
significant reductions in body temperature
after G-CSF treatment. Because neutrophils
are distributed in many more organs than the
BM, and can themselves produce not only
PGE2 but also catecholamines,8 it would seem
that neutrophils are superbly positioned to
regulate core processes, as illustrated here for
body temperature and stem cell niches. Clearly,
neutrophils are much more than immune
defenders.
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HSP90, a chaperone
that can make you SYK
-----------------------------------------------------------------------------------------------------

Elisa ten Hacken1 and Jan A. Burger2 1DANA FARBER CANCER INSTITUTE; 2UNIVERSITY OF TEXAS MD ANDERSON
CANCER CENTER

In this issue of Blood, Walter et al demonstrate an association between heat shock
protein 90 (HSP90) and spleen tyrosine kinase (SYK) as a critical upstream
component in tonic BCR signaling of Burkitt lymphoma (BL). Integrity of this
HSP90-SYK complex appears to be critical for maintenance of tonic BCR
signaling, which keeps BL cells alive. Consequently, the authors propose HSP90
as a novel therapeutic target in BL.1

Activation of B-cell receptor (BCR)
signaling, in the presence or absence of

antigenic stimulation (“activated” or “tonic”
BCR signaling), is critical for the survival
and proliferation of normal B cells. It is also
an important and targetable pathway in
several B-cell malignancies, as documented
by the clinical success of Bruton’s tyrosine
kinase (BTK) and phosphatidylinositol
3-kinase d (PI3Kd) inhibitors.2 Walter et al
demonstrate an association between heat shock
protein 90 (HSP90) and spleen tyrosine kinase
(SYK) as a critical upstream component in tonic
BCR signaling of Burkitt lymphoma (BL).
Integrity of this HSP90-SYK complex appears to
be critical for maintenance of tonic BCR signaling,
which keeps BL cells alive. Consequently, the

authors propose HSP90 as a novel therapeutic
target in BL.1

HSP90 is a member within the class of
molecular chaperones, which collectively
ensure the proper folding of proteins in order
to prevent misfolding, protein aggregation,
and their ubiquitination and proteasomal
degradation. Signal transduction proteins
are well-characterized HSP90 substrates,
which require HSP90 for maturation and
conformational maintenance. Furthermore,
many oncogenic proteins, including
tyrosine-kinase receptors, transcription
factors, cell-cycle regulatory proteins,
antiapoptotic proteins, and telomerase, are
HSP90 client proteins. Consequently, the
genetic or pharmacologic inhibition of

HSP90 disrupts many cellular signaling
networks that depend upon these molecules.
Small molecule HSP90 inhibitors, such as
the orally bioavailable, small molecule
HSP90 inhibitor AT13387, selectively bind
to HSP90, thereby inhibiting its chaperone
function and promoting the degradation
of proteins that may be involved in tumor
cell proliferation and survival. Given the
importance of HSP90 for the stability
and function of various oncogenic proteins,
HSP90 inhibitors have been under clinical
development for a while, with mixed
results, and some have been promising in
selected solid (ALK-rearranged non–small
cell lung cancer, HER21 breast cancer)
and hematological (multiple myeloma)
malignancies.

By screening the in vitro sensitivity of
BL cell lines in response to a panel of agents
that included cytotoxic drugs, signaling
inhibitors, and AT13387, the investigators
noted striking activity of AT13387 to
induce apoptosis of BL cells. Stable isotope
labeling with amino acids in cell culture
(SILAC)-based phosphoproteomic analyses
demonstrated that HSP90 targeting
downregulated BCR signaling, inhibiting
the activation of the BCR-related kinases
LYN, SYK, and BTK. Interestingly, SYK
inhibition interfered with BL cell survival
in a fashion that was similar to HSP90
inhibition, whereas neither LYN
downregulation nor BTK inhibition with
ibrutinib had any comparable effects. Based
on these observations, the authors studied
in more detail the interactions between
HSP90 and SYK and report their importance
for tonic BCR signaling, and the requirement
for phosphorylation of tyrosine Y197
residues on HSP90 for its function. The
authors conclude that HSP90 “chaperones”
SYK, as a prerequisite for intact BCR
signaling in BL, and on the flipside, they
build the therapeutic concept that HSP90
inhibition can promote BL apoptosis
through destabilization of SYK (see figure).

