
Broad Institute cancer dependency data-
base (www.DepMap.org), CCDN3 encod-
ing cyclin D3, RUNX1, and CLECL14
encoding a C-lectin are cell type–specific
dependencies for t(1;19) 697 B-ALL cells.
Furthermore, WNT16 can now be identi-
fied as a target activated via RUNX1. Col-
lectively, these data indicate that E2A-PBX1
has a major effect on tumorigenesis
through regulation of sets of genes directly
bound by RUNX1. Which of these genes
are most critical for transformation remains
to be determined.

Although this work identifies a major
oncogenic axis of E2A-PBX1, molecular
and biological evidence still indicates
that the full oncogenic function of E2A-
PBX1 requires activation of PBX1 target
genes. Pi et al identified .1200 E2A-
PBX1 binding sites that were not bound
by RUNX1 and .160 genes activated by
E2A-PBX1 but not affected by RUNX1,
including some identified as critical for
697 cell growth in DepMap, such as
LEF1, whose expression has been asso-
ciated with poorer outcome in B-cell ALL,
IKZF1, encoding the Ikaros transcription
factor, which is critical to B-cell develop-
ment, and IL7R, encoding the receptor for
interleukin-7 (IL-7), a critical B-cell growth
factor. Furthermore, E2A-PBX1 activated,
in a non-RUNX-dependent manner, BMI1
critical for E2A-PBX1–mediated trans-
formation through its ability to repress the
INK4A tumor suppressor locus,10 aswell as
ETV5, which is also important for trans-
formation of B cells. Whether these are all
direct E2A-PBX1 targets will require more
detailed analysis of the ChIP-Seq data,
but a targeted examination of these data
shows that E2A-PBX1 but not RUNX1
binds the promoter region of IZKF1.

Structure-function studies from Pi et al
and prior investigators indicated that the
full transformation activity E2A-PBX1 re-
quires the transactivation domains of
E2A, responsible for recruiting p300,3 the
DNA binding domain of PBX1, 5 amino
acids C-terminal to the PBX1 homeo-
domain that allows interaction with vari-
ous HOX homeodomain proteins, and a
region N terminal to the PBX1 homeo-
domain that allows self-association of the
protein. The requirement of the PBX1
DNA binding domain appears to be
twofold: it directly binds and activates a
specific set of genes and additionally
mediates interaction with RUNX1, allowing
recruitment to RUNX binding sites. Al-
though an E2A-PBX1 construct completely

devoid of the PBX1 DNA binding domain
has no transformation activity and fails to
activate activation through PBX sites5 or
RUNX1 sites, Pi et al showed that a point
mutant that prevents binding to PBX sites
can stimulate growth and replating of
murine hematopoietic progenitors, al-
though at reduced efficiency. Thus, the
full effects of the oncoprotein are medi-
ated through the direct and indirect ac-
tivation mechanisms (see figure).

Although t(1;19) ALL has a favorable
5-year prognosis of ;90% survival, it is
associated with an increased risk of cen-
tral nervous system relapse, motivating
the search for molecular mechanisms
and targets. Along these lines, E2A-
PBX1, collectively through both mech-
anisms, activated expression of genes
implicated in the IL-12, IL-7, WNT, AKT,
NOTCH, and neural development path-
ways, suggesting new avenues for ther-
apeutic investigation.
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Occupy BTK: the key to
controlling CLL
Philip A. Thompson | The University of Texas MD Anderson Cancer Center

In this issue of Blood, Sun and colleagues present results from a randomized,
phase 2 study of acalabrutinib at either 100 mg twice daily or 200 mg daily in
patientswith treatment-naiveor relapsed/refractory chronic lymphocytic leukemia
(CLL).1 As part of the study, they undertook a rigorous analysis of Bruton tyrosine
kinase (BTK) occupancy and the resulting biologic consequences in different tissue
compartments. They established that twice-daily dosing achieved higher BTK
occupancy and resultant downstream pathway inhibition in lymph nodes than
once-daily dosing and established the rate of BTK resynthesis in CLL cells.

