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The AML1-ETO fusion protein is produced by the t(8;21) translocation, which is the most
common chromosomal abnormality in acute myeloid leukemia (AML). Although AML1-
ETO alone is insufficient to cause leukemia, it is necessary for maintaining leukemia and
therefore represents a therapeutic target. This notion has been supported by several lines of
evidence: (i) transient suppression of AML1-ETO by small interfering RNA (siRNA)
increases susceptibility of the leukemic cells to differentiation and delays leukemogenesis /n
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vivo (1, 2); (ii) in a mouse model harboring fully developed leukemia, switching off AML1-
ETO leads to leukemia regression (3); (iii) in an AML1-ETO9a (AE9a)-driven leukemic
mouse model, myeloid differentiation of leukemic cells triggered by panobinostat (an HDAC
inhibitor) was attributed to AE9a degradation (4); and (iv) mechanistic studies revealed that
depletion of AML1-ETO in leukemic cells leads to a genome-wide epigenetic
reprogramming and changes in transcription factor binding, resulting in myeloid
differentiation and loss of leukemia maintenance (5).

We previously found that, in leukemic cells, AML1-ETO is stabilized and functions through
the AML1-ETO-containing transcription factor complex (AETFC), which contains multiple
transcription (co)factors that include AML1-ETO, CBF, E proteins HEB and E2A,
hematopoietic bHLH transcription factor LYL1, LIM domain protein LMO2 and its binding
partner LDBL1 (6). These AETFC components mutually stabilize each other and
cooperatively bind and regulate target genes, and AETFC integrity and proper conformation
are essential for leukemogenesis (6). Thus, destabilization of AETFC provides a strategy to
target AML1-ETO. Notably, it has been generally proposed that the stability of a protein
complex can be reflected by its sensitivity to overexpression versus depletion of individual
components (7). First, many complexes can be destabilized by overexpression of individual
components that, in a dosage-dependent manner, make promiscuous interactions that change
the topology of the complex and thereby destabilize it. This mechanism, known as “dosage
sensitivity”, is widely applicable to the regulation of protein functions in organisms ranging
from yeast to human (8), including the interplay among the key transcription factors in
hematopoiesis and leukemogenesis (9). Second, other complexes show a lack of sensitivity
(termed “robustness”) to component overexpression, likely because they possess strong
multivalent interactions that cannot be altered by dosage increase, but can be perturbed by
depletion, of individual components (10).

In this study, we investigated a means to destabilize AETFC, as well as the underlying
mechanism. Following the principle described above, we first examined whether
overexpression of AETFC components could affect the stability of the complex. In addition,
several known interacting partners of AETFC components, including C/EBPa,, TAL1 and
ID1, were also analyzed. We transduced Kasumi-1 cells with retroviruses expressing HEB,
E2A, E2-2, LDB1, LYL1, LMO2, C/EBPa, TAL1 or ID1 (Supplementary Figure Sla), and
determined the protein levels of each AETFC component by immunoblot. The results
showed that overexpression of the AETFC components failed to destabilize the complex
(Figure 1a). Thus, this result, in combination with our previous observation that knockdown
of AETFC components in Kasumi-1 cells leads to degradation of the complex (6), reflects
the “robustness” of AETFC. This result is also consistent with the extremely strong
biochemical stability of AETFC that we previously established (6).

Unexpectedly, overexpression of C/EBPa dramatically decreased the protein levels of all
AETFC components (Figure 1a) and led to an accompanying inhibition of Kasumi-1 cell
growth (Supplementary Figure S1b). To verify the loss-of-function of AETFC, we
performed RNA-seq of the cells. Gene set enrichment analysis (GSEA) revealed that
previously identified (6) effects of AETFC-loss on both the up- and downregulated target
genes tend to be mimicked by C/EBPa overexpression; this was confirmed by RT-qPCR
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analysis of representative genes (Figure 1b). GSEA also revealed that the genes associated
with myeloid differentiation are enriched, whereas those associated with hematopoietic stem
cells are depleted, in the C/EBPa-activated genes (Supplementary Figure S2), consistent
with the function of C/EBPa. in myeloid differentiation (11). We next employed the AE9a-
driven leukemic mouse model to investigate whether C/EBPa overexpression could affect
leukemogenesis. We observed that C/EBPa overexpression induces myeloid differentiation
of the mouse leukemia cells and delays leukemogenesis /in vivo, as indicated by an increased
frequency of CD11b* cells and a significantly extended survival time of the mice (Figure
1c). Thus, these results suggest that AETFC destabilization can be achieved by
overexpression of C/EBPa., which is associated with cell differentiation and delayed
leukemogenesis; however, the mechanism of how C/EBPa destabilizes AETFC is unclear.

