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Understanding CML, 1 cell at a time
-----------------------------------------------------------------------------------------------------

Jerald Radich FRED HUTCHINSON CANCER RESEARCH CENTER

Why are some patients with chronic myeloid leukemia (CML) resistant to tyrosine
kinase therapy? In this issue of Blood, Warfvinge et al use single-cell approaches
to characterize the shifting subpopulations of CML stem cells associated with
response and resistance.1

Tyrosine kinase inhibitor (TKI) therapy has
revolutionized the care of chronic phase

(CP) CML, giving most patients a near normal
life expectancy.2 Therapy is so effective that
some patients with a prolonged deep molecular
response may successfully discontinue therapy
with disease relapse.3 However, a small subset
(;10%-30%) of patients either do not respond
to TKIs, or initially respond, then relapse. In
roughly half of these cases, resistance is due
to a single-point mutation in the ABL kinase
domain of the fusion BCR-ABL gene,
abrogating the inhibitory powers of the TKI.4

Once resistance occurs, the addition of a new

TKI can engender a subsequent response, but
often these are short-lived, with another relapse
often featuring a different ABL mutation.
Patients with this pattern of continued
resistance have a higher likelihood of
undergoing transformation that is poorly
controlled by TKIs, and is often fatal without
the intervention of allogeneic transplantation.

Relapse is the bane of cancer therapy, with
many patients initially responding to therapy,
then relapsing, often while on the therapy that
originally yielded a response. If cancer is a
monolith of genetically identical cells, this
behavior is difficult to figure out, unless new
mutational events occurred during therapy
making these cells resistant. However, next
generation sequencing (NGS) has shown that
cancers are often made of many related but
distinct clones,5 so that the response of therapy,
then relapse, can be seen through the lens
of natural selection, whereby sensitive
populations topple with therapy, but where
their demise allows space and resources for
a preexisting resistant clone. In this view,
resistance is simply a natural, though
unwanted, consequence of therapy.

If cancer is an ecosystem, subject to the
same Darwinian rules as the rest of life,
how does one study it? Our current method
of performing genetic analyses (mutation
genotyping, messenger RNA [mRNA] levels,
methylation, etc) uses “bulk” samples of
unfractionated cells. This may contain
malignant cells, some normal ones, and in the
malignant cells, many different clones. Thus,
an understanding of the cancer ecosystem is
limited by being forced to average the genetics
and biology across all comers. By analogy,
imagine we are trying to study the ecosystem
of a swamp.We first drain the swamp, then put
it in a blender, and then take up the bits and try
to reassemble the constituents of the swamp.

There may be a lot of duck parts, a few frog
pieces, and look, a chunk of lobbyist! Much
better would be to interrogate, count, and
measure each unit of the swamp, to give the
precise number of ducks, frogs, and lobbyists.
By interrogating each closely, you may find out
details suggesting each role and activity in the
swamp. Indeed, single-cell genotyping has
shown that the clonal structure of leukemia is
far more complex than estimated by NGS of
bulk samples.6

Can a single-cell approach help us
understand resistance in CML? The study
by Warfvinge and colleagues suggests so. In
order to define the type of cell responsible for
resistance, and its molecular characterization,
the authors separated bulk samples from
diagnostic and treated samples into distinct cell
populations based on multiple cell surface
markers associated with the CML leukemia
stem cell (LSC) (see figure). Next, single-cell
mRNA was performed on Lin2CD341

CD382/low cells for a set of 95 genes
predetermined to be involved in CML biology.
Cell marker data and gene expression patterns
inferred a heterogeneous LSC population that
could be found at diagnosis (n5 13 patients)
and followed in a subset of patients (n 5 10)
who had persistent cytogenetic evidence of
CML while on TKI therapy. In total, roughly
1000 cells were assayed in each of the
diagnostic, TKI-resistant, and normal bone
marrow categories.

Nonsupervised clustering revealed that
7 different cell populations were inferred,
based on expression of genes involved in the
cell cycle, myeloid and lymphoid biology
and differentiation, and quiescence. Four
myeloid subpopulations were inferred, based
on cell cycle activity and commitment to
differentiation. In addition, populations
suggesting lymphoid and erythroid biology
were noted, as well as a quiescent
subpopulation. Cells were subsequently sorted
based on surface antigens found in the
subpopulation expression analysis (eg, CSF3R
in the myeloid II-IV groups) and underwent
single-cell proliferation and differentiation
experiments, correlating the inferred biology
to actual (at least, in vitro) behavior. After
therapy, residual CML subpopulations
shifted in a logical pattern, with late-myeloid
populations declining withTKI exposure, with
the corresponding enrichment of early myeloid
and especially the quiescence subpopulation.
The CD45RA2cKIT2CD261 phenotype
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Capturing single-cell mRNA expression before and after

TKI therapy. This is a highly simplified presentation of the

experimental design. First, bulk mononuclear cells from

CP-CML patients at diagnosis and after TKI therapy (A)

were flow cytometry sorted into single cells based on a

group of surface antigens associated with the leukemia

stem cell state (B). In this figure, LSCs are in shades of

red, whereas normal stem cells are in shades of blue.

