monoclonal free LC levels of 1000 mg/L
in the serum and development of Bence
Jones proteinuria similar to that in human
patients (see figure). In addition, the LC
deposition disease that developed in the
mice mimics all of the human renal pathol-
ogy, including nodular glomerulosclerosis,
which could not be reproduced in the HC
deposition disease model.” Furthermore,
treatment with cyclophosphamide and
bortezomib resulted in reduction of the
plasma cells and serum-free LC concen-
tration, ultimately decreasing the LC de-
posits in the kidney, albuminuria, kidney
injury, and death from kidney failure.

This transgenic mouse model represents
a major breakthrough and will no doubt
contribute to a better understanding of
MGRS-related diseases. This model was
able to reproduce the human pathology
in mice, and it showed prevention of
renal damage with treatment using cy-
clophosphamide and bortezomib, which
are often used to treat patients with LC
deposition disease. Most importantly, it
provided unambiguous evidence that
cancer, multiple myeloma in this case, is
not required for the development of
MGRS-related diseases. When the con-
cept of MGRS was introduced, the goal
was to gain access to cytotoxic therapies
to eradicate the clone that produces the
monoclonal protein to preserve kidney
function.?2 However, since the clones re-
sponsible for MGRS are usually indolent,
it begs the question whether eradication
of these small indolent clones is neces-
sary if the monoclonal proteins can be
removed or inhibited from interacting
with the kidney.’® The ability to test this
question was made possible with the
model developed by Bender et al. Models
like these are essential for developing new
alternative treatments that do notrely on
cytotoxic drugs. Ironically, that would
take us back to the doctrine that cytotoxic
therapy is reserved for cancer. Scientifi-
cally, that is actually a good thing, since
ideas and concepts are never meant to
be stagnant. They need to constantly be
challenged so they can be improved.
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Comment on Prokoph et al, page 1657

Drivers of crizotinib resistance
in ALK™ ALCL

Guangzhen Hu and Andrew L. Feldman | Mayo Clinic

In this issue of Blood, Prokoph et al' seek to identify mechanisms by which
ALK* anaplastic large cell lymphoma (ALCL) cells develop resistance to the

ALK inhibitor crizotinib. Their findings implicate a novel and potentially tar-

getable interleukin-10 (IL-10) receptor-dependent autocrine loop that by-

passes ALK signaling.

ALK* ALCL is the most common T-cell
non-Hodgkin lymphoma in children, the
biology of which is driven predominantly
by chromosomal rearrangements fusing
the ALK tyrosine kinase gene to various
partners, predominantly NPM1.2 The re-
sultant fusion protein, NPM-ALK, activates
numerous cellular processes, including
activation of the STAT3 transcription factor.
Pediatric clinical trials have honed frontline
combination chemotherapy regimens
for ALK ALCL, but toxicity and a per-
sistent subset of patients with poor out-
comes remain significant challenges.
NPM-ALK also can be targeted directly.
Crizotinib is an ALK/MET/ROS1 inhibitor
with demonstrated clinical efficacy in pediatric
ALK* ALCL; however, crizotinib resistance
develops in some patients.® In a subset of
these cases, resistance develops through
acquisition of ALK mutations, which can

be detected by sequencing and poten-
tially targeted by newer-generation ALK
inhibitors, such as alectinib, ceritinib,
brigatinib, and lorlatinib.* However, non-
ALK signaling pathways, such as the IGF-
1R pathway, also may contribute to crizotinib
resistance.® The role of these alternative
signaling pathways in crizotinib resistance
remains poorly understood.

To characterize mechanisms underlying
crizotinib resistance in ALK* ALCL,
Prokoph et al performed a genome-wide
CRISPR activation screen in 3 ALK* ALCL
cell lines and identified several candidate
genes, including STAT3, RORC, MYC,
IRF4, and ILTORA. The authors then eval-
uated these candidates by overexpressing
them individually and by using a CRISPR
knockout screen. The top gene candidate
was ILTORA, which was overexpressed in
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Overexpression of IL10RA leads to crizotinib resistance in ALK* ALCL cells through an autocrine loop that bypasses
the NPM-ALK fusion protein. IL-10 signaling leads to activation of STAT3, which in turn transcriptionally regulates
IL10and IL10RB and promotes cell survival despite inhibition of ALK tyrosine kinase activity. P, phosphorylation. See
Figure 5H in the article by Prokoph et al that begins on page 1657.

