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Coactivation of NF-kB and Notch signaling is sufficient to
induce B-cell transformation and enables
B-myeloid conversion
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NF-kB and Notch signaling can be simultaneously activated in a variety of B-cell ymphomas.
Patients with B-cell ymphoma occasionally develop clonally related myeloid tumors with
poor prognosis. Whether concurrent activation of both pathways is sufficient to induce B-cell
transformation and whether the signaling initiates B-myeloid conversion in a pathological
context are largely unknown. Here, we provide genetic evidence that concurrent activation
of NF-kB and Notch signaling in committed B cells is sufficient to induce B-cell lympho-
matous transformation and primes common progenitor cells to convert to myeloid lineage
through dedifferentiation, not transdifferentiation. Intriguingly, the converted myeloid
cells can further transform, albeit at low frequency, into myeloid leukemia. Mechanistically,
coactivation of NF-kB and Notch signaling endows committed B cells with the ability to self
renew. Downregulation of BACH2, a lymphoma and myeloid gene suppressor, but not
) upregulation of CEBPa and/or downregulation of B-cell transcription factors, is an early
event in both B-cell transformation and myeloid conversion. Interestingly, a DNA hypo-
methylating drug not only effectively eliminated the converted myeloid leukemia cells, but also restored the expression
of green fluorescent protein, which had been lost in converted myeloid leukemia cells. Collectively, our results suggest
that targeting NF-«B and Notch signaling will not only improve lymphoma treatment, but also prevent the lymphoma-
to-myeloid tumor conversion. Importantly, DNA hypomethylating drugs might efficiently treat these converted
myeloid neoplasms. (Blood. 2020;135(2):108-120)

® Constitutive NF-xB
and Notch signaling
drives splenic marginal
zone lymphoma-like
B-cell lymphoma
in mice.

® Dedifferentiation and
epigenetic changes in
B-cell lymphoma
precursors underlie a
switch to myeloid
leukemia.
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and differentiation.’?'3 Constitutive NF-kB and Notch signaling in
lymphomas is due to activating somatic mutations or upregulation
of pathway regulators.'®141¢ Although activation of Notch and
NF-«kB signaling individually in lymphoma has been well studied,
whether simultaneous activation of both is sufficient to induce
lymphomatous transformation remains to be established.

Introduction

Coactivation of NF-kB and Notch signaling has been demon-
strated in a variety of B-cell lymphomas, including chronic lym-
phocytic leukemia, splenic marginal zone lymphoma (SMZL) and
diffuse large B-cell lymphoma.'” NF-kB comprises a family of
transcription factors, including RelA, RelB, c-Rel, p105/p50, and
p100/p52.°"" Notch receptor genes encode a family of hetero-

dimeric transmembrane proteins (Notch1-4) that function as ligand-
activated transcription factors to regulate cell fate, proliferation,
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Patients with B-cell lymphoma occasionally develop clonally re-
lated myeloid neoplasms, such as histiocytic sarcoma, myeloid


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2019001438&amp;domain=pdf&amp;date_stamp=2020-01-09

neoplasm,'-" or acute myeloid leukemia (AML).?° Although
the switch from lymphoma to myeloid neoplasm is well rec-
ognized, the underlying molecular mechanisms are largely
unknown as a result of the low incidence of the switch and the
lack of good in vivo models to study it. Experimentally, forced
expression of myeloid transcription factor CCAAT/enhancer-
binding protein a (CEBPa), alone or in combination with de-
letion of B-cell transcription factor PAX5, or expression of
Yamanaka factors (Oct3/4, Sox2, KIf4, Myc) in mature B cells
induces B-myeloid reprogramming.2'-3® However, the signifi-
cance of these findings in an intact model organism, such as the
laboratory mouse, is largely unknown. Because most patients
in whom B-cell lymphoma undergoes conversion to myeloid
tumor have a poor prognosis as a result of diagnostic difficulties
and lack of standard threatment,3'32 it is important to elucidate
the biological underpinning of the B-to-myeloid switch and
develop new approaches to treat and prevent these uncom-
mon but usually fatal neoplasms.

Previous studies have shown that neither activation of NF-kB (by
stabilization of NF-kB-inducing kinase [NIK]) nor activation of
Notch2 (by expression of the intracellular domain of Notch2
[ICN]) alone in committed B cells is sufficient to induce lym-
phoma in mice.®34 Intriguingly, the expression of NF-kB non-
canonical components RelB and p100/p52 is largely suppressed
in Notch2-activated splenic B cells for unknown reasons, sug-
gesting an inhibitory crosstalk between the NF-kB and Notch
pathways.** Inspired by these findings, we wondered whether
enhancing NF-kB signaling in Notch-activated B cells would
overcome the Notch-dependent downregulation of NF-kB
signaling and thereby induce malignant B-cell transformation.
Our data show that coactivation of NF-kB/Notch signaling in
CD19* B cells is sufficient to induce B-cell transformation. Un-
expectedly, transplanted NF-kB/Notch—coactivated marginal
zone precursor B cells (MZPs), but not marginal zone B cells
(MZBs) or fully transformed lymphoma cells, converted to myeloid
cells in lethally irradiated recipient mice, presumably by virtue of
an MZP-to-progenitor dedifferentiation process. Intriguingly, in
3 of 20 mice, progenitors of this sort gave rise to transplantable
AML harboring clonotypic VDJ rearrangements. Our data reveal
the important role of coactivation of NF-kB/Notch signaling in both
B-cell transformation and the priming of B-cell lineage plasticity.

