
Challenges with this approach include a
10% manufacturing failure rate and a
21-day manufacturing period, resulting in
14% of patients not being able to
receive the therapy, primarily due to
disease progression. Future iterations of
this approach will likely involve shorter
culture durations or frozen off-the-shelf
expanded products to extend this
potentially lifesaving therapy to more
patients.

Currently, the number of UCB units in
the global UCB bank inventories exceeds
1.5 million, but many of these units are
too small to support hematopoiesis, par-
ticularly for adults. UCB expansion tech-
nologies as reported here and by others7

may provide a paradigm-changing
opportunity to use smaller and better
HLA-matched units for UCBT; they also
set a benchmark for the expansion of
other important UCB populations such as
MSCs, NK cells,8 or T cells.9,10 Indeed,
promising results with genetically engi-
neered UCB NK cells targeting CD191

cancers,8 UCB-derived virus-specific T
cells,9 and T-regulatory cells10 support
the use of UCB units in the global inven-
tory for the treatment of patients with
cancer in the coming decades.
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Comment on Thoms et al, page 1441

Transcriptional circuit
dynamics in HSPCs
Goichi Tatsumi1 and Ulrich Steidl1,2 | 1Montefiore Medical Centerr 2Albert
Einstein Cancer Center

In this issue of Blood, Thoms et al1 report that chromatin accessibility
at regulatory regions of a heptad of transcriptional factors (TFs; LYL1,
TAL1/SCL, LMO2, FLI1, ERG, GATA2, and RUNX1) displays distinct
patterns at major stages of hematopoiesis and can thereby predict cell
identity.

Hematopoiesis is strictly regulated by
transcriptional networks, consisting of
TFs, regulatory regions, and complexes
of multiple transcriptional regulators in-
teracting with each other.2 Regulatory
regions are generally located in noncod-
ing DNA sequences including intergenic
and intragenic regions, and their epige-
netic states such as DNA methylation
and histone modifications dynamically
control chromatin accessibility in a cell

type–specific manner, and also contrib-
ute to cell fate decisions.3 Aberrant
expression of key hematopoietic TFs or
alterations in their regulatory regions,
caused via genetic or nongenetic
dysregulation, can rewire transcriptional
networks and eventually lead to leuke-
mogenesis.4 Although much work has
been conducted to study the various
effects of individual TFs or their regula-
tory regions on hematopoiesis and
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leukemogenesis, the role and func-
tion of larger transcriptional networks
and their dynamics are far less well
understood.

Prior work by Thoms and colleagues and
other groups have demonstrated an
important role and impact of a heptad
of key TFs both in normal hematopoiesis
and acute myeloid leukemia (AML).
These factors shape a robustly intercon-
nected circuit by controlling themselves
and each other in human CD341 human
hematopoietic stem and progenitor cells
(HSPCs), and play an essential role in
stem maintenance.2,5 Furthermore, this
heptad TF circuit was also reported to
be active in AML, and heptad expression
patterns were significantly associated
with poor outcomes in patients.6 These
earlier results clearly indicated that this
TF heptad plays a vital role in HSPCs
and AML cells, but one of the questions
that remained unanswered was whether
this circuit also plays a role in dynamic
situations such as cell fate decisions dur-
ing hematopoiesis and leukemogenesis.
To this end, the present study set out to
study dynamic changes of the TF heptad
circuit at different stages of hematopoi-
etic differentiation and the functional
effect of this circuit on cell identity.

First, to explore the heptad circuit dy-
namics during normal hematopoiesis,
Thoms et al analyzed single-cell RNA
sequencing data of human HSPCs as
well as chromatin accessibility data of
sorted bone marrow cells. They found
that the expression of heptad TFs and
chromatin accessibility of their regulatory
regions showed unique and different pat-
terns throughout hematopoietic develop-
ment, with a tendency for the heptad
connectivity to disappear at the terminal
differentiation stage. They then asked
whether the accessibility of heptad regu-
latory regions was altered in AML cells at
different stages including preleukemic
hematopoietic stem cells (HSCs), leuke-
mic stem cells, and blasts. Remarkably,
chromatin accessibility patterns at each
AML stage were distinct from one
another, but again closely related to their
biologically closest normal counterpart
(eg, preleukemic HSCs compared with
normal HSCs/multipotent progenitor
cells), suggesting that the TF heptad cir-
cuit state is a defining feature of cell
identity in both normal HSPCs and AML
cells.