While C/EBPa has been shown to physically interact with AML1-ETO (12), this interaction
is relatively weak compared with the interactions among other factors (e.g., the interactions
among AETFC components and the interactions of TAL1 and ID1 with E proteins), and thus
is insufficient to mediate a “dosage sensitivity” effect that destabilizes AETFC (8). We
therefore examined whether C/EBPa overexpression can affect AETFC in other ways.
Using RNA-seq and RT-gPCR, we found that C/EBPa overexpression leads to a significant
decrease of LYLI mRNA, but not other AETFC component mRNAs (Figure 2a). Our
previous characterization of one-to-one interactions within AETFC revealed a central
position of LYL1 (i.e., LYLL interacts strongly with E proteins and LMO2 and weakly with
AMLI1-ETO and LDB1) (6). We thus speculated that loss of LYL1 could disrupt AETFC. To
confirm this, we analyzed the integrity of AETFC in the presence and absence of LYL1 by
co-immunoprecipitation (co-1P) assay, and we found that, without LYL1, LMO2 and LDB1
cannot be integrated into a complex with AML1-ETO and E proteins (Figure 2b, i). Thus,
LYL1 appears to act as a linker for the AML1-ETO-E proteins (AE-E) and the LMO2-LDB1
parts of AETFC. This mechanism was held valid for the endogenous AETFC, as knockdown
of LYL1 in Kasumi-1 cells led to reduced amounts of LMO2 and LDB1 that bind to AML1-
ETO (Supplementary Figure S3). An analysis of Kasumi-1 nuclear extract indicated that
knockdown of LYLL1 led to a dramatic degradation of LMO2 and LDB1, as well as
decreased HEB and E2A (Figure 2b, ii); AML1-ETO was lagged behind in this degradation
process likely due to a different degradation mechanism for AML1-ETO relative to other
AETFC components. In contrast, knockdown of TAL1, a homologue of LYL1, did not show
such an effect (Figure 2b, ii). Conversely, overexpression of LYL1 in the C/EBPa-
overexpressed Kasumi-1 cells rescued AETFC stability, and the extent of restoration of
different AETFC components correlates with the interaction strength and spatial distance
between these components and LY L1 (Figure 2b, iii). Taken together, these results suggest
that downregulation of LYL1 by C/EBPa contributes to the AETFC destabilization.

To investigate whether LYL1 is directly regulated by C/EBPa and to gain a genome-wide
view of C/EBPa binding, we performed a ChlIP-seq analysis of the overexpressed C/EBPa
in Kasumi-1 cells. The results showed that C/EBPa directly binds to an approximate -1 kb
region of the LY/ 7 locus (Figure 2c, i), which was confirmed by ChIP-qgPCR (Figure 2c, ii).
Recently published ChlP-seq data also indicated that this region is physiologically bound by
endogenous C/EBPa in myeloid cell lines (Supplementary Figure S4). Interestingly, this -1
kb region is distinct from the previously reported promoter region (within 542 bp upstream
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of LY.L 1transcription start site) bound by ETS and GATA factors (13). C/EBPa is known
mostly as a transcriptional activator and, according to our RNA-seq data, overexpressed C/
EBPa in Kasumi-1 cells activates more genes relative to repressed genes (Supplementary
Figure S5a). However, it has also been established that C/EBPa. can repress genes (14) (e.g.,
MYC, MYBand GATAZ); and we observed direct binding and downregulation of these
genes by C/EBPa in Kasumi-1 cells (Supplementary Figure S5b and c). To validate that C/
EBPa directly represses LY. 1 transcription, we performed a luciferase reporter assay and
observed that the transcriptional activity of the LYL 1 promoter is decreased upon C/EBPa
overexpression in a dosage-dependent manner (Figure 2c, iii). Furthermore, GSEA revealed
a strong correlation between the genes upregulated by C/EBPa. and those derepressed by
LYL1 knockdown (Supplementary Figure S6a), suggesting that repression of LYL1 to some
degree recapitulates the effect of C/EBPa overexpression.