Methods

Mice

ROSA26-NIKAT3STOP and ROSA26-Notch2ICN mice have been
described previously.333>%7 CD19-Cre mice were purchased from
the Jackson Laboratory. All strains were in a C57BL6 background
and used at age =4 weeks, with a mix of male and female mice.
Transplant recipients (C57BL/Ka CD45.1) were age 8 to 12 weeks.
The experiments were conducted under approved protocol
1891002 of the Animal Component of Research Protocol and
Institutional Animal Care and Use Committee of the University
of lowa.

BM and spleen cell analysis and cell sorting

All antibodies were purchased from Thermo Fisher Scientific and
BD Biosciences. For analysis of hematopoietic/stem progenitor
cells (HSPCs), whole bone marrow (WBM) cells were incubated
with lineage markers (CD3g, CD11b, B220, Gr-1, Ter119), as well
as CD117 and Scal. For BM B-cell analysis, WBM cells were
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incubated with B220, CD127, and CD117, as well as lineage
markers (CD11b, Gr1, CD11¢, CD3, CD4, CD8, NK1.1, Ter119).
For spleen B-cell analysis and fluorescence-activated cell sorting
(FACS), whole spleen cells were incubated with different com-
binations of B220, CD19, CD21, CD23, CD34, CD117, Sca1l,
CD135, IgD, IgM, CD93, CD11b, and CD138. In these analyses,
the green fluorescent protein (GFP)/fluorescein isothiocyanate
channel was open for monitoring transgenic cells. LSRIl was used
for all analyses, and FACSAria was used for cell sorting. Data
were analyzed using FlowJo software (TreeStar).

In vivo B-cell or BM transplantation

For adoptive B-cell transplantation, spleen B cells, MZBs, or
MZPs (3 X 10° per recipient), fresh from FACS, from control or
TriB mice or retrovirally transduced B cells (0.2 X 10¢t0 0.5 X 10¢
per recipient) along with 2 X 10°to 3 X 10° CD45.1 WBM rescue
cells were transplanted retroorbitally into lethally irradiated (950
cGy, single dose) CDA45.1 recipients. For BM transplantation,
WBM cells from control, NIK, Notch, or TriB mice were trans-
planted retroorbitally into lethally irradiated CD45.1 recipients (3
X 10 per recipient). After transplantation, peripheral blood was
obtained from recipient mice at different time points to monitor
donor chimerism. For secondary lymphoma or leukemia cell
transplantation, 3 X 10 cells per recipient were used and
transplanted into sublethally (6 Gy) irradiated CD45.1 recipients,
who were then observed daily for signs of morbidity.

RNA-seq and ATAC-seq analyses

The RNA sequencing (RNA-seq) and assay for transposase-
accessible chromatin using sequencing (ATAC-seq) data were
deposited in the Gene Expression Omnibus under accession
numbers GSE116960 and GSE136408, respectively. RNA-seq
was performed as previously described® (supplemental Meth-
ods). Gene set enrichment analysis (GSEA) was performed using
the software downloaded from the GSEA Web site (http://
software.broadinstitute.org/gsea/index.jsp). Ingenuity pathway
analysis (IPA; Qiagen) was performed using the differential gene
expression results of the RNA-seq experiment comparing TriBDN
(lymphoma) vs TriB MZP samples. Differential genes were de-
fined as genes with log2-fold change >1 or <1 with an adjusted
P value <.05. Canonical pathway results were isolated from the
IPA and displayed by zscore and Pvalue, with the size of the marker
denoting significant genes altered in the canonical pathway.
Selected statistically significant canonical pathways were also
isolated and displayed.

