
the locus SubTAD by chromatin immu-
noprecipitation sequencing (ChIP-seq).
Contact between the PU.1 gene and the
URE occurred in parallel with an increase
in PU.1 binding at the gene promoter and
at the URE. The authors next engineered
THP-1 cells with a doxycycline (dox)–
inducible knockdown of PU.1. By reducing
PU.1 expression either before or after in-
duction of differentiation, they found that
PU.1 was required to initiate the PU.1/URE
gene contact but was dispensable after the
contact was established.

This result raised the question of what
was involved in maintaining the contact.
LDB1 was investigated based on its role
in enhancer looping in erythroid cells.
LDB1 is a widely expressed nuclear pro-
tein that was originally identified as a
cofactor for LIM-homeodomain and LIM-
only proteins that have fundamental roles
in development. LDB1-null mice die at
embryonic day 8.5 with severe devel-
opmental defects in multiple systems and
a lack of red blood cells.5 In erythroid
cells, LDB1 forms a complex with DNA-
binding proteins SCL/TAL1 and GATA1
and bridging protein LMO2, an erythroid
LIM-only protein. The complex links glo-
bin gene promoters to the b-globin locus
control region enhancer by LDB1 self-
interaction and functions as the primary me-
diator of global erythroid gene activation.6,7

Prior to Schuetzmann et al, the role of
LDB1 in myeloid cells had been unclear.
We now learn that LDB1 is expressed
in THP-1 cells and is upregulated dur-
ing differentiation. Furthermore, LDB1 is
recruited to several positions within the
PU.1 SubTAD, including the gene pro-
moter and URE. Inducible knockdown of
PU.1 resulted in substantial loss of LDB1
in the locus, indicating that PU.1 is
required for LDB1 recruitment, although
the effect may be indirect since PU.1 and
LDB1 were not found to interact. Im-
portantly, dox-inducible knockdown of
PU.1 or LDB1 revealed distinctive func-
tions. After differentiation-induced PU.1/
URE contact was established, reduction
of LDB1 resulted in lost contact, whereas
PU.1 reduction had no effect. Therefore,
contacts are maintained by LDB1. The
figure depicts a speculative model in-
corporating these results.

This report affects several different lines
of research. First, the work reinforces
autoregulation of the master regulator of
myelopoiesis PU.1, and we learn that its

long-range contacts to the URE enhancer
correlate with its expression in normal
and AML cells. To establish a causal role,
it would be interesting to see if an LDB1
targeting approach, like that taken by
Deng et al,8 could reconnect PU.1 to its
enhancer in AML cells and lead to a more
normal cellular phenotype. Second, we
learn that LDB1 both establishes and
maintains PU.1 gene contact to the URE
enhancer. This result nicely expands the
mechanistic role of LDB1 in enhancer
looping fromerythroid cells to target genes
characteristic of the myeloid lineage.

How is LDB1 recruited to the PU.1 gene
and the URE? LDB1 requires DNA-binding
partners and a LIM-domain cofactor
to form an active complex and has a
distinct E box/GATA compound motif
recognized by SCL and GATA1 in ery-
throid cells.7 What motif underlies its sites
of occupancy inmyeloid cells that result in
targeting of myeloid-specific genes and
enhancers? Proteomics would be a com-
plementary approach to reveal the nature
of specific differences between the ery-
throid and myeloid LDB1 complexes. The
more we understand about how long-
range enhancer contacts are engineered,
the more we will be able to use the infor-
mation for therapeutic interventions.
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Comment on Kabrani et al, page 2670

Nuclear Fox(O1):
not so fantastic
Marc A. Weniger | University of Duisburg-Essen

In this issue of Blood, Kabrani et al1 report that the retained nuclear localization
of the transcription factor forkhead box class O1 (FOXO1) is a lymphoma-
promoting, oncogenic event in the pathogenesis of Burkitt lymphoma (BL).
Recurrent mutations in FOXO1 have been reported in ∼10% of diffuse large
B-cell lymphoma (DLBCL) and BL cases,2 but to date the functional conse-
quences of these mutations in the context of germinal center (GC) B-cell
lymphomagenesis remained incompletely understood.

FOXO1 plays an important role in early
B-cell development as well as in the
differentiation of GC B cells in the dark
zone.3,4 Several lines of evidence support
a tumor suppressor role of FOXO1 in the

development of hematopoietic malig-
nancies, for example, in classical Hodgkin
lymphoma.5 Mutations in FOXO1 in DLBCL
however not only were reminiscent of
oncogenic rather than tumor suppressor

2616 blood® 20 DECEMBER 2018 | VOLUME 132, NUMBER 25

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/132/25/2616/1468919/blood882175.pdf by guest on 08 June 2024

https://doi.org/10.1182/blood-2018-10-880781
http://www.bloodjournal.org/content/132/25/2670
http://www.bloodjournal.org/content/132/25/2670
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2018-11-882175&domain=pdf&date_stamp=2018-12-20


mutations (few hotspots mutations that
cause amino acid exchanges rather than
a broad distribution of destructive muta-
tions) but also were also shown tomaintain
nuclear localization and possibly transcrip-
tion factor activity.6