The study expands previous work by
the same group of investigators in which
they characterized the importance of
tonic BCR signaling in BL through
phosphoproteomic approaches.3 HSP90
inhibition has previously been shown to be
effective in reducing chronic lymphocytic
leukemia (CLL) cell4 and activated B-cell
diffuse large B-cell lymphoma5 cell survival
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in vitro, and combinations of HSP90
inhibition with BCR signaling inhibitors
showed promising responses in preclinical
models of mantle cell lymphoma, including
models of ibrutinib resistance.6 In this
current study, where the authors propose
HSP90 inhibition with AT13387 for
targeting BCR signaling in BL, that could
be a rationale for clinical trials with HSP90
inhibitors in BL, we have to consider that
alternative ways for targeting BCR signaling
and SYK are readily available. BTK, PI3Kd,
and SYK inhibitors all can effectively
disrupt BCR signaling, and these agents
generally are well tolerated and would be
more selective in targeting BCR signaling
when compared with AT13387, which
targets a wide range of other client proteins,
besides SYK. We furthermore need to take

into consideration that BCR signaling
inhibitors, such as ibrutinib and idelalisib,
have been proven to be most effective in
patients with B-cell malignancies that are
driven primarily by activated, rather than
tonic BCR signaling, like CLL.7 Similarly,
the SYK inhibitor fostamatinib, which has
been tested in patients with various B-cell
malignancies, showed the highest response
rates in patients with CLL.8 In patients with
BL, there are, however, no reported data
with this class of agents. Hence, it remains
to be seen whether targeting BCR signaling
in BL, using AT13387 or BCR signaling
inhibitors that target, for example, SYK,
will fulfill the promise raised by this current
report. Besides the clinical implications,
the paper by Walter et al also illustrates
that proteomic and phosphoproteomic

approaches can be valuable techniques for
high-throughput screening of multiple
signaling pathways at the same time, in the
context of preclinical evaluations of drugs
or as part of correlative studies, for example,
in order to identify pathways associated
with responsiveness or resistance to
targeted therapies. Collectively, this work
connects HSP90 with SYK and BCR
signaling in BL and promotes therapeutic
targeting of HSP90 as a way to overcome
SYK-dependent growth of BL cells. This work
thereforemay also recharge interest in exploring
HSP90 as an alternative therapeutic target in
BL or other diseases in which targeting of SYK
could be beneficial.
Conflict-of-interest disclosure: J.A.B. received
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Comment on Alvarez-Dominguez et al, page 619

Decoding erythropoiesis
-----------------------------------------------------------------------------------------------------

Alan J. Warren UNIVERSITY OF CAMBRIDGE

In this issue of Blood, Alvarez-Dominguez et al reveal the strategies used to
achieve precise but highly dynamic translational control of protein synthesis
during red blood cell development.1

Immature erythroid cells (reticulocytes) lack
nuclei and are unable to transcribe messenger

RNA (mRNA). Nevertheless, circulating
reticulocytes are highly translationally active,
synthesizing up to a third of theirfinal hemoglobin
content in the period of 48 to 72 hours before they
lose ribosomes, organelles, and mRNA as they
transition to mature erythrocytes. Although it has
been known for decades that the translation of
a- and b-globin mRNAs is tightly regulated
to maintain equimolar ratios of the encoded
a- and b-globin subunits of hemoglobin,2 the
mechanisms of translational control during
erythropoiesis remain poorly understood. New
insights into this process may help shed light on
the pathogenesis of the human ribosomopathies
caused by mutations in ribosomal proteins or
assembly factors.3,4