ATAC-seq was performed according to the published standard
protocol.3® For analysis, the adaptors were first removed from
ATAC-seq reads using Trimmomatic,*? and the paired-end
reads were then mapped to the mouse reference genome
(GRCmM38/mm10) using Bowtie2,%® with the parameter setting
of "—very-sensitive -k 10 -X 2000.” Mitochondrial DNA were
filtered using SAMTools,*' and duplicated reads were removed
using Picard tools MarkDuplicates (https://broadinstitute.github.
io/picard/). The properly mapped paired reads with a MAPQ
score >30 were retained for downstream analyses. To check the
postalignment quality, we applied Bioconductor package
ATACsesqQC to our data set.*? ATAC-seq peak regions were
called using MACS2,*3 with the parameter “-B —-f BAMPE —g mm
—keep-dup all —cutoff-analysis.” ENCODE blacklist regions were
removed for downstream analysis (https://www.encodeproject.org/
annotations/ENCSR064IDX/). To generate consensus peaks between
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Figure 1. Concurrent activation of NF-kB and Notch signaling induces splenomegaly and marginal zone expansion. (A) Heatmap of RNA-seg-based gene expression
results (n = 2 biological replicates for each genotype) showing upregulation of NF-kB pathway genes Map3k14, Relb, and Nfkb2 in MZP B cells from NIK and TriB mice and
upregulation of Notch signaling components Heyl, Myc, and Dtx1in MZB cells from Notch mice and MZPs from TriB mice. Comparison with protein levels in Figure 3A. (B) FACS
diagrams gated on B220*CD19* B cells (left) or B220*GFP* B cells (right) demonstrating a marked increase in MZPs (red rectangle) and MZBs (blue rectangle) in TriB relative to
normal mice used as controls (Con; n = 10 in both groups). MZBs (CD21*CD23~/4™) and MZPs (CD21*CD23") are distinguished by level of CD23 expression. Table 1 provides
additional data. (C) Photographic image depicting the difference in spleen size of age-matched 4-month-old Con and TriB mice. (D) Hematoxylin and eosin-stained tissue
sections of spleens obtained from a 4-month-old Con mouse (left) and a TriB mouse (center and right). Original magnification, X100 (left and center) and X500 (right). Green,
yellow, and red arrows denote small lymphocytes, scattered large transformed cells, and plasma cells, respectively.

Bswitch and TriBMZP cells, we used BEDTools merge.** In total,
we identified 79 337 peaks and quantified the fragments in each
peak using featureCounts.** We further normalized fragments
(CR) using library size (S) and the formula Cy = log2(Cr/S,. X 1000000
+ 1).% Peak annotations were performed using ChlPseeker
package.*” Coverage of ATAC-seq signals along the genome was
generated using deepTools*® and visualized using Integrated
Genomics Viewer* for the identified peaks.

Statistical analysis
Student t test was used for all but survival curve statistical
analyses, and significance was set at P < .05. Values are means =
standard error of mean. For the Kaplan-Meier survival curve, the
log-rank test was used.

Results

Coactivation of NF-kB/Notch signaling in
committed B cells induces a B-cell
lymphoproliferative disorder with morphology
indistinguishable from SMZL

Analysis of published data showed that the frequency of
coactivating mutations of Notch/NF-kB signaling components in
different subtypes of human B-cell lymphomas ranged from 6%
to 56.2% (supplemental Figure 1A). To investigate the impact of
coactivation of NF-kB/Notch signaling on B-cell development
and lymphomatous transformation, we interbred ROSA26-
NIKAT3fSTOP  ROSA26-Notch2ICNfSTOP and CD19-Cre mice
to generate compound transgenic mice hereafter called TriB
(supplemental Figure 1B). In addition, we named ROSA26-
NIKAT3TOP x CD19-Cre and ROSA26-Notch2ICNfASTOP x CD19-Cre
mice as NIK and Notch mice, respectively. Because the phenotypes
of these NIK and Notch mice have been reported previously,**3*
we focused on analyzing TriB mice. The lack of a TRAF3-binding
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domain (NIKAT3) renders NIK protein stably expressed as a result
of its resistance to proteasomal degradation.?*3*¢*” The expres-
sion of NIKAT3 and Notch2ICN can be traced by GFP and yellow
fluorescent protein expression, respectively. Because the ex-
pression of yellow fluorescent protein is weaker in Notch mice, to
keep it simple, we used GFP to track doubly activated B cells.
Flow cytometric analysis showed that GFP faithfully labeled
CD19* B cells, but not HSPCs (lineage negative [Lin~] cKit*Scal*;
supplemental Figure 1C). We further validated the activation
of NF-kB/Notch pathways in committed B cells by RNA-seq
(Figure 1A).

The earliest stage of B-cell development occurs in BM from
common lymphoid progenitors and passes through stages of
pre—pro-B cells/early pro-B cells, late pro-B cells/early pre-B
cells, and late pre-B cells/immature B cells to mature circulating
B cells.>52 Flow cytometric analysis using a published staining
strategy®® showed that the percentage of TriB BM B cells in
eacH developmental stage (1-4) was significantly decreased
compared with wild-type control mice (supplemental Figure
1D-E). In addition, the absolute number of B220* B cells was
significantly lower in TriB mice, with no changes in BM counts.
Furthermore, the absolute numbers of doubly activated (GFP™)
B cells in the BM were lower at every developmental stage than
those in controls (supplemental Figure 1F). These data suggest
that coactivation of NF-kB/Notch signaling reduced BM B-cell
numbers.