Phosphorylation by the Akt kinase criti-
cally controls FOXO1 localization, as 14-3-3
proteins bind to the phosphorylated site
of FOXO1 and assist its nuclear export.
FOXO1 contains 3 Akt recognition motifs

(consensus sequence RXRXXS/T), of which
the most N-terminal one around threonine
24 (T24) and the one in the forkhead box
domain around serine 256 (S256) are cru-
cial for FOXO1 nuclear export (see figure).7

PI3K/Akt signaling downstream of con-
stitutive B-cell receptor signaling, which is
at least in part due to mutations in TCF3/
ID3, cooperates with high MYC expres-
sion due to chromosomal translocations to
promote BL development.8,9 It is therefore

expected that FOXO1 is continuously
phosphorylated and exported from the
nucleus. However, nuclear FOXO1 was
detected in cells from human BL-derived
cell lines and even in the lymphoma cells
from a BL mouse model that is driven by
constitutive MYC and P110 transgene
expression.9 Kabrani et al then identified
recurrent mutations in FOXO1 in human
BL-derived cell lines and in murine BL-
like cells (similar to the ones in DLBCL)
that prevented phosphorylation by Akt
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Activity of FOXO1 in nonmalignant and Burkitt lymphoma cells. High phosphoinositide-3-kinase (PI3K) kinase activity in nonmalignant cells leads to FOXO1 phosphorylation
(P), followed by its 14-3-3 protein-associated nuclear export and proteasomal degradation, whereas FOXO1 regulates target genes in the absence of PI3K signaling.
In Burkitt lymphoma cells, mutations in FOXO1 prevent its export from the nucleus in the presence of constitutive PI3K activity, promoting survival and proliferation.
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including T24 amino acid exchanges.
Consistent with an earlier study,6 these
mutations caused the predominantly
nuclear localization of mutated FOXO1
also in BL cells, yet FOXO1 was detected
in the nucleus of cells of the human BL cell
lines independent of its mutation status.

Murine BL-like cells with T24 mutation
but not with wild-type FOXO1 status
showed increased cell death and im-
paired cell-cycle progression after Cas9/
gRNA–mediated FOXO1 deletion. Of
note, murine BL-like cells with mutated
FOXO1 were still dependent on PI3K
signaling as in-frame mutations following
CRISPR/Cas9–mediated knockout of the
P110 transgene showed preferential se-
lection over time.

Gene expression profiling analysis of
murine BL-like cells after Cas9-editing
of FOXO1 revealed a “dominant effect”
ofmutated FOXO1 (independent of wild-
type allele) on a subset of genes: cell
cycle, cell division, and proliferation on-
tologies were enriched in BL cells with
mutated FOXO1 and genes lower ex-
pressed in these cells included regulators
of apoptosis andmetabolism. These seem
obvious functional targets, but a contri-
bution of other processes that FOXO1 is
involved in, such as metabolism, auto-
phagy, and oxidative stress,5 cannot be
excluded. Mutant, nuclear FOXO1 likely
maintains the expression of the target
genes in BL cells that FOXO1 induces in
dark zone GC B cells, suggesting that
mutant and wild-type FOXO1 are tran-
scriptionally and functionally similar. The
T24 FOXO1 mutation did compromise
S256 phosphorylation and14-3-3 binding,
but other posttranslation modifications

(ie, lysine acetylation and O-glycosylation)
were not different from those of wild-type
FOXO1 in BL cells.

To determine whether nuclear, wild-type
FOXO1 is sufficient to support lymphoma
cell growth even in the presence of T24
phosphorylation, the authors created a
FOXO1mutant that eliminated the nuclear
export signal, FOXO1-L375A. Expression
of FOXO1-L375A in a FOXO1-knockout
background of FOXO1-mutated murine
BL cells (because they require nuclear
FOXO1) was able to functionally compen-
sate for T24-mutated FOXO1 and support
lymphoma cell growth. Whether nuclear
FOXO1 in primary human BL samples
may be of clinical relevance and may
serve as prognostic marker6 remains to
be clarified.

The findings by Kabrani and colleagues
shed light on the functional role of
FOXO1 in BL pathogenesis. Oncogenic
FOXO1 activity in the presence of con-
stitutive PI3/Akt signaling was mediated
at least in part due to mutations that
cause nuclear retention of the transcrip-
tion factor (see figure). At the same time,
the mechanism(s) that grant coexistence
of nuclear FOXO1 and PI3K/Akt activity in
the absence of FOXO1 mutations require
further investigation; certainly, other sig-
naling pathways affect FOXO1 shuttling.5,7

With respect to the “2 faces” of FOXO1,
it is tempting to speculate that similar to
the situation in other cancers10 the spatial-
temporal activity and optimal balance of
FOXO1 tip the balance toward either tu-
mor promotion or tumor suppression.
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