We next investigated whether LYL1 repression contributes to leukemic cell differentiation.
We simultaneously overexpressed LYL1 and C/EBPa in Kasumi-1 cells and assessed their
differentiation. The results showed that the LY L1 overexpression reduces the number of C/
EBPa-induced CD11b* cells (Supplementary Figure S6b). Furthermore, we observed that
knockdown of LY L1 enhances the ability of Kasumi-1 cells to differentiate upon induction
by Vitamin D3, which otherwise shows very subtle effect on the cells (Supplementary
Figure S6¢). These results suggest that the LYL1 depletion can release the differentiation
blockage in leukemic cells, although it is insufficient to induce a complete differentiation as
does C/EBPa (Supplementary Figure S6c¢). This insufficiency is likely because C/EBPa
activates many genes required for myeloid differentiation, while LYL1 depletion and
AETFC destabilization can release the repression of some genes but cannot fully activate
them.

In summary, our study first demonstrated an AETFC “robustness” in leukemic cells, which
confer on the complex a resistance to a destabilization strategy based on overexpression of
AETFC components. However, we found that overexpression of C/EBPa can destabilize
AETFC by direct repression of the core component LYL1 at the transcriptional level, and
that the depletion of LYL1 causes AETFC disruption that increases susceptibility of the
leukemic cells to differentiation (Figure 2d). The important role of C/EBPa in t(8;21)
leukemia development and treatment has been established (11) and recently re-emphasized
by several interesting studies showing that depletion of AML1-ETO activates a C/EBPa.-
dominated transcriptional network (15) and that C/EBPa. overrides the repressive activity of
AMLI1-ETO (16). Our studies provide a new mechanism by which C/EBPa. can destabilize
AETFC, suggesting restoration of C/EBPa. as a strategy for leukemia therapy, and further
identifying LYL1 as a new therapeutic target in t(8;21) leukemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

This work was supported by the National Key Research and Development Plan of China 2018YFA0107802 (X.-
J.S.) and 2018YFA0107202 (L.W.), the Chinese Academy of Sciences (CAS) Bureau of Frontier Sciences and

Leukemia. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 5

Education Program QYZDBSSW-SMC027 (L.W.), the National Natural Science Foundation of China (NSFC)
General Program 81470316, 81670094 (X.-J.S.), 81670149 (Q.-H.H.), 81470334, 81670122 (L.W.), 81270623
(S.S.) and Youth Program 81500080 (Y.-L.Z.), the NSFC Excellent Young Scholar Program 81622003 (L.W.), the
Chinese National Key Basic Research Project 2013CB966801 (X.-J.S.), the National Key Research and
Development Plan of China 2016YFC0902202 (L.W.), the National Institutes of Health (NIH) of USA RO1 grants
CA163086, CA178765 (R.G.R.) and CA166835 (S.D.N.), the Shanghai Municipal Education Commission-Gaofeng
Clinical Medicine Grant 20152506 (X.-J.S.), the CAS Bureau of Major R&D Program XDA12010310 (L.W.), the
fourth round of Three Year Public Health Action Plan GWIV-25 (S.S.), the Shanghai Municipal Science and
Technology Major Project 2017SHZDZX01 (F.L.), the 111 Project B17029 (X.-J.S., R.G.R. and S.-J.C.), and the
Samuel Waxman Cancer Research Foundation. X.-J.S. and L.W. were supported by the 1000 Talents Program for
Young Scholars. We thank Y. Zhai, X. Miao, S. Yan, Y. Chen, K. Wang and Y. Wang at the Shanghai Institute of
Nutrition and Health core facilities for technical support.

References

1. Heidenreich O, Krauter J, Riehle H, Hadwiger P, John M, Heil G, et al. AML1/MTG8 oncogene
suppression by small interfering RNAs supports myeloid differentiation of t(8;21)-positive leukemic
cells. Blood. 2003;101(8):3157-63. [PubMed: 12480707]

2. Martinez Soria N, Tussiwand R, Ziegler P, Manz MG, Heidenreich O. Transient depletion of
RUNX1/RUNX1T1 by RNA interference delays tumour formation in vivo. Leukemia. 2009;23(1):
188-90. [PubMed: 18548094]

3. Cabezas-Wallscheid N, Eichwald V, de Graaf J, Lower M, Lehr HA, Kreft A, et al. Instruction of
haematopoietic lineage choices, evolution of transcriptional landscapes and cancer stem cell
hierarchies derived from an AML1-ETO mouse model. EMBO Mol Med. 2013;5(12):1804-20.
[PubMed: 24124051]

4. Bots M, Verbrugge |, Martin BP, Salmon JM, Ghisi M, Baker A, et al. Differentiation therapy for the
treatment of t(8;21) acute myeloid leukemia using histone deacetylase inhibitors. Blood.
2014;123(9):1341-52. [PubMed: 24415537]