In contrast to the reduced BM B-cell numbers, B-cell numbers
were markedly increased in TriB vs control spleens (Table 1). The
increased B cells were mainly MZPs and MZBs, whereas the
frequencies of CD21-CD23* follicular B cells were markedly
decreased (Figure 1B). Similar results were obtained by using
different cell surface markers and gating strategies to define
B-cell subsets in the spleen (supplemental Figure 2A). These
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1P < .05.

1P < .01 (control vs TriB [GFP*)).

data indicate that B-cell differentiation was accelerated in the
spleen, and the cells accumulated in the MZP/MZB stage. Con-
sistent with the increased spleen B cells, spleens were significantly
enlarged, with marked expansion of marginal zones in 4-month-
old TriB vs control mice (Figure 1C-D). Immunohistochemical
staining confirmed that B-cell zones were expanded, whereas
T-cell zones were decreased, along with reduced follicle
numbers in TriB spleens (supplemental Figure 2B). Histologically,
the expanded marginal zone consists of sheets of small B cells
intermixed with scattered large transformed cells and plasma cells
(Figure 1D right). Although the morphology is equivalent to that
of human SMZL, we named this early lesion a B-cell lympho-
proliferative disorder because immunoglobulin VDJ gene re-
arrangement analysis by genomic polymerase chain reaction
(PCR) failed to detect clonality (data not shown).

Coactivation of NF-kB/Notch signaling induces
overt lymphoma in TriB mice age >6 months

