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in identifying high-risk patients. Interest-
ingly, the dFL subtype showed a near
3-fold enrichment of grade 3A FL cases.
This finding suggests value in the tradi-
tional histologic grading system based on
centroblasts per high-power field and
supports a potential difference in the
mutation patterns among FL grades.

Other large-scale sequencing studies in FL
have also recently been published.5

Crouch et al used a panel of nearly 300
genes and reported 3 genetic subtypes
that differed significantly with regard to
prevalence of aSHM, but the subtypes did
not correlate to FLIPI or histologic trans-
formation. However, differences in aSHM
were observed between subgroups and
CREBBP mutations clustered with STAT6
and TNFRSF14 mutations, both of which
trended toward significance in the cFL
subtype reported by Dreval et al. Crouch
et al conclude that the genetic subtypes
they found had limited prognostic clinical
significance. How then do we reconcile
these different conclusions? First, the
approaches were different. Crouch et al
used panel deep sequencing (~500×) of
formalin-fixed, paraffin-embedded FL
biopsies, whereas Dreval et al used
whole genome sequencing (~50×) with
paired normal from newly sequenced
and historic cohorts of FL and DLBCL.
Thus, the patient populations, controls,
and genomic features detected for the 2
models were different. Second, of the
overlapping genetic features, CREBBP
mutations were all treated similarly by
Crouch et al, whereas Dreval et al distin-
guished missense mutations within the
KAT domain from other mutations. This
small but important distinction appears to
be a critical nuance in predicting trans-
formationof FL. Thedistinction of domain-
specific genetic features is also critical for
predicting genetic subtypes of DLBCL.2

However, like the FL predictor, the full
complement of genetic features is
required to achieve maximum sensitivity,
specificity, and accuracy. Future studies
with large replication cohorts will be
needed to establish the minimum set
of genetic alterations required to appro-
priately predict genetic subtypes of
lymphoma.

As machine learning approaches continue
to gain traction and offer new insights
into the heterogeneity of FL, it will be
critical to thoroughly annotate the
research cohorts being studied. Roughly
20% of transformed FL cases are of the
502 10 AUGUST 2023 | VOLUME 142, NU
activated B-cell (ABC) type by gene
expression and have a lower incidence of
BCL2 rearrangement, compared with GCB
cases.4 Prior studies also have identified
subsets of FL that more closely resemble
ABC-DLBCL, with high expression of
interferon regulatory factor 4 (IRF4) and
low expression of CD10; high expression
of IRF4 is a risk for early transformation.4,9

Notably, such cases are generally negative
for the BCL2 translocation and should be
distinguished from conventional FL.
Recognizing that FL is >1 disease, we
must ensure that future models take this
heterogeneity into consideration.10
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Food for thought (and CML
survival)
Maiko Sezaki and Gang Huang | UT Health San Antonio

In this issue of Blood, Qiu et al1 shed light on the metabolic changes that arise
in a population of chronic myelogenous leukemia (CML) stem cells in a mouse
model that allow them to better adapt to continued tyrosine kinase inhibitor
(TKI) treatment through HIF1A activity.
CML is a myeloproliferative disease,
characterized by leukocytosis and
uncontrolled proliferation of gran-
ulocytes. The hallmark of CML is the
Philadelphia chromosome, in which a
reciprocal translocation of t(9;22) results
in the BCR-ABL fusion gene and
constitutively active tyrosine kinase
activity of the resulting oncoprotein.
The incorporation of small-molecule
TKIs as the first-line treatment for
CML has revolutionized prognosis for
patients, elevating median survival from
a dismal 3 to 5 years from initial diag-
nosis to that of the general population.2

Even so, cases of TKI monotherapies
unable to completely eradicate CML
persist; imatinib reports molecular
relapse in 30% to 60% of patients, and
25% of patients have TKI intolerance.3,4
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TKI-persistent CML stem cells upregulate glycolysis and TCA cycle-related signatures and metabolically adapt via HIF1A activity. Other intrinsic and extrinsic pathways that can
be potentially targeted (dotted lines) to block either the source of metabolic adaptation (ie, from the BM microenvironment [FAO, AAO]) or HIF1A signaling/stabilization (via
hypoxia) and DNA, RNA, and histone hypermethylation are depicted. AAO, amino acid oxidation; ADP, adenosine diphosphate; ATP, adenosine triphosphate; FAO, fatty acid
oxidation; MSC, mesenchymal stromal cell. Professional illustration by Somersault18:24.
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This has been attributed to a population
of residual leukemic stem cells within
CML that functionally share similarities
with normal hematopoietic stem cells
(HSCs). They are a self-renewing and
quiescent population, exhibiting engraft-
ment potential when serially trans-
planted, and their inert status is thought
to contribute to the inadequate clear-
ance of CML and TKI resistance.5 The
exact details, however, remain elusive.
Lifelong therapy imposed on patients
with CML undoubtedly calls for better
treatment options. In this study, Qiu
et al address the metabolic basis for TKI
resistance in CML and leave ample
room for further speculation on poten-
tial intrinsic and extrinsic pathways of
therapeutic intervention.

