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LYMPHOID NEOPLASIA

Engineered Bcor mutations lead to acute leukemia
of progenitor B-1 lymphocyte origin in
a sensitized background
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Approximately 10% of NUP98-PHF23 (NP23) mice develop an aggressive acute lym-
phoblastic leukemia of B-1 lymphocyte progenitor origin (pro-B1 ALL), accompanied by
somatic frameshift mutations of the BCL6 interacting corepressor (Bcor) gene, most
commonly within a 9-bp "hotspot” in Bcor exon 8. To determine whether experimentally
engineered Bcor mutations would lead to pro-B1 ALL, we used clustered, regularly
interspaced, short palindromic repeats-associated protein 9 to introduce a Bcor frameshift
mutation into NP23 hematopoietic stem and progenitor cells through the use of Bcor small
guide RNAs (Bcor sgRNAs). Recipient mice transplanted with NP23 bone marrow or fetal
liver cells that had been transduced with a Bcor sgRNA developed pro-B1 ALL, charac-
terized by a B-1 progenitor immunophenotype, clonal Igh gene rearrangement, and Bcor

® Engineered Bcor
truncation mutations
collaborate with NP23
fusion to generate
pro-B1 ALL.

® NP23/Bcor pro-B1 ALL
acquire somatic Jak
mutations and are
sensitive to therapy
with Jak inhibitors
in vitro and in vivo.

indel mutation, whereas control recipients did not. Similar to a subset of human B-cell

precursor ALL, the murine pro-B1 ALL had acquired somatic mutations in Jak kinase genes.
JAK inhibitors (ruxolitinib and tofacitinib) inhibited the growth of pro-B1 ALL cell lines established from Bcor sgRNA/
NP23 recipients at clinically achievable concentrations (100 nM). Our results demonstrate that Bcor mutations
collaborate with NP23 to induce pro-B1 ALL, and that JAK inhibitors are potential therapies for pro-B1 ALL. (Blood.
2019;133(24):2610-2614)

The clustered, regularly interspaced, short palindromic repeats
(CRISPR)-associated protein (Cas) systems'™ have been suc-
cessfully used to introduce targeted loss-of-function mutations
at specific sites in the genome in multiple model organisms''-'¢;
mouse models of myeloid malignancy have used CRISPR-Cas?
to inactivate tumor suppressor genes." In this study, we use
CRISPR-Cas? to induce Bcor frameshift mutations in hemato-
poietic precursors leading to pro-B1 ALL.

Introduction

NUP98-PHF23 (NP23) transgenic mice develop progenitor
B-1 acute lymphoblastic leukemia (pro-B1 ALL) with the
immunophenotype (B220'~/CD19*/AA4.1+)."2 Whole-exome
sequencing showed that all pro-B1 ALL samples had ac-
quired indel' mutations of the Bcor gene, leading to the in-
troduction of premature stop codons. Of note, most of these
acquired mutations occurred within a 9-bp "hotspot” in Bcor
exon 8, suggesting that these Bcor mutations may be impor-
tant for leukemic transformation.? Moreover, >70% of
NP23 pro-B1 ALL acquired mutations in the Jak/Stat pathway."
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Study design

The NP23 murine pro-B1 ALLs are similar to human B-cell
precursor (BCP) ALL with CRLF2 rearrangements in terms of
Crlf2 expression, gene expression profile,' Viy-region usage,’
and acquired, complementary JAK mutations.>¢ Although
BCOR mutations are rare in human BCP ALL, recurrent
BCOR mutations, primarily SNV, indels, and gene fusions
are found in a wide spectrum of human malignancy, includ-
ing chronic lymphocytic leukemia’® and acute myeloid leu-
kemia (AML).?
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Guide RNA plasmids and lentiviral

particle production

Bcorsmall guide RNAs (sgRNAs) were cloned into the Bsmbl site
of plL-sgRNA-cas9-GFP vector, and particles generated by
cotransfection with psPAX2 and pMD2.G into 293T cells.

Mice and transplantation
Lineage depleted fetal liver (FL) or bone marrow (BM) was
transduced with empty vector (EV) or Bcor sgRNA lentiviral
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* T259 4.3 184 11.42
A1929 10.7 450 17.28
A1942 13.4 862 178.7
A1961 12.9 451 10.5
A1964 11.1 444 13.5

Figure 1. Introduction of Bcor frameshift mutations with CRISPR/Cas9 lead to pro-B1 ALL in NP23 HSPCs. (A) Survival curve for recipient mice transplanted with WT/EV,
WT/Bcor sgRNAT (Beor), NP23/EV, and NP23/Bcor lin~ BM or FL cells. Survival curve represents pooled results from 6 experiments and includes recipients of transduced cells (defined as
GFP PCR* and >1% CD45.2* at 1 month posttransplantation). P value is indicated (log-rank Mantel-Cox test), *P < .05; **P < .01. (B) Complete blood count (CBC). (C) Flow cytometry of
BM and spleen from mice WT, T259, A1929, A1942, A1961, A1959, and A1964 stained with B220, CD19, and CD45.2 antibodies. Red arrow indicates residual normal B cells; blue line
outlines the malignant pro-B1 population. Expression of B220 and CD19 were analyzed by gating CD45.2* live cells in the A1929, A1942, and A1961 mice, whereas the expression of B220
and CD19 were analyzed by gating live cells in the T259, A1959, and A1964 mice. (D) May-Grunwald Giemsa-stained peripheral blood (left) and BM cytospin (right) from mouse T259. Scale
bars, 50 wm. (E) Igh DJ and VDJ rearrangement assay for the malignant cells of T259. *Clonal Igh rearrangement. HGB, hemoglobin; PLT, platelet; SP, spleen; WBC, white blood cell.