TriB mice became sick after 6 months of age and developed
overt SMZL. Consistent with previous studies,**3* we found that
activation of either NF-«B or Notch signaling alone in committed
B cells did not induce lymphomatous transformation as effi-
ciently as coactivation of both (Figure 2A). This, along with the
pathway gene expression (Figure 1A), protein expression (see
"Epigenetic regulation is involved in B-myeloid conversion"),
and the fact that only TriB MZPs could engraft in recipient mice
(supplemental Figure 4A) further demonstrated that both path-
ways were activated in TriB B cells. Analysis of TriB mice of different
ages showed that the expanded MZPs (GFP*B220*CD21+CD23")
gradually differentiated to MZBs (GFP*B220+CD21+CD23"),
along with loss of expression of the pan-B marker B220, and
eventually all became GFP*CD19+B220-CD21-CD23~ lym-
phoma cells (Figure 2B-C). In addition, expression of the MZB
markers3 CD1d and CD36 was slightly decreased in lymphoma
cells, but their expression was mildly increased in TriB MZPs
compared with control MZPs. The expression of another marginal
zone marker, CD25, was maintained in lymphoma cells (Figure
2D). Furthermore, the lymphoma cells were essentially nega-
tive for CD138 (plasma cell marker) and CD11b/Gr1 (myeloid
markers; Figure 2E). Histologically, spleens and livers were
infiltrated by sheets of medium atypical lymphocytes (Figure
2F). Immunostaining confirmed the loss of B220 and demon-
strated strong expression of B-cell transcription factor PAX5.
Lymphoma cells were negative for germinal center B-cell
marker BCL6 and, for the most part, plasma cell marker MUM1. The
presence of scattered plasma cells suggested the plasmacytic
differentiation potential of these lymphoma cells, similar to
what is seen in human SMZL (supplemental Figure 2C). Ge-
nomic PCR VDJ recombination analysis detected single bands
in most tumor-bearing mice, with subsequent DNA sequencing
demonstrating the mono- or oligoclonality of the lymphomas
(Figure 2G-H; supplemental Figure 3A). Importantly, lymphoma
cells were readily propagated in syngeneic host mice, dem-
onstrating that the putative tumor cells were indeed fully
transformed (data not shown). TriB mice developed lymphoma
with full genetic penetrance (100% tumor incidence). IPA
showed that the malignant transformation was accompanied
by upregulated B-cell receptor and growth/cancer-related
signaling and downregulated tumor inhibitory p53 and AMPK
signaling (Figure 2I-J). Collectively, our data provide definitive
genetic evidence that coactivation of NF-kB/Notch signaling
induces B-cell lymphoma.
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Figure 2. Concurrent activation of NF-kB and Notch signaling induces B-cell lymphomatous transformation in adult mice. (A) Reduced tumor-dependent survival of
double transgenic TriB mice (coactivation of NF-kB and Notch2ICN) compared with single transgenic NIK mice (NF-kB activation only), single transgenic Notch mice (Notch
activation only), and normal B6 mice (no genetic pathway activation) used as controls (Con; n = 12 for each phenotype). Lymphoma development was fully penetrant (100% tumor
incidence in TriB mice). (B) Flow cytometric analysis of changes in the mature B-cell compartment leading to lymphoma developmentin TriB mice. CD21 and CD23 expression of
GFP*-gated B cells was measured at 5 time points ranging from 4 to 15 months of age. Progressive loss of, first, CD23 expression and, later on, CD21 expression leads to a largely
homogeneous double-negative population of CD21-CD23~ lymphoma cells. B cells of normal mice (Con) gated on CD19* were included as control. Mean frequencies =
standard error of cell fractions are indicated (n = 3). (C) Loss of B220 expression in the course of neoplastic B-cell development, using tumor-bearing 12-month-old TriB mice
(n = 6) as an example. The flow result shown was confirmed by B220 immunostaining of tissue sections presented in supplemental Figure 2C. (D) Representative flow diagrams of
expression levels of MZB markers CD1d, CD36 and CD25 in MZPs (red) and lymphoma cells (green) of TriB mice relative to MZPs in normal mice (wild type [WT]) used as control
(black; n = 3in both groups). (E) Flow diagram indicating limited potential for expression of plasma cell marker CD138 and lack of expression of myeloid markers Mac1/Gr1in TriB
lymphoma cells (n = 3). (F) Hematoxylin and eosin-stained tissue sections of liver and spleen of TriB mice diffusely infiltrated with neoplastic B cells (original magnification, x500;
n = 3). Residual hepatocytes in the liver are discernible to the right of the yellow dotted line. (G) Agarose gel containing ethidium bromide-stained PCR fragments of genomic
VDJ rearrangements that indicate monoclonal growth (single band) of lymphomas obtained from TriB mice (right; panel, n = 3) but polyclonal B cells (multiple bands) in WBM or
spleen (Spl) samples from TriB mice. Germ line JH1-3 fragments are denoted by arrow heads on the left, next to the size marker. A PCR indicator fragment of T-cell gene Thy1
served as positive control. (H) PCR products from TriB lymphoma shown in panel G were subcloned with the help of a TA cloning kit, DNA sequenced, and aligned to
corresponding regions of the immunoglobulin heavy-chain germ line locus using the IgBLAST software tool (n = 5; supplemental Figure 3A). In the example shown, 9 of 10 PCR
fragments were identified as V3D3J4 rearrangements. The remaining fragment used diversity gene D2 instead. (I) Ingenuity pathway analysis results for canonical pathways using
differentially expressed genes comparing TriB lymphoma with TriB MZPs. Differentially expressed genes were defined as g value <.05 and log2-fold change =1 or = —1. zscore
refers to the direction and magnitude of the enrichment. (J) z scores of selected significant canonical pathways that are enriched in TriB lymphoma (yellow) or TriB MZPs (blue).
For all pathways listed, P < .05. **P < .01.
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Figure 3. NF-kB/Notch-coactivated MZPs are transplantable and convert to myeloid cells in recipient mice. (A) Flow analysis of donor (CD45.2%) chimerisms in host
(CD45.1%) mice (n = 5) 3 months after administration of TriB MZBs (upper left) or MZPs (upper right; 3 X 10¢ per recipient in both cases). Unexpectedly, CD45.2" MZPs lacked
B220 and GFP expression (lower left) but were positive for myeloid markers Mac1 and Gr1 (lower right). (B) Time course of abundance of CD45.2* GFP* donor BM cells in CD45.1
hosts 2 to 3 months after cell transfer. WBM cells (3 X 10 per recipient) were transferred to lethally irradiated CD45.1 recipients, and GFP* cells were enumerated by flow
cytometry at monthly intervals. BM from normal mice (black) was used as control. Unlike donor B cells from NIK mice (green) or ICN mice (blue), B cells from TriB mice (red)
exhibited self renewal, with a peak at 3 months after BM transplantation (n = 5 for all groups). (C) Representative FACS plots of peripheral blood from mice receiving TriB MZP
transplants. The Mac1*Gr1* phenotype of these cells is consistent with AML (n = 3). (D) Flow analysis showing that a significant fraction of converted myeloid leukemia cells
shown in panel C express stemness marker cKit (n = 3). (E) PCR VDJ recombination assay demonstrating clonality of converted myeloid leukemia cells (Bswitch, lanes 4 and 5). In
contrast, TriB whole splenocytes (lane 2) and flow-sorted CD45.2" cells recovered from host mice that had received TriB MZPs on day 4.5 (lane 3) were polyclonal. Lane 1, size
marker. Bottom, germ line fragment of a T-cell gene used as control. (F) Sequencing analysis of VDJ rearrangements from panel E, as described in Figure 2H (supplemental
Figure 3B). (G) Immunoblots showing levels of CEBPa and PAX5 in TriB splenic B cells (TriB), normal splenic B cells (Con), converted myeloid leukemia cells (Bswitch), and TriB

lymphoma cells (TriB[lym]). Actin was included as a loading control.