Alvarez-Dominguez et al have
comprehensively characterized translation
duringmouse fetal liver erythroid differentiation
using parallel deep sequencing of total RNA
(RNA profiling [RNA-seq]) and ribosome-
protected fragments (ribosome profiling
[Ribo-seq]) (see figure).5 Three key strategies
involved in translational regulation during
erythropoiesis emerge. First, there is widespread

translation of upstream open reading frames
(uORFs), with 455 examples identified. The
uORFs are cis-regulatory elements that lie in the
59 untranslated region (UTR) of specific mRNAs,
outof framewith thedownstreamcoding sequence,
whose functions still remain poorly characterized
in mammals. The mRNAs carrying uORFs are
enriched for factors with key roles in erythroid
maturation, including the basic-helix-loop-helix
transcriptional regulator Tal1 and the globin-
switching effector Bcl11a.6 Translation of the Tal1
uORF promotes synthesis of a truncated Tal1
protein isoform that favors erythroid lineage
choice.7 The demonstration that uORFs are
common among the developmentally regulated
genes in erythropoiesis supports the idea that
uORFs may help tightly regulate the synthesis
of key proteins that specify cell fate.

Second, Alvarez-Dominguez et al have
identifiedmany examples of programmed alternate
translation initiation and termination, revealing
that alternate decoding is common in mammalian
erythropoiesis. They uncovered 43 novel
N-terminal extensions and 117C-terminal protein
extensions caused by stop codon read-through,
a strategy known to promote phenotypic diversity
in flies and yeast. The authors propose several

examples of regulated stop-codon read-through,
but the functional significance of these findings
requires further experimental work.

A third strategy revealed by Alvarez-
Dominguez et al is the establishment of lineage-
specific translational programs through
engagement of lineage-specific RNA-binding
proteins to modulate the translational efficiency
(enrichment of Ribo-seq over RNA-seq) of
mRNAs at different stages of erythroid
maturation. Alvarez-Dominguez et al revealed
widespread, dynamic variation in the
translational efficiencyof specificmRNAs across
an astonishing 5 orders of magnitude during
different stages of erythroid differentiation. For
example, although b-globin mRNA is induced
at 24 hours of differentiation, robust translation
is only observed at 33 hours. Interestingly,
the authors found evidence for coordinate
upregulationof translation initiation factors during
terminal erythroid differentiation, principally
but not exclusively, to support globin synthesis.
Taken together, these data suggest a model in
which mRNA-specific decoding is positively
or negatively regulated during erythropoiesis
through cooperative interactions between
multiple tissue-specific RNA-binding proteins.

Alvarez-Dominguez et al set out to identify
key regulators of mRNAs that exhibited
dynamic translational efficiency during erythroid
differentiation by searching the UTRs of these
mRNAs for specific RNA-binding protein motifs.
They uncovered a critical role for RBM38
(previously implicated in splicing8) as an erythroid-
specific translational activator. The authors
found that RBM38 is cytoplasmic in primary
erythroblasts, enhances translation of an intronless
reporter, and interacts with the general translation
factor eIF4G in an RNA-independent manner.
Although RBM38 overexpression promotes the
formation of polysomes, RBM38-depleted
erythroblasts have translational defects and fail to
undergo terminal erythropoiesis. Consistent with
these data, genetic studies inmice support a role for
RBM38 in erythropoiesis.9 It remains unknown
how the 2 distinct roles of RBM38 in splicing and
translation might be regulated and how RBM38
might specifically discriminate translationally
induced mRNAs. Identification of the cytoplasmic
polyadenylation element-binding protein 4
(CPEB4) as a sequence-specific translational
repressor in erythroid cells10 suggests a model in
which erythroid differentiation is controlled by the
interplay between the translational silencing of
expendable mRNAs by CPEB4 and enhanced
decoding of essential mRNAs by RBM38.
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