
rate-limiting enzyme of cholesterol
synthesis (ie, the 3-hydroxy-3methylglu-
taryl-CoA reductase),7 inhibit DLBCL
xenograft tumorigenesis, especially the
DLBCL cell lines with higher SOX9
expression (see figure). These results are
in accordance with studies demonstrating
that the treatment of myeloid leukemia
samples with statins enhances chemo-
therapy-induced leukemic cell apoptosis,
by counteracting the cytoprotective
increase of the cellular cholesterol levels
induced by chemotherapy.6 The synergy
between chemotherapy and statins has
indeed been explored with encouraging
but not definitive results in patients with
relapsed acute myeloid leukemia.10 In
this context, the study by Shen et al sug-
gests exploring the combination of sta-
tins and standard treatments in advanced
stage patients affected by SOX9 overex-
pressing DLBCL.

Conflict-of-interest disclosure: The author
declares no competing financial interests. n

REFERENCES
1. Shen Y, Zhou J, Nie K, et al. Oncogenic role

of the SOX9-DHCR24-cholesterol
biosynthesis axis in IGH-BCL21 diffuse large
B-cell lymphomas. Blood. 2022;139(1):
73-86.

2. Kamachi Y, Kondoh H. Sox proteins:
regulators of cell fate specification and
differentiation. Development. 2013;140(20):
4129-4144.

3. Grimm D, Bauer J, Wise P, et al. The role of
SOX family members in solid tumours and
metastasis. Semin Cancer Biol. 2020;
67(Pt 1):122-153.

4. Luo J, Yang H, Song B-L. Mechanisms and
regulation of cholesterol homeostasis. Nat
Rev Mol Cell Biol. 2020;21(4):225-245.

5. Vitols S, Norgren S, Juliusson G, Tatidis L,
Luthman H. Multilevel regulation of
low-density lipoprotein receptor and 3-
hydroxy-3-methylglutaryl coenzyme A
reductase gene expression in normal and
leukemic cells. Blood. 1994;84(8):
2689-2698.

6. Li HY, Appelbaum FR, Willman CL, Zager
RA, Banker DE. Cholesterol-modulating
agents kill acute myeloid leukemia cells and
sensitize them to therapeutics by blocking
adaptive cholesterol responses. Blood.
2003;101(9):3628-3634.

7. Goldstein JL, Brown MS. A century of
cholesterol and coronaries: from plaques to
genes to statins. Cell. 2015;161(1):161-172.

8. Janowski BA, Willy PJ, Devi TR, Falck JR,
Mangelsdorf DJ. An oxysterol signalling
pathway mediated by the nuclear receptor
LXR alpha. Nature. 1996;383(6602):
728-731.

9. Shaffer AL, Emre NC, Lamy L, et al. IRF4
addiction in multiple myeloma. Nature.
2008;454(7201):226-231.

10. Advani AS, Li H, Michaelis LC, et al. Report
of the relapsed/refractory cohort of
SWOG S0919: a phase 2 study of idarubicin
and cytarabine in combination with

pravastatin for acute myelogenous
leukemia (AML). Leuk Res. 2018;67:
17-20.

DOI 10.1182/blood.2021014300

© 2022 by The American Society of Hematology

MYELOID NEOPLASIA

Comment on Taube et al, page 87

CEBPA mutations in AML:
site matters
Lars Bullinger | Charit�e – Universit€atsmedizin Berlin; German Cancer
Consortium

In this issue of Blood, based on a retrospective analysis of 4708 acute mye-
loid leukemia (AML) cases, Taube et al1 evaluate the impact of CCAAT/
enhancer binding protein a (CEBPA) mutations and show that it is especially
in-frame mutations affecting the basic leucine zipper region (bZIP) of CEPBA
that confer a favorable outcome, irrespective of their occurrence as biallelic
(CEBPAbi) or single mutation (CEBPAsm). Compared with transactivation
domain (TAD) mutations, this study strongly supports a previously undefined
role of CEBPA bZIP mutations, which is reflected in a distinct disease biology
including younger age, higher white blood cell counts, the presence of
GATA2 mutations, and high complete remission rates and long median
event-free and overall survival.

This observation not only refines the cur-
rent genomic risk stratification of AML,
which thus far only links CEBPAbi cases
to a favorable prognosis,2 but it may also
impact the current World Health Organi-
zation classification,3 changing the cate-
gory “AML with biallelic mutations of
CEBPA” into “AML with bZIP mutations
of CEBPA.”

Although the observation of Taube et al
warrants additional validation in indepen-
dent cohorts, their findings are in line
with a recent report in 2958 pediatric
AML cases also demonstrating that
CEBPA bZIP domain mutations are asso-
ciated with favorable clinical outcomes,
regardless of mono- or biallelic muta-
tional status.4 Transcriptome analysis per-
formed in both studies further supports a
unique bZIP mutation biology, as bZIP
CEBPAsm and CEBPAbi cases are char-
acterized by similar expression profiles.

Both studies also nicely demonstrate the
power of analyzing large leukemia
cohorts and open the possibility of fur-
ther refining clinically relevant AML

subgroups. A better understanding of
the molecular mechanisms underlying
AML with CEBPA mutation has been of
longstanding interest as a prerequisite
for improved patient management (see
figure). The first studies looking at the
impact of CEPBA did not have the power
to detect the impact of bZIP mutations.
Nevertheless, already a decade ago, Tas-
kesen et al5 could show that in-frame
insertion or deletion mutations affecting
the bZIP domain were not associated
with NPM1 mutations and that CEBPAsm
cases did not show a unique gene
expression signature, thereby supporting
their distinct biology, in line with the
recent data. In addition, the large study
by Taube et al now demonstrates that
90% of CEBPAbi mutant cases carry bZIP
in-frame mutations, which explains why
this cohort demonstrated unique profiles
in most previous analyses.