BTK is part of the B-cell receptor (BCR)
signaling pathway that is important in
CLL pathogenesis.2,3 BTK inhibitors are

highly effective treatments for treatment-
naive and relapsed/refractory CLL.4 The
BTK inhibitors currently approved by

4 blood® 2 JULY 2020 | VOLUME 136, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/1/4/1747541/bloodbld2020005877c.pdf by guest on 08 June 2024

http://www.DepMap.org
https://doi.org/10.1182/blood.2020005879
http://www.bloodjournal.org/content/136/1/93
http://www.bloodjournal.org/content/136/1/93
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2020005877&domain=pdf&date_stamp=2020-07-02


the Food and Drug Administration (FDA)
for treatment of B-cell malignancies all
irreversibly inhibit BTK by binding to
the C481 residue of BTK. Although all 3
FDA-approved BTK inhibitors, ibrutinib,
acalabrutinib, and zanubrutinib, have short
plasma half-lives (2 to 3 hours, 1 hour,
and 4 hours, respectively), they have
sustained biologic activity due to co-
valent binding to BTK.5-7

The phase 1 studies of covalent BTK in-
hibitors did not identify maximal toler-
ated doses.5-7 Instead, the doses for
subsequent studies were selected on
the basis of an optimal biological effect,
assessed by BTK occupancy. The phase 1
study of acalabrutinib demonstrated
that all doses tested (100 mg to 400
mg daily and 100 mg twice daily)
achieved excellent BTK inhibition 4 hours
postdosing, but the 100-mg twice-daily
dose demonstrated optimal inhibition
24 hours after dosing.6 One potential
limitation to the analyses performed
in the phase 1 studies of ibrutinib and

acalabrutinib was that BTK occupancy
was measured in peripheral blood mono-
nuclear cells (PBMCs) rather than in tissue
compartments, due to the comparative
ease of collecting these specimens. How-
ever, most BCR activation and resultant cell
proliferation occur within lymph nodes.8

Although treatment with BTK inhibition
leads to a transient redistribution lym-
phocytosis, BTK occupancy measured in
PBMCs could theoretically overestimate
the true degree of inhibition seen in CLL
cells that remain in lymph nodes. Given
clinical dosing strategies for ibrutinib
and acalabrutinib have been based on
BTK occupancy data measured in PBMCs,
it is important to demonstrate that BTK
occupancy in lymph node–resident CLL
cells can be precisely inferred from the
PBMC data. Certainly, in the phase 1 study
of zanubrutinib, BTK occupancy in lymph
nodes was more variable than PBMC data,
especially during once-daily dosing.

As expected, clinical survival outcomes
in the current study were favorable, and

adverse events occurred at a similar rate
as those described in other, larger studies.
Of more value than the clinical results are
the novel insights provided into BTK oc-
cupancy in lymph nodes and the resulting
biological effects seen in the different
dosing cohorts.

The pharmacokinetic properties of aca-
labrutinib, with a half-life of ;1 hour and
irreversible inhibition of BTK, mean that
decline in BTK occupancy from drug
peak to trough represents resynthesis of
BTK within CLL cells, occurring at a time
when there is no significant quantity of
free drug remaining in plasma. Sun et al
showed significantly greater BTK occu-
pancy at drug trough in the patients re-
ceiving 100 mg twice daily compared
with those receiving 200mgdaily, after 1,
6, and 12 months of therapy, supporting
the 100-mg twice-daily dosing schedule
for acalabrutinib used in routine clini-
cal practice. Trough BTK occupancy in-
creased with more prolonged treatment,
commensuratewith the previous observation
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Patients with high-risk treatment-naive or relapsed/refractory CLL/small lymphocytic lymphoma were randomized to 200 mg daily (QD) or 100 mg twice daily (BID) of
acalabrutinib. (A) Trough BTK occupancy was serially measured (at day 4 and 1, 6, and 12 months) in PBMCs, showing higher occupancy in the twice-daily dosing cohort at
all time points and increased BTK occupancy over time. (B) BTK occupancy in PBMC, bone marrow, and lymph nodes was measured during a 36- to 48-hour dose hold,
allowing calculation of BTK resynthesis rates and demonstrating close correlation between BTK occupancy in PBMCs and in tissue compartments. *P # .05; **P # .01;
****P # .0001. The figure has been adapted from Figures 4 and 5 in the article by Sun et al that begins on page 93. Professional illustration by Brian Cannon.
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that total BTK declines over time during
continuous BTK inhibitor therapy (see figure
panel A).9

