mismatch control. Error bars indicate standard deviations from
three independent experiments. Asterisk indicates p value <0.05

levels of H3K9 acetylation at the 18 kb element. Never-
theless, this is linked with a decreased H3K27 acetylation
at the TERT promoter. Interestingly, this -18 kb binding
site is located in enhancer GH05J001312, [17] which has
been found to interact with the TERT promoter (Figs. 1F,
S1E).

Further inspection revealed that the -18 kb site was co-
occupied by RUNXI1 and PU.1 (also known as SPI1), two
crucial transcriptional regulators of myeloid differentiation.
However, RUNX1/ETO knockdown did not substantially
affect their binding to the -18 kb element (Fig. 1F, G). Simi-
larly, recruitment of LMO?2 to this site was not affected by
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the RUNXI1/ETO status (Fig. 1G) Since LMO?2 has been
shown to form a complex with RUNX1/ETO, this finding
suggests either a RUNX1/ETO-independent recruitment
of LMO?2 at this site or that other factors such as RUNX1
keep LMO2 on site. However, loss of RUNX1/ETO binding
was paralleled by an increased binding of C/EBPa, a well-
established driver of myeloid differentiation and inhibitor of
TERT expression at the -18 kb element (Figs. 1G, S1D) [15].
It is also interesting as suppression of RUNX1/ETO resulted
in the changes in C/EBPa transcript levels (Fig. 1H). These
combined data strongly suggest that TERT is a direct target
gene of RUNXI1/ETO and that its loss causes a reorganiza-
tion of the chromatin ultimately impairing TERT expression
(Figs. 1G, S1E).

Surprisingly, analyses of publicly available data-
sets of AML patients with t(8;21) chromosomal
translocation(GSE23730) [20] hardly showed binding
peaks of RUNXI1/ETO on the TERT/CLPTMIL locus
— 18 kb site with mostly background signals observed
(Fig. 11). This pattern was different from the one obtained
from cell lines (Figs. 1F, S1E). Furthermore, to ascer-
tain that RUNX1/ETO knockdown only affects TERT
expression and does not affect CLPTMIL, publicly
available RNA-seq datasets (GSE100446, GSES55478
and GSE153281) generated from experiments in which
RUNXI/ETO was suppressed was via different methods;
shRNA. siRNA and direct RUNXI/ETO targeted degra-
dation were analyzed [19, 21, 22]. Data showed no sig-
nificant changes in CLPTM L levels post RUNXI/ETO
suppression (Fig. 1J) which strongly points to RUNX1/
ETO mediated TERT expressional control.

RUNX1/ETO controls TERT via posttranslational
regulation of CDKN1B

However, loss of TERT expression trailed loss of RUNX1/
ETO both at RNA and protein level reaching a minimum
after 96—120 h, which was accompanied by a concomitant
loss of telomerase activity in the t(8;21)-positive AML cell
lines Kasumi-1 and SKNO-1 [18, 19] (Figs. 1A-E, S1A-
C). This delay suggests that RUNX1/ETO controls TERT
expression also in an indirect fashion.

Since TERT expression has been linked to the G1/S pro-
gression in the cell cycle [23], we first examined whether
a G1 block would affect TERT transcript levels. RUNX1/
ETO promotes G1 progression by directly binding to and
activating expression of CCND?2 [24, 25]. However, nei-
ther CCND2 knockdown nor inhibition of the G1 associ-
ated CDKs, CDK4 and CDKG6 by palbociclib for four days
significantly affected TERT expression in RUNX1/ETO-
expressing AML cells (Fig. 2A). These data argue against
substantial roles of CDK4, CDK6 or CCND2 on RUNX1/
ETO-mediated control of TERT.