Regarding cooperating events contribut-
ing to leukemogenesis in CEBPA mutant
AML, several studies reported concurrent
GATA2 mutations, which are often asso-
ciated with the CEBPAbi subgroup of
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patients. However, GATA2 mutations
were also detected in CEBPAsm cases,
albeit at a lower frequency, as bZIP and
TAD mutations were not considered indi-
vidually.6 Although GATA2 mutations did
not affect clinical outcome in previous
studies, GATA2 mutation co-occurrence
also did not significantly impact outcome
in the 2 recent adult and pediatric stud-
ies.1,4 Besides GATA2 mutations, the
study by Taube et al also reported WT1
mutations as frequent co-occurring
events in CEBPA mutant AML. In contrast
to the pediatric study, CSF3R mutations
are only seen in a minority (�3%) of adult
patients with CEBPA mutant AML.1,4

Regarding cooperating GATA2 muta-
tions in CEBPA mutant AML, a recent
study demonstrated allele-specific
expression of GATA2 caused by epige-
netic dysregulation, especially in CEB-
PAbi mutant AML.7 The question is now
whether this is also caused by in-frame
bZIP mutations, which are found in more
than 90% of patients with CEBPAbi
mutation? Thus, future studies must look
more closely at the bZIP mutant CEBPA
mutation subgroup. Unique expression
signatures characterizing this newly iden-
tified AML cohort also suggest distinct

epigenetic mechanisms cooperating with
genetic hits in the pathogenesis of bZIP-
mutant CEBPA AML.

However, future studies will not only
need to determine the mutation site but
will also need explore posttranslational
modifications (PTMs). A recent study
showed that the myeloid CEBPA interac-
tome was comprised by PTM-regulated
interactions with protein machineries
involved in regulating epigenetic modifi-
cations, as well as gene expression and
RNA processing.8 This study shows that
PTMs can alter the interaction spectrum
of CEBPA, thereby rendering it an intrin-
sically disordered multivalent transcrip-
tion factor that can interact with multiple
components.

Thus, future investigations will not only
have to comprehensively study genomic,
epigenomic, and transcriptomic aberra-
tions in AML but will also have to use
powerful strategies to systematically
explore the interactomes of mutant tran-
scription factors. Ultimately, this will allow
us to better understand the biology of
CEBPA mutant AML and to identify addi-
tional targets for precision therapies.
Until then, the study by Taube et al

already provides guidance to further
improve management of our patients,
because bZIP CEBPAsm cases can now
be considered prognostically favorable,
whereas the approximate 10% of non-
bZIP CEBPAbi should be more cautiously
managed in the future.

Conflict-of-interest disclosure: L.B. has held
an advisory role and/or received honoraria
from Abbvie, Amgen, Astellas, Bristol-
Myers Squibb, Celgene, Daiichi Sankyo, Gil-
ead, Hexal, Janssen, Jazz Pharmaceuticals,
Menarini, Novartis, Pfizer, Roche, Sanofi,
and Seattle Genetics, and has received
research support from Bayer and Jazz
Pharmaceuticals. n

REFERENCES
1. Taube F, Georgi JA, Kramer M, et al. CEBPA

mutations in 4708 patients with acute
myeloid leukemia: differential impact of bZIP
and TAD mutations on outcome. Blood.
2022;139(1):87-103.

2. D€ohner H, Estey E, Grimwade D, et al.
Diagnosis and management of AML in adults:
2017 ELN recommendations from an
international expert panel. Blood. 2017;
129(4):424-447.

3. Arber DA, Orazi A, Hasserjian R, et al. The
2016 revision to the World Health
Organization classification of myeloid
neoplasms and acute leukemia [correction
published in Blood 2016;128(3):462-463].
Blood. 2016;127(20):2391-2405.

4. Tarlock K, Lamble A, Wang J, et al. CEBPA
bZip Mutations are associated with favorable
prognosis in de novo AML: a report from the
Children’s Oncology Group [published online
ahead of print 5 May 2021]. Blood.

5. Taskesen E, Bullinger L, Corbacioglu A, et al.
Prognostic impact, concurrent genetic
mutations, and gene expression features of
AML with CEBPA mutations in a cohort of
1182 cytogenetically normal AML patients:
further evidence for CEBPA double mutant
AML as a distinctive disease entity. Blood.
2011;117(8):2469-2475.

6. Theis F, Corbacioglu A, Gaidzik VI, et al.
Clinical impact of GATA2 mutations in acute
myeloid leukemia patients harboring CEBPA
mutations: a study of the AML study group.
Leukemia. 2016;30(11):2248-2250.

7. Mulet-Lazaro R, van Herk S, Erpelinck C, et al.
Allele-specific expression of GATA2 due to
epigenetic dysregulation in CEBPA double-
mutant AML. Blood. 2021;138(2):160-177.

8. Ramberger E, Sapozhnikova V, Kowenz-Leutz
E, et al. PRISMA and BioID disclose a motifs-
based interactome of the intrinsically disor-
dered transcription factor C/EBPa. iScience.
2021;24(6):102686.

DOI 10.1182/blood.2021013557

© 2022 by The American Society of Hematology

N-terminal mutations
(nonsense, mostly frameshift)
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(missense, mostly in-frame)

CEBPA p42

CEBPA p30
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(CEBPAbi or CEBPAsm)
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Schematic overview of CEBPA mutations in AML: impact of CEBPA mutation site on disease biology and out-
come. bi, biallelic; bZIP, basic leucine zipper region; EFS, event-free survival; mut, mutation; OS, overall sur-
vival; sm, single mutation; TAD, transactivation domain; WBC, white blood cell count.
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