30% of crizotinib-resistant cell lines and
was more highly expressed in a crizotinib-
resistant patient sample without ALK
mutations than in an ALK-mutated crizotinib-
resistant patient sample or in samples
from patients who relapsed on standard
chemotherapy. The IL-10 receptor com-
plex consists of a tetramer of IL10RA and
IL10RB that interacts with JAK1 and TYK2
to activate STAT3 (see figure). Prokoph
et al mechanistically demonstrated that
the IL-10 signaling pathway modulated
sensitivity of ALK* ALCL cells to ALK in-
hibition via NPM-ALK-independent acti-
vation of STAT3. They further showed that
STAT3 binds to the promoters of the IL10,
IL10RA, and ILTORB genes, supporting
the existence of a positive feedback loop
that bypasses NPM-ALK. Although IL-10
signaling is common in ALK* ALCL,*” only
a subset of patients develops crizotinib
resistance, suggesting that only particu-
larly strong IL-10 signaling is able to
maintain STAT3 activity sufficient for cell
survival when NPM-ALK is inhibited by
crizotinib. Notably, the existence of ALK-
independent mechanisms of STAT3 ac-
tivation also has been demonstrated in
ALK-negative ALCL? although STAT3-
negative ALCLs also exist.?

The findings of Prokoph et al character-
ize a novel and potentially targetable

mechanism of crizotinib resistance in
ALK* ALCL cells. For example, JAK in-
hibitors, TYK2 inhibitors, and/or direct
STAT3 inhibitors might contribute to
regimens that treat or prevent some
cases of ALK inhibitor resistance. Com-
bining ALK inhibitors with chemotherapy
also might lessen the incidence of re-
sistance. It remains unclear, however,
what proportion of clinical cases of
crizotinib resistance involve the IL-10
autocrine loop demonstrated here, or
what level of IL10RA expression and/or
other conditions are needed in vivo for
induction of this mechanism. In these
studies, IL1ORA was artificially overex-
pressed in vitro with or without IL-10 sup-
plementation; further clinical studies will
be required to assess the degree to
which ILTORA overexpression by tumors
represents a predominant and recurrent
mechanism underlying resistance to
crizotinib and perhaps other ALK inhibitors.
The full diversity of ALK-independent es-
cape mechanisms also remains unknown;
survival pathways other than IL-10 signal-
ing may exist and could relate to other
gene candidates identified by the au-
thors’ screening approach.

In summary, Prokoph et al report an ele-
gant approach to characterize crizotinib
resistance mechanisms using in vitro

1574 & blood® 1 OCTOBER 2020 | VOLUME 136, NUMBER 14

screening in a relatively uncommon pe-
diatric tumor with significant barriers
to obtaining large numbers of clinical
samples. Ongoing characterization of
the spectrum of such mechanisms could
lead to new salvage regimens as well as
biomarker assays that help individualize
management according to the mecha-
nism of resistance. As the authors dis-
cuss, the precise mechanism driving
IL1T0RA overexpression as a resistance
mechanism requires further study. More
broadly, the factors underlying the di-
versity of resistance mechanisms that
develop among patients with the same
disease receiving the same drug remain
unclear. Understanding why different
tumors acquire different mechanisms of
resistance, while still others retain che-
mosensitivity, will facilitate development
of more effective tyrosine kinase inhibi-
tors, frontline combination therapies, and
personalized strategies to predict and
possibly prevent resistance.
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Comment on Takeda et al, page 1670

HHEX expression drives
AML development

Daniel T. Starczynowski | Cincinnati Children’s Hospital Medical Center

In this issue of Blood, Takeda and colleagues’ reveal the importance of
hematopoietically expressed homeobox (HHEX) in promoting acute myeloid
leukemia (AML) transformation in cooperation with mutant additional sex
combs-like 1 (ASXL1) and identify MYB and ETV5 as critical transcriptional
targets shared by HHEX and mutant ASXL1.