5. Ptasinska A, Assi SA, Mannari D, James SR, Williamson D, Dunne J, et al. Depletion of
RUNXZ1/ETO in t(8;21) AML cells leads to genome-wide changes in chromatin structure and
transcription factor binding. Leukemia. 2012;26(8):1829-41. [PubMed: 22343733]

6. Sun XJ, Wang Z, Wang L, Jiang Y, Kost N, Soong TD, et al. A stable transcription factor complex
nucleated by oligomeric AML1-ETO controls leukaemogenesis. Nature. 2013;500(7460):93-7.
[PubMed: 23812588]

7. Marcotte EM, Tsechansky M. Disorder, promiscuity, and toxic partnerships. Cell. 2009;138(1):16—
8. [PubMed: 19596229]

8. Vavouri T, Semple JI, Garcia-Verdugo R, Lehner B. Intrinsic protein disorder and interaction
promiscuity are widely associated with dosage sensitivity. Cell. 2009;138(1):198-208. [PubMed:
19596244]

9. Rosenbauer F, Tenen DG. Transcription factors in myeloid development: balancing differentiation
with transformation. Nat Rev Immunol. 2007;7(2):105-17. [PubMed: 17259967]

10. Semple JI, Vavouri T, Lehner B. A simple principle concerning the robustness of protein complex

activity to changes in gene expression. BMC Syst Biol. 2008;2:1. [PubMed: 18171472]

11. Pabst T, Mueller BU, Harakawa N, Schoch C, Haferlach T, Behre G, et al. AML1-ETO
downregulates the granulocytic differentiation factor C/EBPalpha in t(8;21) myeloid leukemia. Nat
Med. 2001;7(4):444-51. [PubMed: 11283671]

12. Westendorf JJ, Yamamoto CM, Lenny N, Downing JR, Selsted ME, Hiebert SW. The t(8;21)
fusion product, AML-1-ETO, associates with C/EBP-alpha, inhibits C/EBP-alpha-dependent
transcription, and blocks granulocytic differentiation. Mol Cell Biol. 1998;18(1):322-33.
[PubMed: 9418879]

13. Chan WY, Follows GA, Lacaud G, Pimanda JE, Landry JR, Kinston S, et al. The paralogous
hematopoietic regulators Lyl1 and Scl are coregulated by Ets and GATA factors, but Lyl1 cannot
rescue the early Scl-/- phenotype. Blood. 2007;109(5):1908-16. [PubMed: 17053063]

14. Ohlsson E, Schuster MB, Hasemann M, Porse BT. The multifaceted functions of C/EBPalpha in
normal and malighant haematopoiesis. Leukemia. 2016;30(4):767-75. [PubMed: 26601784]

Leukemia. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 6

15. Ptasinska A, Assi SA, Martinez-Soria N, Imperato MR, Piper J, Cauchy P, et al. Identification of a
dynamic core transcriptional network in t(8;21) AML that regulates differentiation block and self-
renewal. Cell Rep. 2014;8(6):1974-88. [PubMed: 25242324]

16. Loke J, Chin PS, Keane P, Pickin A, Assi SA, Ptasinska A, et al. C/EBPalpha overrides epigenetic
reprogramming by oncogenic transcription factors in acute myeloid leukemia. Blood Adv.
2018;2(3):271-84. [PubMed: 29431622]

Leukemia. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 7
o
a & eSS b
< & g &S <§’ g § é? &S Genes upregulated by AETFC i e
o 0~ -
AML1-ETO i i i‘ = ' ﬁ s NES = -2.69 [ S 30
,- . £ sl NomP=0 | g
HEB o o e - - 2 044 { 2 20 -
SRsss8e—es E 5
o -06- ]
] 2
- BRTTITWITT I e
[-*]
2
* 0-
LDB1 n..'.l-' = o 2500 5000 7,500 10,000 12,500 15,000 AOAH  MGLL
| Ranked genes 1.2 -
LYL1 lm!. -— Genes downregulated by AETFC 5 1.0+
| £
. o 03
g 3
oz 3-“-.— g ue-
£ g 0.4 -
CIEBPCL*_'——_'—----— E 2
£ @ 0.2 4
- ) s i3
CBF| e e L. Ly c 0.0 -
. - H _ HEMGN  SAALC
GAPDH enerecas==wpertmas= C/EBPa Vector
C _ 1209 10 000 cells / transplantation
2 100 — Vector (n=8)
£ 80 -+~ C/EBPa (n=8)
Té' 3 _2 60 - P <0.0001
i @
Fa & g M
&2 3 & 20 -
£
% B 3 0 T T T 1
i = ] = 0 20 40 60 80
| LS L [ | 10°
GFP > 120 71 5000 cells / transplantation
s 100 —— Vector (n=7)
2 g -
T § g B Bl P=00037 .+ c/EBP (n=8)
i -
ol g8 [s21%m o 160
DE| 8: { S 40
w .3 o
2 g o 20
TS R rr— il ——— s o
1w 1w 0t 10t 19 100 100 107 0 T T T 1
CD11b-AF700 ——— 0 20 40 60 80

Days post transplantation

Figure 1. Destabilization of AETFC by overexpression of C/EBPa and itsrolein cell
differentiation and leukemogenesis.