NF-kB/Notch-coactivated MZPs, but not MZBs,

are transplantable and convert to myeloid lineage
The marked marginal zone expansion with morphology indis-
tinguishable from SMZL prompted us to test if TriB splenic B cells
are transplantable and able to regenerate lymphoma in recipient
mice. Compared with splenic B cells from control, NIK, or Notch
spleen B cells, only TriB B cells were able to give rise to sig-
nificant chimerisms at 3 months posttransplantation (supple-
mental Figure 4A), suggesting a synergistic impact of NF-«kB/
Notch signaling on engraftment, survival, and maintenance of
spleen B cells. Unexpectedly, a great majority of CD45.2* donor
cellsin the BM and peripheral blood expressed no B-cell markers
(supplemental Figure 4B). We prolonged the observation period
to 6 months, anticipating that the mice would eventually develop
lymphoma. However, no chimerisms were detected at 6 months
posttransplantation (data not shown). To determine the nature of
donor B cell-derived non-B cells in recipient mice and test
whether MZBs or MZPs contribute to the chimerisms, we next
transplanted highly purified MZPs and MZBs separately into
lethally irradiated recipient mice (supplemental Figure 4C).
Three months later, we found that only MZPs had given rise to
significant chimerisms. Unexpectedly, all circulating peripheral

NF-kB/NOTCH SIGNALING PRIMES B-MYELOID CONVERSION

blood CD45.2* donor cells were CD11b*Gr1* myeloid cells,
and almost no remaining GFP* B cells could be detected (Figure
3A). Similar to when using whole spleen B cells, donor cells could
not be detected in the peripheral blood 6 months posttrans-
plantation in a majority of recipient mice, suggesting that TriB
MZPs converted to myeloid cells initially, but they eventually
were exhausted due to a lack of the ability to self renew. However,
we did observe a small fraction of donor B cells in the spleen (data
not shown), which, along with persistent existence of GFP* B cells
even 5 months after transplantation, suggests that a portion of
TriB B cells can self renew (Figure 3B).

Surprisingly, 3 of 20 mice receiving transplants developed AML
with strong CD11b/Gr1 expression in the peripheral blood and
BM (Figure 3C; data not shown). These transformed leukemia cells
also expressed cKitYCD117 (Figure 3D), which was not expressed
by TriB B cells (supplemental Figure 1C). Intriguingly, these
leukemia cells had clonal VDJ gene rearrangement, indicating
that they were derived from committed B cells, not contaminating
HSPCs (Figure 3E-F; supplemental Figure 3B). Immunoblots
showed that the converted AML cells (Bswitch) lost expression
of B-cell transcription factor PAX5 and gained expression of
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CEBPaq, further substantiating their myeloid nature (Figure 3G).
In addition, these converted leukemia cells were transplantable,
with higher repopulating capacity in the CD11b*cKit" population
(data not shown). Collectively, these data indicate that NF-xB/
Notch—coactivated MZPs can convert to myeloid lineage and further
transform into myeloid leukemia in a permissive microenvironment.

NF-kB/Notch-coactivated MZPs convert to
myeloid lineage through dedifferentiation

Currently, there are 3 hypotheses to explain B-myeloid conversion:
direct transdifferentiation (conversion of 1 cell type to another
without undergoing an intermediate progenitor stage), de-
differentiation (reversion to an earlier developmental stage)
followed by redifferentiation along the myeloid pathway, and
divergent evolution from a common progenitor.’?245+57 Qur mouse
model supports the existence of a common progenitor, be-
cause TriB MZPs were able to transform into lymphoma de novo
and convert to myeloid lineage posttransplantation. We next
performed experiments to determine whether transdifferentiation
or dedifferentiation was involved in myeloid conversion. We re-
peated the transplantation experiments using purified TriB MZPs,
but stopped earlier, on days 4.5 and 9 posttransplantation.
On day 4.5, an Lin~ population was recognized, but no clear
Lin~cKit*Scal*™ HSPCs were detected (Figure 4A). On day 9,
the donor cells were mainly composed of B220-Mac/Gr1*
myeloid cells. However, a small number of donor B cells were
converted to Lin~cKit*Scal* HSPCs (Figure 4B), indicating that
the transplanted TriB MZPs can dedifferentiate to non-B/nonmyeloid
cells and sometimes even gain an HSPC immunophenotype.

Epigenetic regulation is involved in B-myeloid
conversion

Because we were using a CD19-Cre—driven lineage tracing system
in which the ROSA26 locus is permanently rearranged, leading
to stable GFP expression in all cells that have undergone Cre-
mediated excision, the loss of GFP was unexpected (Figure 3A).
Consistent with that, we noted a marked decrease in NIK and
ICN protein levels in converted leukemia cells (Bswitch), even
though these proteins were elevated in TriB B cells (Figure 5A).
The observed downregulation of NIK in leukemia cells was in
accordance with our recent finding that NIK is a myeloid leukemia
suppressor.>” A possible reason for the lack of GFP expression in
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leukemia cells is the silencing of the ROSA26 promoter by epi-
genetic means either directly or indirectly during myeloid con-
version. To evaluate this, we first confirmed with the help of
genomic PCR analysis that Cre-mediated transgene activation
actually took place in Bswitch cells (Figure 5B).