AML results in the accumulation of im-
mature clonal myeloid cells, driven by ac-
quired genetic mutations in hematopoietic
stem and progenitor cells (HSPCs). The

Preleukemia/MDS

ASXL1-MT g Apq
1

2000

HHEX overexpression

>
.Z
=

ASXL1-MT/gAp1

1

ASXL1 mutant protein (ASXL1-MT) is associated with
preleukemic states, including MDS. However,
cooperating genetic and/or molecular changes are
required for progression of ASXL1-MT-expressing
preleukemic cells to AML. HHEX, a homeobox-
containing DNA-binding protein, is overexpressed
in AML and cooperates with ASXL1-MT to induce
AML. HHEX mediates leukemia cell transformation
by cooperating with ASXL1-MT to induce expres-
sion of MYB and ETV5, which are critical target
genes for AML cell viability and prevention of
differentiation.

largest class of recurrent AML gene mu-
tations affect epigenetic modifiers, in-
cluding DNMT3A, IDH1/2, TET2, EZH2,
MLL/KMT2A, and ASXL1, which are often
found as early initiating events.? Although
mutations in any one of these epigenetic-
modifying genes result in significant
changes in the epigenetic landscape and
gene expression in HSPCs, they are often
insufficient to result in overt transformation
to leukemia, suggesting that additional
genetic and/or molecular changes are
required for AML. For example, the cooc-
currence of mutant DMNT3A and FLT3-
ITD is associated with an unfavorable
prognosis in patients and results in rapid
and penetrant AML in mouse models.** In
other cases, an initiating genetic mutation
in the context of an altered cellular state
coinciding with changes in the expres-
sion of critical genes is sufficient for
leukemic cell transformation. Although
frequently cooccurring gene mutations
have been extensively studied in AML,
much less is known about the relevant
altered gene expression changes that
cooperate with leukemia-initiating gene
mutations.

ASXL1 is one of the most frequently
mutated genes in myeloid malignancies,
occurring in 5% to 11% of patients
with AML. ASXL1 belongs to a family

of chromatin-binding Polycomb proteins
and is involved in controlling gene ex-
pression by interacting with epigenetic
regulators, such as Polycomb repressive
complex 2 (PRC2) and BAP1. Interaction
of ASXL1 and BAP1 at promoters results
in monoubiquitination of histone H2A at
lysine 119 (H2AK119ub), catalyzed by
PRC1 complexes, and subsequent re-
pression of target gene expression. The
majority of ASXL1 mutations are frame-
shift or nonsense mutations that disrupt
the C-terminal plant homeodomain fin-
ger region resulting in C-terminally trun-
cated ASXL1 mutant proteins (referred
herein as ASXL1-MT). ASXL1-MT retains
its ability to interact with several of its
epigenetic binding partners and induces
aberrant histone modifications in a
dominant-negative or gain-of-function
manner. Thus, these epigenetic changes
induced by ASXL1-MT are thought to
contribute to the development of mye-
loid neoplasms.

The contribution of ASXL1 mutations has
been illuminated by analysis of ASXL1-
MT knockin (ASXL1-MT-KI) mice, which
develop mild anemia, impaired erythroid
differentiation, myeloid skewing, and
dysplasia.® Although these hematologic
changes are indicative of early-stage
myelodysplastic syndromes (MDS), the
ASXL1-MT-KI mice never develop overt
leukemia, suggesting that additional
elements are required for myeloid
transformation of ASXL1-mutated cells.
To identify cooperating molecular
events with ASXL1-MT, the team per-
formed a retrovirus-mediated insertional
mutagenesis screen and identified
HHEX as a candidate that may cooper-
ate with ASXL1-MT to induce myeloid
leukemia.

HHEX is a homeobox-containing tran-
scriptional repressor that is overexpressed
in various subtypes of AML, including
those with ASXL1 mutations.” In the cur-
rent study, the team investigated the
potential cooperation between ASXLI1-
MT and HHEX overexpression in myeloid
leukemogenesis. Utilizing retroviral mod-
els, overexpression of HHEX expanded
ASXL1-MT-expressing HSPCs by pre-
venting apoptosis and blocking differen-
tiation. However, overexpression of HHEX
had nominal effects on normal HSPCs.
Importantly, overexpression of HHEX
in ASXL1-MT HSPCs accelerated the
development of AML, whereas HHEX
depletion attenuated the leukemic cell
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