The authors first identified key metabolic
changes that occur upon TKI treatment
using the double transgenic tetracycline-
inducible CML mouse model under the
control of the murine stem cell leukemia
gene, SCL-tTA/BCR-ABL. After 2 days of
treatment with nilotinib, their bio-
energetics analysis consistently pointed
10
toward reduced rates of glycolysis and
oxidative phosphorylation (OXPHOS) in
CML c-Kit+ progenitor cells compared
with vehicle-treated controls. This was
reversed, however, after 2 weeks of
treatment, where metabolites of the
glycolytic and glutaminolytic cycles and
trichloroacetic acid (TCA) intermediates
bounced back in CML progenitor cells to
levels similar to controls. The authors
concluded that CML cells adapt to
continued TKI exposure by restoring
energy metabolism. To understand the
basis for their observations, cells labeled
AUGUST 2023 | VOLUME 142, NUMBER 6 503
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with [U-13C6]-glucose were tracked for
their glycolytic end products. The
authors found reduced glycolytic (pyru-
vate, alanine) and TCA cycle intermedi-
ates (α-ketoglutarate, fumarate, malate)
in CML progenitor cells after 2 days of
nilotinib treatment, whereas cells from
mice treated for 2 weeks showed
increases in lactate and restored glyco-
lytic flux and TCA cycle activity. [U-15C5]-
glutamine labeling confirmed increase
use of glucose carbons for amino acid
synthesis.

Single-cell RNA sequencing of untreated
Lin−Sca-1+c-Kit+ BM cells showed clus-
tering of quiescent HSC (qHSC) pop-
ulations with reduced OXPHOS,
glycolysis, and nucleotide metabolism
and enhanced quiescence gene signa-
tures. These cell populations were
enriched after 2 weeks of TKI treatment
together with partial restoration of
OXPHOS, MYC, and E2 transcription
factor following the initial slight reduc-
tion observed after 2 days of treatment.
Among the metabolic genes upregu-
lated in qHSCs were classical HIF1A
targets. Using pySCENIC, a computa-
tional method for gene regulatory
network (regulon) reconstruction, the
authors found significant increase of
HIF1A regulon in qHSCs, among various
others involved in metabolic regulation.
This prompted the authors to investigate
the role of HIF1A in maintaining TKI-
persistent cells. Combination therapy of
nilotinib with the HIF1A inhibitor, echi-
nomycin significantly reduced CML stem
and progenitor cells compared with
nilotinib treatment alone. This potency
was also confirmed for human CML cells,
whereby CML CD34+ xenografts in
immunodeficient NOD/RAG1−/−IL2Rγ−/−

mice expressing human IL3, CSF2, and
KITLG showed reduced CD34+CD38−

CD90+ stem cells upon combined
nilotinib and echinomycin treatment,
validating a critical role of HIF1A activity
in maintaining TKI-persistent CML stem
cells.

Here, the authors identify HIF1A activity
as a key adaptive mechanism that can be
targeted to eliminate TKI-persistent CML
stem cells, but targeting HIF1A can
essentially mean intervention on many
504 10 AUGUST 2023 | VOLUME 142, NU
other levels, both intrinsic and extrinsic,
given its multifaceted role in various
physiological pathways (ie, cell prolifer-
ation and survival, angiogenesis, innate
and adaptive immune activation). The
importance of HIF1A activity on stem
cell regulation has been established
before by Prost et al, who showed
that combination therapy of imatinib
with the peroxisome proliferator-acti-
vated receptor-γ (PPARγ) agonist glita-
zone effectively eroded CML stem cells
by decreasing STAT5 and its down-
stream target HIF2A.6 Furthermore,
HIF1A can be stabilized by hypoxia and
oxygen-independent pseudohypoxia,
both of which are highly relevant for
cancer pathobiology.7 Regarding the
latter, pseudohypoxia-mediated HIF1A
dysregulation alone was found to be
both essential and sufficient for the
pathology of myelodysplastic syn-
dromes.8 Of note, hypoxia can also alter
epigenetic networks in tumor cells. CML
stem cells appear to present a unique
pattern of epigenetic hypermethylation,
such as upregulating proliferation and
antiapoptotic oncogenes via N6-methyl-
adenosine as a way to prevent TKI-
mediated killing.9 In addition, the
possible contribution of the bone
marrow (BM) microenvironment toward
CML persistence should be noted. The
authors show upregulation of fatty acid
and amino acid oxidation in CML cells,
which implies the utilization of other fuel
sources besides glucose to supplement
their energy demands (ie, from the BM).
BM adipocytes could be an ample
source of fatty acids for CML stem cells
to fuel OXPHOS, as previously reported
for acute lymphoblastic leukemia.10

Alternatively, CML stem cells could
actively seek hypoxic surroundings such
as the BM sinusoidal network to stabilize
HIF1A and thereby promote stem cell
function (see figure).

Adaptation is an essential program for
survival, whether through intrinsic or
extrinsic means. Here, CML stem cells
“step up” their metabolism to fend off
TKI toxicity. In summary, Qiu et al
establish a critical link between HIF1A
signaling and metabolic status that can
be further explored to search for
MBER 6
alternative intrinsic and extrinsic avenues
for CML stem cell eradication and
treatment-free remission.
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