Previous studies®®>? have reported decreased Gt(ROSA)26Sor
gene expression, promoter accessibility, and activity during B-cell
reprogramming (supplemental Figure 5). Although the results
were from a B-myeloid conversion system relying on sequential
overexpression of CEBPa and Yamanaka factors, we noted that 2 of
the Yamanaka factors, KLF4 and MYC,2" were upregulated in TriB
MZPs (Figure 6A). We used gPCR to measure the expression of
Gt(ROSA)26Sor in Bswitch and TriB MZPs and found it had sig-
nificantly decreased in the former (Figure 5C). Consistent with that,
ChIP-gPCR analysis using an antibody to K27-acetylated histone
H3 demonstrated a marked reduction in acetylation at the
Gt(ROSA)26sor promoter in Bswitch cells relative to MZPs, likely
rendering the promoter in the former largely inactive (Figure 5D
left). ChIP-gPCR additionally revealed higher and lower acetylation
levels at the Itgam (coding CD11b) promoter (center) and Cd19
promoter (right), respectively, in Bswitch compared with TriB MZP
cells. This agreed with the phenotypic switch of converting B cells.
The relatively high level of acetylation at ltgam in TriB MZPs (which
do not express CD11b) may suggest that the promoter is poised for
activation (Figure 5D). In support of these results, ATAC-seq
pointed to differential chromatin accessibility at the Cd19 and
Itgam loci in Bswitch and TriB MZPs (Figure 5E center and right).
However, there was no difference in ATAC signal strength at
Gt(ROSA)26sor (Figure 5E left), possibly indicating a configuration
in the case of Bswitch cells that allows some transcription factors to
bind to the open-configuration Gt(ROSA)26sor promoter, yet
somehow keeps the promoter in the inactive state (eg, may not be able
to recruit key chromatin modifiers, such as histone acetyltransferase,
during B-myeloid conversion).

DNA methylation plays an important role in B-cell reprogramming®®<°
and B-cell lymphoma—-to-myeloid tumor conversion.®’ To investigate
whether it is also involved in the loss of GFP expression in con-
verted leukemia cells in our new mouse model, we used gPCR to
measure the expression of DNMT (Dnmt1, Dnmt3a, and Dnmt3b)
and TET (Tet1, Tet2, and Tet3) family members in converted
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Figure 5. Epigenetic change in part governs B-myeloid conversion. (A) Western blot of NF-kB (right) and Notch (left) signaling proteins in TriB splenic B cells (TriB), normal
splenic B cells (Con), converted myeloid leukemia cells (Bswitch), and transformed TriB lymphoma cells (TriB[lym]). Actin is used as a loading control. Note that these results
further confirm the activation of both NF-kB and Notch signaling in TriB mice. (B) Genomic PCR analysis of Cre-mediated transgene recombination in converted myeloid
leukemia cells (Bswitch) from 2 different mice. TriB genomic DNA was used for detection of transgenes without recombination. Note the deletion of transgene Neo gene
after Cre-mediated recombination. (C) Quantitative PCR (qPCR) analysis of Gt(ROSA)26Sor expression in TriB MZPs (MZP) and converted myeloid leukemia cells (Bswitch; n
= 3). (D) Chromatin immunoprecipitation (ChIP)-gPCR measurement of histone 3 lysine 27 acetylation (H3K27ac) in the promoter regions of Gt(ROSA)26Sor, Itgam (CD11b),
and Cd19genes in TriB MZPs and converted myeloid cells (Bswitch). (E) ATAC-seq signal coverage across Gt(ROSA)26Sor, Itgam, and Cd19regions in TriB MZPs (upper) and
Bswitch cells (lower) were visualized with Integrated Genomics Viewer. (F) Relative expression of Tet2 and Dnmt1 in TriB MZPs (MZP) and converted myeloid leukemia cells
(Bswitch) by gPCR (n = 3). (G) Determination of cell growth in vitro indicating that DNA demethylating drug 5-aza-2'-deoxycytidine (SAZA) suppressed the growth of
converted myeloid leukemia cells (n = 3). (H) Flow cytometric analysis of GFP expression in converted myeloid leukemia cells treated with SAZA (n = 3); representative
contour plots comparing untreated cells (dimethyl sulfoxide [DMSQ]) with treated cells (left), and recovery of GFP expression upon treatment using SAZA (right). (1)
Expression levels of NIK and Notch2ICN (ICN) before and after drug treatment (5AZA) of converted myeloid leukemia cells (n = 3). Glyceraldehyde-3-phosphate de-

hydrogenase (GAPDH) is used as a loading control. *P < .05, **P < .01.