Next, we asked if inhibition of passing the G1/S restric-
tion point would affect TERT levels. Here we focused on
CDKNI1B, which was previously found to repress TERT
expression in cervical cancer cell lines by downregulation
of HPV ET7 protein [26]. Indeed, prolonged loss of RUNX1/
ETO caused an accumulation of CDKN1B protein; after
7-10 days of RUNX1/ETO knockdown, CDKN1B protein
levels raised three- to fourfold without affecting its tran-
script levels (Figs. 2B, S2A). These data suggest a post-
translational regulation of CDKN1B by RUNX1/ETO. Since
the kinetics of CDKNI1B accumulation paralleled that of
TERT inhibition, we directly examined its involvement
in the control of TERT by RUNX1/ETO. While RUNX1/
ETO knockdown caused an accumulation of Kasumi-1
cells in the G1 phase of the cell cycle and ultimately senes-
cence as indicated by staining for senescence-associated
B-galactosidase (SA-PGAL), concomitant knockdown of
RUNXI/ETO and CDKNI1B rescued cell cycle progres-
sion and prevented senescence (Figs. 2C — F). Inhibiting
CDKNI1B accumulation also restored both TERT RNA and
protein expression (Fig. 2G). These combined findings dem-
onstrate that RUNX1/ETO controls TERT through modula-
tion of CDKNI1B protein levels thus expanding the role of
RUNXI/ETO in controlling G1/S progression as CDKN1B
is an important CDK inhibitor for G1/S progression [27, 28].

RUNX1/ETO controls TERT via SKP2 protein
stabilization and CDKN1B down modulation

CDKNIB stability is controlled by the ubiquitin ligase
SKP2, which ubiquitinates CDKN1B upon Cyclin E/CDK2-
mediated phosphorylation at T187 leading to its proteasomal
degradation [29, 30]. We therefore postulated that RUNX1/
ETO affects the SKP2 status in leukemic cells and exam-
ined the impact of RUNX1/ETO knockdown on RNA and
protein levels of SKP2. siRNA-mediated RUNX1/ETO
depletion for 10 days was associated with an up to sevenfold
decrease in SKP2 protein levels in Kasumi-1 cells (Fig. 3A).
As in the case of CDKN1B, SKP2 transcript levels did not
change pointing at stabilization of SKP2 by RUNX1/ETO
(Figure S2B). Single knockdown of CDKNI1B increased
SKP2 levels twofold (Fig. 3B) suggesting a feedback loop
where accumulating CDKN1B facilitates SKP2 degrada-
tion, possibly by arresting cells in G1 and thereby promot-
ing APC-dependent SKP2 ubiquitination and degradation
[30]. Inverse correlations between SKP2 and p27 levels
have been reported in other subtypes of leukemia [32, 33]
and cancers in general as well [34]. Interestingly, combined
knockdown of RUNX1/ETO and CDKN1B hardly restored
SKP2 showing that RUNX1/ETO-mediated control of SKP2
protein levels does not involve a CDKN1B-driven feed-back
loop (Fig. 3B).
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«Fig.4 RUNXI/ETO causes dissociation of E2F1 from the TERT
promoter via CDKNIB thus affecting the expression of TERT. A
Gene set enrichment analyses (GSEA) of E2F1 flanked genes B, C
E2F1 and RBI1 protein levels upon 10 days of RUNX1/ETO knock-
down. D, E E2F1 and RBI1 protein levels upon CDKNI1B knock-
down, respectively. F, G graph showing ChIP assay data for E2F1
occupancy on the TERT promoter (F) and a control site located
3 kb upstream (G) after 10 days of RUNX1/ETO and/or CDKN1B
knockdown. H CDKNI1B occupation on TERT promoter levels in
Kasumi-1 cells after RUNX1/ETO knockdown with and without con-
comitant CDKNIB knockdown. I E2F1 protein levels in Kasumi-1
cells after RUNX1/ETO knockdown with and without concomitant
CDKN1B knockdown at day 10. J Under phosphorylated RB levels
in Kasumi-1 cells after RUNX1/ETO knockdown with and without
concomitant CDKN1B knockdown. K Co-IP of E2F1/Rb complex,
levels in Kasumi-1 cells after RUNXI/ETO knockdown with and
without concomitant CDKN1B knockdown Ip underphosphorylated
Rb blot E2F1. Input sample (blot for E2F1 and Rb), IgG was used as
the isotype control. siRE RUNX1/ETO siRNA; siCDKNIB CDKN1B
siRNA; siMM mismatch control. Error bars indicate standard devia-
tions from three independent experiments. Asterisk indicates p
value <0.05