(a) Immunoblot analysis of AETFC components in Kasumi-1 cells upon overexpression of
indicated proteins. Note that overexpression of C/EBPa., but not the AETFC components,
leads to a decrease of AETFC components. Overexpression of TAL1 or ID1 only decreases
LYL1, suggesting different mechanism(s) relative to C/EBPa. Asterisks denote the larger
sizes of exogenous tagged proteins relative to the endogenous ones. (b) RNA-seq and GSEA
(/efi) and RT-gPCR (righf) analyses of Kasumi-1 cells expressing C/EBPa., showing that
overexpression of C/EBPa impairs the function of AETFC in regulation of both up- and
downregulated genes. In the right panel, data are presented as mean * standard deviation
(SD) of three independent experiments with triplicates each time. (c) Myeloid differentiation
of the AML1-ETO%a-expressing mouse leukemic cells (/ef?) and delayed leukemogenesis /n
vivo (right) caused by overexpression of C/EBPa.. In the right panel, shown are Kaplan-
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Meier survival curves of indicated numbers of mice transplanted with 10 000 or 5 000
leukemic cells; Pvalues are calculated by the log rank test.
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Figure 2. Direct repression of the core AETFC component LYL 1 by C/EBPa, leading to

disruption of AETFC.

(a) RT-gPCR analysis of mRNA levels of AETFC components in Kasumi-1 cells upon C/
EBPa overexpression. Note that only LYZZ mRNA is decreased. Data are presented as
mean + SD of three independent experiments with triplicates each time; **£ < 0.01; two-
tailed t test. (b) The role of LYL1 in AETFC stabilization. (i) Co-IP analysis of AETFC
integrity in 293T cells co-transfected with FLAG-tagged (f:) AML1-ETO and indicated
components, showing that LYL1 is required for interaction between the AML1-ETO-HEB
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and the LMO2-LDBL1 parts of AETFC. Double asterisk denotes immunoglobulin signal. (ii)
Immunoblot analysis of AETFC in Kasumi-1 cell nuclear extract upon knockdown of
indicated components, showing that knockdown of LYL1 leads to AETFC degradation.
Nuclear extract was used in this assay to exclude any cytoplasmic AETFC components. Also
shown are knockdowns of E proteins and TAL1 as positive and negative controls,
respectively. (iii) Rescue of AETFC stability by overexpression of LYL1 in the C/EBPa-
overexpressing Kasumi-1 cells. Note that the stronger LYL1-interacting AETFC component
shows a better restoration extent, suggesting a possible stepwise restoration of the complex.
Asterisk denotes the exogenous tagged LYLL1. (c) C/EBPa directly represses the
transcription of the LYL 1 gene. (i) ChIP-seq analysis of overexpressed C/EBPa in Kasumi-1
cells, showing its binding to the LYZ 1 locus. Arrows with numbers and bracket denote the
regions selected for ChIP-gPCR and promoter reporter assays. (ii) ChIP-qPCR validation of
C/EBPa binding to the indicated regions in the LY/ locus. An anti-C/EBPa antibody was
used in this ChIP experiment, and a rabbit immunoglobulin G (rlgG) was used as a negative
control. (iii) Luciferase reporter assay showing repression of the LY. 1 promoter by C/
EBPa. A dosage-dependent effect of C/EBPa was revealed by transfection of different
amounts of C/EBPa plasmid and immunoblot analysis of protein levels. (d) A working
model. In leukemic cells, the robustness of AETFC is maintained by both the strong
multivalent interactions within AETFC and a positive feedback loop in the transcriptional
network (ypper). Overexpression of C/EBPa specifically and directly represses LYL1, and
thereby breaks the connection between the AML1-ETO-E (AE-E) and the LMO2-LDB1
parts of AETFC, leading to AETFC destabilization (/ower). Potentially also involving other
C/EBPa-activated genes (denoted by a question mark), these molecular events trigger
degradation of AETFC/AML1-ETO and differentiation of leukemic cells.
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