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Cholesterol: a putative
oncogenic driver
for DLBCL
Vincenzo Russo | IRCCS Scientific Institute San Raffaele

In this issue of Blood, Shen et al1 investigate the role exerted by the tran-
scription factor SOX9 in modulating 24-dehydrocholesterol reductase
(DHCR24)-mediated cholesterol synthesis. They report that this pathway is
active in a subgroup of aggressive diffuse large B-cell lymphomas (DLBCLs)
harboring the IGH-BCL2 translocation, which accounts for �10% of DLBCLs.

SOX9 is a member of the SOX family of
transcription factors. It plays a critical
role in cell fate determination, differen-
tiation, and proliferation, as well as in
the maintenance of the stem cell pool
in a variety of developing and adult tis-
sues.2 SOX9 overexpression has also
been implicated in human cancers, such
as hepatocellular carcinoma, breast,
bladder, gastric, prostate, pancreatic,
and colorectal cancers.3 In this study,
Shen et al show that SOX9 is overex-
pressed preferentially in the IGH-BCL21

DLBCL, and its expression correlates
with advanced stages of disease. To
investigate whether SOX9 plays a role
in lymphomagenesis, they evaluate

SOX9-silenced DLBCL cells and show
that SOX9-silenced cells undergo
reduced proliferation, G1/S cell-cycle
arrest, and apoptotic cell death both
in vitro and in vivo. By whole-transcrip-
tome analysis and chromatin immuno-
precipitation–sequence assays, the authors
identify DHCR24, an enzyme involved in
cholesterol biosynthesis, as a direct target
of SOX9. Indeed, the enforced expression
of DHCR24 is capable of rescuing func-
tions associated with SOX9 knockdown in
DLBCL cells by modulating cellular choles-
terol levels.

Cholesterol plays a key role in maintain-
ing cell membrane integrity and in

regulating cell proliferation of normal,
nonmalignant cells.4 It is therefore not
surprising that cholesterol homeostasis
also participates in the regulation of sur-
vival and expansion of leukemic and lym-
phoma cells, as well as in the protection
of these tumor cells from therapy.5 As a
consequence, the blockade of choles-
terol synthesis induces cell-cycle arrest in
different types of leukemia and lym-
phoma, ultimately leading to apoptotic
cell death.6 The identification of the
SOX9-DHCR24 axis adds a further layer
of complexity to the regulation of cellular
cholesterol levels. Indeed, cholesterol
homeostasis is mainly regulated by the
Sterol Regulatory Element Binding Pro-
teins (SREBPs),7 particularly SREBP2, and
by Liver X Receptors (LXRa and b iso-
forms).8 SREBP2 activates the transcrip-
tion of enzymes of the mevalonate
pathway, such as HMGCR, and regulates
the uptake of cholesterol through the
induction of low-density lipoprotein
receptor expression.4 On the other hand,
LXRs control the reverse cholesterol
transport pathway, through which the
excess cholesterol is returned to the liver
for excretion as bile acids.4 In this
scenario, the newly identified SOX9-
DHCR24 axis highlights a new pathway
of cholesterol regulation, which might be
particularly relevant for the survival and
proliferation of aggressive lymphomas
under oncogenic pressure. Of note, the
noncanonical regulation of cholesterol
synthesis genes by transcription factors
in hematopoietic malignancies was
reported to occur in multiple myeloma
by means of the Interferon Regulatory
Factor 4 (IRF4).9 Indeed, IRF4 was found
to regulate membrane biogenesis by
controlling many enzymes and regulators
of sterol and lipid synthesis, such as the
squalene epoxidase and the stearoyl-
CoA desaturase.9 The results by Shen
et al provide compelling evidence of
the molecular mechanisms by which
SOX9 activates DHCR24 expression and,
therefore, cellular cholesterol remodel-
ing. However, the mechanism through
which SOX9 is preferentially over-
expressed in the IGH-BCL21 DLBCL
remains poorly understood and deserves
further investigation.

The results by Shen et al have impor-
tant therapeutic implications, as they
also report the successful treatment of
DBLCL-bearing mice with the widely
used blood cholesterol-lowering drugs,
statins. These drugs, which block the
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Effects of cholesterol regulation by SOX9-DHCR24 axis in DLBCL. (A) Aggressive DLBCLs harboring the IGH-
BCL2 translocation overexpress SOX9, which in turn activates the DHCR24, leading to cholesterol synthesis.
Increased cellular cholesterol levels regulate DLBCL cell survival and proliferation. (B) The blockade of SOX9-
DHCR24 axis by short hairpin-SOX9 RNA, specific SOX9 inhibitors, or simvastatin inhibits cholesterol synthe-
sis, reduces cellular cholesterol levels, ultimately mediating DLBCL apoptotic cell death both in vitro and
in vivo. This axis could be exploited in combination with DLBCL-specific therapy to treat patients affected by
advanced forms of DLBCL overexpressing SOX9.
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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.
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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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