Gene mRNA levels for 95 genes were performed on each

cell (C). From these gene expression patterns, 7 different

cell subtypes were inferred, including 4 myeloid groups (from

less to more differentiated), and 1 group each with erythroid,

lymphoid, and quiescence expression patterns. After ther-

apy, residual CML cells were biased toward some pathways

(schematically shown by size of font), the largest with in-

ferred quiescence state, with the CD45RA2cKIT2CD261

phenotype appearing to be the population mostly associated

with TKI resistance.
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appeared to be the population mostly
associated with TKI resistance.

There are some limitations in this study that
come with the territory of single-cell work.
First, it is technically and fiscally hard to
perform single-cell studies on large cohorts
because each sample generates thousands
of cell assays. Second, controls to test for
reproducibility and technical and biological
noise are a major issue in single-cell work
because each cell is “one and done.”
Unfortunately, mRNA levels can change with
sample handling and time, so that one can find
patterns in gene expression that are merely
reproducible noise.7 However, the findings
of this study are reassuringly consistent
with previous work. For example, kinetic
measurements showed initial rapid elimination
of CML cells, then a slow decline, presumably
from early clearance of mature cells, followed
by a slow decline in an immature pool.8

Moreover, the finding of a quiescent signal
in residual cells, especially in those with low
KIT levels, is in keeping with a large body
of work where quiescence appears quite
important in CML stem cell survival with
exposure to TKI.9

Cancer is a complex ecosystem of normal
cells, environment, and multiple cancer clones
that compete and cooperate. It is a messy
swamp, but potentially penetrable, 1 cell at a
time.
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EZH! The IRE of DLBCL gets an UPR hand
-----------------------------------------------------------------------------------------------------

Samuel G. Katz YALE UNIVERSITY

His eyebrow dark, and eye of fire,
showed spirit proud, and prompt to ire
—Walter Scott

In this issue of Blood, Bujisic and colleagues identify that the inositol-requiring
enzyme 1 (IRE1)-X-box–binding protein 1 spliced (XBP1s) arm of the unfolded
protein response (UPR) is repressed specifically in germinal center B-cell–like
(GCB) diffuse large B-cell lymphoma (DLBCL) by the histone methyltransferase
enhancer of zeste homolog 2 (EZH2) and that recovery of XBP1s expression,
either directly or with EZH2 inhibitors, hinders lymphoma growth.1

W ith at least one third of all proteins
translated in the cell improperly folded,

the UPR is essential for cellular homeostasis.2

In cancer, the stress on the endoplasmic
reticulum (ER) is greatly magnified due to
both intrinsic stresses, such as increased
proliferation, oncogene activation, and somatic
mutations, and the extrinsic stresses of foreign
environments, such as hypoxia, amino acid
deprivation, and lactic acidosis. The UPR is
initiated by three ER transmembrane proteins,
which can sense misfolded proteins: IRE1a,
protein kinase R–like ER kinase (PERK), and
activating transcription factor 6a (ATF6).2

Whereas the initial goal of the UPR is to
reestablish homeostasis by decreasing protein
production and increasing protein-folding
ability, the terminal UPR abandons the hope
of repair and actively stimulates cell death.

IRE1a is a particularly interesting sentinel
of ER stress, as it has both kinase and
endoribonuclease functions. At low levels
of kinase autophosphorylation, IRE1a’s
endoribonuclease specifically excises an
intron in the XBP1messenger RNA (mRNA),
leading to a functional XBP1s transcription
factor that activates genes encoding proteins
that help fold and transport proteins from the

ER.2 At high levels of autophosphorylation,
IRE1a’s endoribonucleasemediates regulated
IRE1a-dependent decay (RIDD), a process
by which many cargo- and protein-
folding–encoding mRNAs at the ER
membrane are degraded, which under certain
conditions can exacerbate ER stress and lead
to cell death.3 The duality of the UPR as both
a survival and death-inducing pathway
underlies the fact that in different contexts,
UPR signaling can be either harmful or
advantageous to cancer growth. One of the
best examples is myeloma, where 50% of
myeloma patients have high levels of XBP1s
expression and mice with transgenic
overexpression of XBP1s develop myeloma.4

However, treatment-refractory myelomas
contain XBP1-inactivating mutations and
knockdown of either IRE1a or XBP1 leads
to bortezomib resistance.5

In this issue ofBlood, Bujisic and colleagues
reveal that activation of the IRE1a-XBP1s arm
of the UPR is detrimental specifically to the
growth of GCB type of DLBCL. Based on
prior expression profiling data that revealed a
selective enhancement of XBP1s target genes
in activated B-cell (ABC) DLBCL,6 the
authors interrogated the expression of various
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