particles and transplanted into lethally irradiated (900 cGy)
recipients. Recipients showing signs of leukemia were humanely
euthanized. All animal experiments were approved by the Na-
tional Cancer Institute Animal Care and Use Committee.

Jak inhibitor treatment

NP23/Bcor cell lines with acquired Jak mutations were treated
with ruxolitinib or tofacitinib (Selleck Chemicals). Cell number
was determined by trypan blue exclusion (see supplemental
Materials and methods, available on the Blood Web site, for
additional details).

Bcor MUTATION LEADS TO PRO-B1 ALL

Results and discussion

Use of CRISPR/cas9 to induce frameshift mutations
at Bcor "hotspot”

To mimic the somatic frameshift mutation of Bcor that occurred
in pro-B1 ALL, we designed Bcor sgRNAs close to the 9-bp Bcor
“hotspot” (supplemental Figure 1A-B). sgRNAs were cloned into
the plL-sgRNA-cas9-GFP vector and transduced into NIH3T3
cells. DNA was harvested and the relevant region of Bcor was
amplified (supplemental Figure 1C). Sequencing chromatograms
show multiple superimposed sequences, near the targeted PAM
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sequence (supplemental Figure 1D), reflecting sgRNA-induced
indels (supplemental Figure 1E). To demonstrate that Bcor
sgRNA could edit the genomes of primary mouse hemato-
poietic stem and progenitor cells (HSPCs) ex vivo, we trans-
duced purified lineage negative (Lin~) BM or FL HSPCs. Bcor
indel mutations were identified in both FL and BM HSPC
transduced with Bcor sgRNA1 (supplemental Figure 1F).

Although the generation of Bcor indels may not be highly effi-
cient, we reasoned that a transformed, leukemic clone would have
a growth advantage and be selected in vivo. Lin™ HSPC cells were
isolated from WT and NP23 BM (age 1-3 months) or FL (E14.5 days),
transduced with Bcor sgRNAT or empty vector, and transplanted
into lethally irradiated wild-type (WT) congenic recipients (supple-
mental Figure 2A). Mice were cotransplanted with a radiation-
sparing dose of 2 X 10E05 WT BM cells that expressed CD45.1,
which allowed distinction from the transduced BM or FL cells that
express CD45.2. Serial analysis of peripheral blood demonstrated
an expansion of CD45.2* and CD19+B220'~ cells over a period of 6
months in NP23/Bcor sgRNA1 recipients (supplemental Figure 2B-C).

NP23/Bcor recipients develop pro-B1 ALL

Six NP23/Bcor recipients and 1 NP23/EV recipient developed
leukemia (Figure 1A) characterized by hunched posture,
lethargy, and abnormal complete blood counts (Figure 1B;
supplemental Table 1). Flow cytometry revealed infiltration of
BM and spleen with leukemic cells that were CD19+B220'*/~
(Figure 1C). B220 expression in the leukemic clone, although
variable, was consistently lower than the B220 expression of re-
sidual normal splenic B cells (Figure 1C). BM cytospin and pe-
ripheral blood showed numerous lymphoblasts (Figure 1D). All
NP23/Bcor leukemias showed indel mutations within 10 bp of the
PAM site, as anticipated for CRISPR-induced indels (supplemental
Figure 3A). Nucleotide sequence of subcloned polymerase chain
reaction (PCR) products showed that overlapping sequences were
due to contamination of indel alleles with WT sequence (#A1929)
or 2 independent Bcor mutations (#A1942).

Pro-B1 ALLs showed clonal Igh gene rearrangements (Figure 1E;
supplemental Figure 3B-D); similar to the previously reported
pro-B1 ALL," the V4 gene segment usage was biased toward the
most 3’ Vi segments, a known property of fetal liver B-1
lymphocytes.''® Samples A1942, A1961, A1959, and A1964 had
2 clonal Igh VDJ or DJ rearrangements (supplemental Figure
3B-C), consistent with subclonal heterogeneity of the tumor cell
populations. In 5 of 6 samples, tissue sections showed a peri-
vascular invasion of the liver or lung (supplemental Figure 4), and
DNA extracted from the invaded tissue showed clonal Igh gene
rearrangements identical to those found in leukemic cells from
BM or peripheral blood.