Thoms et al next investigated whether
the connectivity of heptad TFs and their
regulatory regions had a functional im-
pact on heptad circuit activity. Chromatin

immune precipitation sequencing data
from human CD341 HSPCs and 2 AML
cell lines revealed a robust landscape of
heptad TF patterns bound to their regu-
latory regions both in healthy and leuke-
mic states, which were again quite similar
with only minor differences. Furthermore,
DNA-binding motif mutagenesis studies
showed that the physical interaction of
heptad TFs with their regulatory regions
via consensus motifs were indeed essen-
tial for transcriptional activation (see fig-
ure). And finally, Thoms et al asked
whether these regulatory circuits change
dynamically during the shift from HSC
to a precursor state. To address this,
they performed semisupervised cluster-
ing of single-cell RNA sequencing data in
ME-1 cells and uncovered an erythroid
precursor-like subpopulation, which was
characterized by high expression of TAL1
and GATA2, as well as low expression of
ERG. In addition, they found that experi-
mental overexpression of GATA2 or
knock-down of ERG in ME-1 cells was
able to induce transcriptional programs
similar to the ones found in erythroid
precursors. Combined, these findings
support a model in that the triplet of
GATA2, TAL1, and ERG shape a tran-
scriptional subcircuit that is functionally
relevant in HSC–erythroid transition.

Heptad regulatory circuit
unique to each HSPC stage

Subcircuit driven by the triplet
GATA2, TAL1, and ERG interaction

Ery-precursorsHSC

FLI1 LMO2

RUNX1RLYL1
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Schematic illustration of the transcriptional network consisting of heptad TFs and their regulatory regions and its dynamic change in erythroid transition.
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Overall, the work from Thoms et al sug-
gests that transcriptional networks dynam-
ically control cell fate decisions and shape
unique subcircuits during phenotype tran-
sition in healthy blood and leukemia. The
study also raises several interesting ques-
tions for future study. The elegant work of
the authors shows that the chromatin
accessibility state of only a handful of
enhancers can classify essentially all major
stages of early hematopoiesis. They also
succeeded in the identification of a unique
transcriptional subcircuit during erythroid
differentiation. Based on this, it will be
interesting to identify and study other
types of subcircuits which may govern the
transition to precursors of other lineages.
Another intriguing question is what precise
mechanisms are harnessed to dynamically
regulate the transcriptional networks in
HSPCs, and which ultimately drive the tran-
sition from HSCs to precursors (eg, recent
work has monitored low-level cofluctua-
tions of PU.1, Gata1, and Gata2 in murine
HSPCs) and found that transcriptional sto-
chasticity of these TFs played a vital role in
the maintenance of transcriptional plastic-
ity.7 Future single-cell studies of changes
of epigenetic states and transcriptional het-
erogeneity in the heptad circuit may lead
to novel insights in that regard.

Another interesting question and future
challenge are how the advances presented
by Thoms et al could potentially be lever-
aged for therapeutic purposes. Although
TFs are challenging drug targets in gen-
eral, new approaches with small molecules
or modified biologics are emerging.8-10 If
future studies were able to identify AML-
specific subcircuits which are not critical in
normal hematopoiesis, the therapeutic tar-
geting of such key TFs may be a highly
promising strategy to tackle the generation
of leukemic cell fates at its root.
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Single-cell trajectories in
S�ezary syndrome
Audrey Gros1,2 and Jean-Philippe Merlio1,2 | 1University of Bordeaux;
2University Hospital of Bordeaux

In this issue of Blood, Herrera et al1 identified a restricted phylogeny
together with a proliferation and T-cell activation signature in the skin com-
partment of leukemic cutaneous T-cell lymphoma (CTCL) by utilizing a multi-
modal single-cell analysis of paired blood and skin samples.

In recent years, both phenotypic analysis
and next-generation sequencing have
revealed significant interpatient diversity
of S�ezary syndrome (SS).2-4 Assessing
blood tumor burden has always been a
challenge in CTCL, requiring interna-
tional efforts to define malignant cells
because of their aberrant phenotype
and/or T-cell receptor gene clonotype.
Herrera et al employed a CRISPR-
compatible cellular indexing of tran-
scriptomes and epitopes by sequencing
(ECCITE-seq), combining cell hashing
plus phenotypic analysis by antibody-
derived tags (ADT) with single-guide
RNA capture of individual cells identi-
fied by molecule barcoding (see figure).
This multimodal approach permits the
detection of transcriptome, T-cell recep-
tor a/b (TCRa/b) and TCRg/d clonotype,
and surface proteins expression at the
single-cell level.5

Thanks to integrated bioinformatics tools,
Herrera et al established the transcrip-
tional profile of individual skin and blood
clonal T cells in 4 patients with SS and 1
patient with leukemic mycosis fungoides
(MF), thus defining clusters in both com-
partments. Interestingly, malignant skin T
cells mainly clustered together, whereas
blood contained several clusters revealing
a greater transcriptional heterogeneity.
This approach also demonstrated inter-
and intraindividual heterogeneity accord-
ing to the transcriptional and phenotypic
profile of the malignant T cells. Although
the expression of transcription factors
resulted in a relatively homogeneous T
helper 2 cell (Th2) or Th17 signature, the
study confirmed the heterogeneity of SS
cells according to their naive, central, or
effector memory phenotypes as previously
shown using comparative phenotypic and
molecular profiling of skin and blood
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