Next, we asked if suppression of SKP2 affected CDKN1B
and TERT in RUNX1/ETO-expressing cells. SKP2 deple-
tion caused a threefold accumulation of CDKN1B without
changing its transcript levels (Figs. 3C, D, S2C). Similar
to RUNX1/ETO, knockdown of SKP2 induced senes-
cence and inhibited colony formation in Kasumi-1 cells
(Figs. 3E, F, S1F). This was paralleled by twofold lower
transcript and threefold lower protein amounts of TERT
(Figs. 3G, H). SKP2 loss did not affect expression levels
of the telomerase subunit TERC (Figures S2D, E). These
combined findings establish a hierarchically organized
RUNXI1/ETO-SKP2-CDKNI1B axis that controls TERT
transcription.

Loss of RUNX1/ETO causes dissociation of E2F1
from the TERT promoter via CDKN1B

Several transcription factor complexes including MYC and
E2F-RB1 complexes have been described to bind to the
TERT promoter thereby linking TERT transcription to the
cell cycle [35]. Specifically, E2F1 forms a repressive com-
plex with hypo-phosphorylated RB at position -174/-170 of
the TERT transcriptional start site [6, 7, 20]. Since CDKN1B
is interfering with the CDK2-dependent dissociation of RB1
from E2F1 and has also been found to induce proteasomal
degradation of RB1 [36], we investigated the significance of
RUNXI/ETO and CDKN1B on E2F1 and RB1 expression
and function. Gene set enrichment analysis of the RUNX1/
ETO knockdown signature revealed a loss of genes harbor-
ing E2F binding sites flanking transcriptional start sites. Fur-
thermore, RUNX1/ETO knockdown decreased total E2F1
protein levels fivefold, which was also paralleled by a loss
of RB1 protein (Figs. 4A—C). This effect was dependent on
CDKNI1B accumulation: depletion of CDKN1B alone even

increased RB1 and E2F1 levels 1.7 and 2.5-fold, respectively
(Fig. 4D, E). Nevertheless, the increase in CDKN1B does
not translate to its increase in TERT promoter occupation
(Fig. 41).

These changes in protein levels led to reduced E2F1 bind-
ing to the TERT promoter but not at a control site located
3 kb upstream of the promoter as shown by chromatin immu-
noprecipitation (ChIP) experiments (Figs. 4F, G). RUNX1/
ETO knockdown caused a threefold diminished binding of
E2F]1 to the TERT promoter (p <0.001). Co-knockdown
of RUNXI1/ETO and CDKN1B restored occupation of the
TERT promoter by E2F1, while CDKN1B knockdown alone
led to a slightly increased E2F1 binding (Figs. 4F, G). This is
further supported by reduced E2F1 protein levels (Fig. 4B,
I) and a slight increase in underphosphorylated Rb levels by
1.2-fold upon RUNX1/ETO suppression (Fig. 47).

Co-immunoprecipitation showed an increase in the RB/
E2F1 complex upon RUNX1-ETO knockdown (Fig. 4K).
Complex formation could be observed as E2F1 and RB
signal increased upon RUNX1-ETO suppression following
immunoprecipitation using underphosphorylated RB anti-
body. IgG was used as the isotype control.