Curiously, all leukemias were GFP~ (supplemental Figure 5A),
and some were CD45.2. However, Cas9, translated from the
same primary transcript as GFP, was also silenced (supplemental

Figure 5B), despite the fact that PCR of genomic DNA docu-
mented the presence of both GFP and Cas9 DNA in the pro-B1
leukemias (supplemental Figure 5C) as well as the NP23 trans-
gene (supplemental Figure 5D). Taken together, these results
indicated that both GFP and CD45.2 could be downregulated in
the leukemic cells, and that GFP fluorescence may not be
a reliable marker for leukemic cells using this system.

Concurrent pre-T LBL and pro-B1 ALL or AML and
pro-B1 ALL in recipient mice

Mouse #A1942 developed a precursor T-cell lymphoblastic
leukemia/lymphoma (pre-T LBL), characterized by thymoma,
CD4+CD8~ expansion (supplemental Figure 6A), and clonal
Terb rearrangement (supplemental Figure 6B), in addition to the
pro-B1 ALL. Supplemental Figure 6C shows that the CD4*CD8~
pre-T LBL arose from an unrelated clone because it had a Bcor
indel different than the pro-B1 ALL. This finding is consistent with
areport that indicates Bcorinternal deletions predispose mice to
pre-T LBL." Similarly, mouse #1959 developed a concurrent
AML (supplemental Figure 6D) unrelated to the pro-B1 ALL; this
AML was WT for Beor (supplemental Figure 6E).

NP23/Bcor pro-B1 ALL acquire JAK mutations and
are sensitive to JAK inhibitors

Whole-exome sequencing revealed spontaneous missense muta-
tions of Jak2 or Jak3 in samples #T259 and #A1929 (supplemental
Tables 2 and 3; supplemental Figure 7A-B). Immortal cell lines
that retained the CD19+*B220'~AA4.1*CD43* immunophenotype
characteristic of pro B1 lymphocytes were established from 3 pro-
B1 ALL samples (Figure 2A-B; supplemental Figures 8A-B and 9),
and transduction of these cell line with full length Bcor inhibited
their growth (supplemental Figure 10). Given that childhood BCP
ALL patients with CRLF2 rearrangements have features con-
sistent with a pro-B1 origin," and that many of these patients have
JAK mutations,** we wished to determine if NP23/Bcor cell lines
could be used to study pro-B1 ALL therapy. JAK inhibitors
ruxolitinib?*-22 or tofacitinib?*?* inhibited the growth of pro-B1 ALL
cell lines in vitro (Figure 2C-E), and induced apoptosis at con-
centrations as low as 10 nM (supplemental Figure 11A-B). Treat-
ment of the T259 cell line with tofacitinib in vivo showed decreased
phospho-Stat5 (supplemental Figure 12A), a trend (P = .06) toward
decreased numbers of circulating leukemic cells (supplemental
Figure 12B-C) and increased survival (Figure 2F) in the treatment
group. These results are similar to previously reported in vivo
findings that suggested that monotherapy with Jak inhibitors was
only partially effective at eliminating BCP ALL and that combination
therapies would be more effective.?®

These findings demonstrate that CRISPR-induced Bcor frame-
shift collaborates with an NP23 transgene to predispose B-1
progenitors to leukemic transformation. These 2 events are un-
likely to be sufficient for leukemic transformation because we
detected spontaneous Jak pathway mutations that were required

Figure 2. NP23/Bcor pro-B1 ALL cell lines are sensitive to JAK inhibitors. (A) V-Ab1, T259, A1929, and A1942 B-cell line (pro-B1 cell line) were stained with the indicated
antibodies. Expression of AA4.1 and IL7-Ra were detected when B-cell line were cultured in RPMI medium without IL7 and serum for 6 hours. (B) Growth curve for T259, A1929,
and A1942 B-cell line. A total of 1 X 107 T259, A1929, and A1942 B-cell lines were plated and cultured for 11 days in RPMI medium with or without 5 ng/mL IL-7. Growth curves of
a v-Abl transformed B-cell line (C), T259 B-cell line (D), and A1929 B-cell line (E) treated with ruxolitinib (left) or tofacitinib (right) for 5 days. Cell number was determined by trypan
blue exclusion. Each point represents the mean =+ standard deviation (n = 3). Student t test: *P < .05; **P < .01; ***P < .001. (F) Survival curve for leukemic mice treated with

tofacitinib. Mice were transplanted with 1 X 10° T259 B-cell line and treated daily for 21 days (treatment duration shaded in gray), beginning day 3 posttransplant, with either
40 mg/kg/d tofacitinib or vehicle control via oral gavage. P value is indicated (log-rank Mantel-Cox test). DMSO, dimethyl sulfoxide.

Bcor MUTATION LEADS TO PRO-B1 ALL
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for continued growth of the leukemic cells. This constellation of
mutations (NP23 expression leading to increased stem cell self-
renewal, Bcor frameshift leading to impaired B-cell differentiation,
and Jak pathway mutations leading to dysregulated proliferation)
is similar to that seen in human BCP ALL patients,® and suggests
that the NP23/Bcor mutant mice and cell lines will be a useful
model for human pro-B1 ALL.
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