leukemia cells. We found that the expression of Tet2 and Dnmt1
(and Dnmt3b; data not shown) was significantly upregulated
(Figure 5F). Because upregulation of DNA methylases such as
DNMTs may lead to GFP shutdown effected by DNA hyper-
methylation, we evaluated whether demethylating drug 5AZA
was able to restore GFP expression in converted leukemia
cells. Figure 5G-H shows that this was the case, although it took
a cytotoxic dose of 1 pM of 5AZA to clearly demonstrate that
GFP was reexpressed. However, whether restoration of GFP
was due to the DNA demethylating activity of 5AZA as op-
posed to some other unknown effect of the drug remains to be
shown. Just like GFP, NIK and Notch2 proteins were also
reexpressed in 5AZA-treated leukemia cells (Figure 5I). Taken
together, the results suggest involvement of epigenetic
change in the B-myeloid conversion in the TriB model, with
DNA hypermethylation playing a critical role in maintaining the
malignant myeloid cells.

NF-kB/NOTCH SIGNALING PRIMES B-MYELOID CONVERSION

Coactivation of NF-kB/Notch signaling represses
lymphoma and myeloid gene suppressor Bach2
RNA-seq of TriB lymphoma and flow-sorted MZPs from TriB,
NIK, and normal mice was used to gain additional insight into
neoplastic B-cell development in the TriB model (Figure 6A).
Because we could not collect enough MZPs from Notch mice as
a result of markedly accelerated differentiation into MZBs, as
reported previously,* we used Notch MZBs for comparison. In
addition to the expected pathway activation (Figure 1A), the
expression of lymphoma and myeloid gene suppressor Bach2
(BTB domain and CNC homolog 2) and lymphoma promot-
ing genes Ezh2 and Myc was gradually down- and upregulated,
respectively, in TriB MZPs or transformed lymphoma cells
(Figure 6A).4%7° The upregulation of Ezh2 may regulate acqui-
sition of stemness by epigenetic repression of genes involved in
cell fate decisions.”" Interestingly, the expression of Myc and KIf4
(along with other family members Kif2 and Kifé) was synergistically
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Figure 6. Coactivation of NF-kB and Notch signaling downregulates lymphoma and myeloid gene suppressor Bach2 and upregulates genes regulating stemness in
MZPs. (A) RNA-seq analyses (n = 2 biological replicates for each genotype) of flow-sorted MZPs from control (Con), TriB, or NIK mice, MZBs from Notch mice, and transformed
lymphoma cells (TriB[lym]). Heatmaps were generated from selected genes of interest. (B) GSEA showed gene sets enriched in TriB or Con MZPs. (C-D) Relative expression of
Bach2 (C) and Cebpa (D) in Con MZPs (CMZP), TriB MZPs (TMZP), TriB(lym), or converted myeloid leukemia (Bswitch) cells (n = 3). (E) The expression of Bach2 proteins in Con and
TriB B cells, TriB(lym), and Bswitch leukemia cells (n = 3). **P < .01. FDR, false-discovery rate.

upregulated in TriB MZPs compared with controls, NIK MZPs, and
Notch MZBs (Figure 6A). Upregulation of these transcription factors
may endow TriB MZP with self-renewal ability. Consistent with gene
expression, GSEA revealed an enrichment for stemness genes,
genes with high CpG density promoters bearing the histone 3
lysine 27 trimethylation mark in embryonic stem cells, Myc target
genes, and multiple myeloma genes, whereas genes involved in
lymphocyte maturation were downregulated in TriB MZPs
compared with control MZPs (Figure 6B). We further confirmed
that Bach2 was downregulated, with no significant changes in
the expression of Cebpa in TriB MZPs compared with control
MZPs by qPCR (Figure 6C-D) and immunoblotting (Figure 6E).
In addition, the expression of Bach2 was reduced in both trans-
formed lymphoma cells and converted leukemia cells (Figure 6C,E).
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Bach2 is a downstream target of NF-xB/Notch
signaling, and overexpression of Bach2 suppresses
the growth of lymphoma cells and B-myeloid
conversion

We were specifically interested in Bach2 because it is required
for normal germinal center B-cell maturation, functions as a lym-
phoma suppressor, and, importantly, controls B-myeloid specification
by repressing myeloid genes.*?707274 We first asked if Bach2 is a
direct target of NF-kB/Notch signaling. There are multiple NF-kB
and Notch target (Myc or Heyl) binding sites in the Bach2 pro-
moter region (Figure 7A top). ChIP-PCR analysis demonstrated
that NF-«B signaling component RelB and Notch signaling target
Myc bind to the Bach2 regulatory region (Figure 7A bottom). To
follow up on this, we generated a Bach2 retroviral expression

XI