In addition to these analyses, Sun et al
measured BTK occupancy in paired PBMC
and lymph node or bone marrow biopsy
specimens, during a planned 36- to 48-
hour dosing interruption from day 3 to 5.
This allowed them to determine trough
BTK occupancy in different tissue com-
partments and to directly calculate the rate
of BTK resynthesis. BTK occupancy was
higher at drug trough in lymph nodes
within the 100-mg twice-daily than the
200-mg daily cohort (95.8% vs 90.1%).
Resynthesis rates for BTK were similar in
PBMC and in lymph nodes (14.5% vs
11.2% per day), with a tight correlation
seen between BTK occupancy in PBMCs
and bone marrow or lymph nodes at all
time points (see figure panel B). This is
critical information for any future studies of
BTK occupancy during acalabrutinib ther-
apy, as it demonstrates that testing of BTK
occupancy in PBMC samples, which are far
more readily obtained, can be reasonably
used to infer BTK occupancy in lymph
nodes.

Importantly, this study did not just
perform BTK occupancy analysis. Tran-
scriptomic analysis using RNA sequencing
from purified circulating tumor cells and
from whole lymph nodes revealed sup-
pression of gene signatures related to
BCR, NF-kB, cytokine signaling, and cel-
lular metabolism. These pathways were
more profoundly impacted by twice-
daily than daily dosing, and these dif-
ferences became more pronounced
over time, indicating the biological
importance of different levels of BTK
occupancy and supporting twice-daily
dosing.

Taken together, these data are support-
ive of the current 100-mg twice-daily
dosing of acalabrutinib in CLL. How-
ever, several questions remain. First, al-
though it appears from the correlative
data that the 100-mg twice-daily dosing
provides optimal target coverage and
biological effect, the study was not
powered to detect differences in clin-
ical outcome between the 100-mg twice-
daily group and the 200-mg daily group,
so the clinical importance of these find-
ings remains uncertain. Second, although
100-mg twice-daily dosing appeared to
provide optimal target coverage, it is
not clear whether the 100-mg dose is

necessary to achieve this, or whether
twice-daily dosing using lower doses
of acalabrutinib could provide similar
target coverage. Third, the study demon-
strated that BTK occupancy at drug trough
increased over time; consequently, could
lower doses be used at later time
points? A pilot study demonstrated that
sequentially reducing ibrutinib dose
from 420 mg/d to 140 mg/d over
3 months achieved .95% BTK occu-
pancy in PBMCs at all dose levels.10

A confirmatory randomized study is
planned. Exploration of reduced doses
of BTK inhibitors is attractive, as lower
doses could attenuate costs, and po-
tentially, toxicity. However, until clinical
data are available demonstrating equiv-
alent efficacy of lower doses, BTK inhibi-
tors should be dosed at FDA-approved
doses, unless toxicity mandates dose
reduction.
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Mutant CALR functions:
gains and losses
Daniel Prins and Anthony R. Green | University of Cambridge

In this issue of Blood, Shide et al separate the roles of loss of a normal CALR
allele and gain of a mutant CALR allele in CALR-driven essential thrombo-
cythemia (ET).13

Approximately 1 in 4 patients with ET, a
blood cancer characterized by over-
production of platelets, has a frameshift
mutation in the gene encoding calreticulin

(CALR).2,3 Research to date has demon-
strated a gain-of-function role for the
frameshifted CALR protein in binding to
the thrombopoietin receptor (TpoR), thus
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