Discussion

Because of its pivotal role in maintaining chromosome
integrity and self-renewal, maintaining telomerase activity
by activating TERT expression is central to most malignant
transcription programs. TERT transcription is maintained by
multiple mechanisms including promoter mutations, epige-
netic changes and differential transcription factor binding.
Here we show that the leukemic RUNX1/ETO fusion pro-
tein drives TERT expression directly by modulating histone
acetylation and indirectly by facilitating E2F1 binding to the
TERT promoter by destabilizing CDKN1B (Fig. 5).

Our ChIP-seq data revealed a RUNX1/ETO binding
site located 18 kb upstream of the TERT TSS, which is
also occupied by additional hematopoietic factors includ-
ing RUNXI1, PU.1 (SPI1) and LMO?2. Intriguingly, loss of
RUNXI1/ETO binding results also in recruitment of C/EBP«
to this location. C/EBPa has been previously identified as a
transcriptional repressor of TERT and important factor for
the differentiation of myeloid progenitors [37]. On the other
hand, depletion of RUNXI1/ETO is also associated with
reduced binding of E2F]1 to the TERT promoter region. E2F1
coordinates gene expression with the cell cycle. In complex
with RB1 it represses gene expression. Phosphorylation of
RB1 by CDK4, 6 and later 2 leads to its dissociation and
the activation of gene expression by E2F1. Our data suggest
that RUNXI1/ETO keeps E2F1 in the active state by pre-
venting the accumulation of the CDK2 inhibitor CDKN1B.
In conclusion, RUNXI1/ETO maintains TERT expression
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Fig.5 Model for TERT regulation. Model for regulation of TERT
expression by RUNXI/ETO. (i) RUNXI/ETO binds to a -18 kb
upstream element and to intron 6. Loss of RUNXI1/ETO diminishes
H3K27 acetylation at the TERT promoter (ii) and (iii). Subsequent
depletion of SKP2 and accumulation of CDKN1B causes E2F1 desta-
bilization; the associated loss of E2F1 binding on the TERT promoter
represses TERT expression. Blue dots; nucleosome (H3K27), Blue
dots with N-AC; H3K27 acetylation

by establishing an active chromatin by direct occupation
of the — 18 kb element and by facilitating E2F1-mediated
transcription via an SKP2-CDKN1B axis. Nevertheless,
the dominant mechanism by which RUNX1/ETO regulates
TERT merits further investigation and require additional
experimental validations. Furthermore, the more heteroge-
neous results regarding TERT expression in AML patients
as reported by BloodSpot and Vizome databases [38, 39]
as well as the binding of RUNX1/ETO on the — 18 kb loci
upstream of the TERT TSS could be due to clonal heteroge-
neity and the lower quality of AML primary samples which
require further scrutiny. This discrepancy could be resolved
in part by examining single cell RNA seq data of AML
patients’ which has recently been made available [40] and
will constitute part of future validation works. Additionally,
it would also be interesting to examine of regulation of TERT
in other AML sub-types which lack RUNX1/ETO.

It is currently unknown how precisely RUNX1/ETO
maintains SKP2 levels. SKP2 is being polyubiquitinated by
the APC-CDHI complex [31]. Vice versa, CDH1 levels are
controlled by several cullin E3 ligases including SKP2 [41].
It is tempting to speculate that RUNX1/ETO might shift
the balance of this reciprocal feedback loop to the favor of
SKP2.

@ Springer

Higher expression of TERT is generally linked to higher
proliferative capacity and enhanced oncogenic potential.
Impairing TERT expression by targeting RUNX1/ETO or
the SKP2-CDKN1B-E2F1 axis may offer new therapeutic
possibility for the treatment of AML in future.

In summary, we show here that the leukemic RUNX1/
ETO controls telomerase activity by directly and indirectly
modulating the expression of its reverse transcriptase sub-
unit TERT. These findings provide a paradigm for how an
initiator and driver of leukemia corrupts a central com-
ponent of genome integrity and self-renewal and further
highlight the significance of continuous RUNXI1/ETO
expression for leukemic propagation.
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