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ABSTRAC Transformation to aggressive disease histologies generates formidable clinical

challenges across cancers, but biological insights remain few. We modeled the
genetic heterogeneity of chronic lymphocytic leukemia (CLL) through multiplexed in vivo CRISPR-Cas9
B-cell editing of recurrent CLL loss-of-function drivers in mice and recapitulated the process of trans-
formation from indolent CLL into large cell lymphoma [i.e., Richter syndrome (RS)]. Evolutionary trajec-
tories of 64 mice carrying diverse combinatorial gene assortments revealed coselection of mutations
in Trp53, Mga, and Chd2 and the dual impact of clonal Mga/Chd2 mutations on E2F/MYC and interferon
signaling dysregulation. Comparative human and murine RS analyses demonstrated tonic PI3K signal-
ing as a key feature of transformed disease, with constitutive activation of the AKT and S6 kinases,
downmodulation of the PTEN phosphatase, and convergent activation of MYC/PI3K transcriptional
programs underlying enhanced sensitivity to MYC/mTOR/PI3K inhibition. This robust experimental
system presents a unique framework to study lymphoid biology and therapy.

SIGNIFICANCE: Mouse models reflective of the genetic complexity and heterogeneity of human tumors
remain few, including those able to recapitulate transformation to aggressive disease histologies.
Herein, we model CLL transformation into RS through multiplexed in vivo gene editing, providing key

insight into the pathophysiology and therapeutic vulnerabilities of transformed disease.

INTRODUCTION

Despite notable discoveries of cancer-related genes inferred
by large-scale genomic analyses over recent years, how these
diverse putative drivers functionally interact to contribute
to oncogenesis remains incompletely explored. Furthermore,
transformation from indolent to aggressive histology is a
recognized problem across cancers, yet is still poorly under-
stood, due to the lack of suitable cellular and mouse models.
Recent advances in genetic engineering have increasingly
facilitated the ability to assess the in vivo effects of candidate
disease drivers (1). For chronic lymphocytic leukemia (CLL),
these approaches have enabled improved modeling of genetic
lesions introduced into the B-cell lineage [e.g., del(13q), Ikzf3,
Sf3b1/Atm; refs. 2-4]. However, although these models have
all demonstrated the development of CLL with indolent
kinetics, consistent with the phenotype common to human
disease, they do not reflect the expression of combinations of
multiple alterations typical of most tumors. Moreover, they
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do not shed light on the histologic transformation of CLL to
Richter syndrome (RS), which represents a formidable clini-
cal challenge with limited current therapeutic outcomes and
dismal prognosis (5).

Given the propensity of CLL to clonally evolve, even in the
absence of therapeutic pressure (6), we asked whether com-
binatorial gene editing by CRISPR-Cas9 could recapitulate
patterns of clonal evolution typical of human disease and
thereby permit the modeling of coevolution of cooccurring
traits in vivo in mice. Here, we develop a robust approach
for the multiplexed introduction of driver mutations into
B cells, consisting of up to 6 loss-of-function (LOF) lesions
typical of CLL (7). We report not only the feasibility of
generating a genetically heterogeneous cohort of indolent
leukemias carrying combinatorial drivers that bear striking
phenotypic, transcriptional, genetic, and epigenetic similari-
ties with human disease, but remarkably, also clonal evolu-
tion into aggressive lymphoma. Our model yields critical new
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understanding on predisposing genetic lesions for transfor-
mation, demonstrates coevolution of combinatorial traits
in vivo, reveals underlying signaling pathways and functional
dependencies, and provides new information on actionable
therapeutic vulnerabilities.

RESULTS

In Vivo Modeling of Multiplexed LOF Lesions Leads
to CLL Development and Transformation into RS

To model genetic heterogeneity typical of human CLL
disease, we developed an in vivo system combining multi-
ple LOF alterations [i.e, the DNA damage response genes
Atm (mutated or deleted in 18.9% CLL), Trp53 (10%), Sambdl
(1.4%), the negative regulator of MYC signaling Mga (4.2%), the
NF-kB signaling modulator Birc3 (3.2%), and the chromatin
remodeler Chd2 (7.5%); ref. 7] into del(13q)-B cells, as this is
the most common genomic aberration of human CLL (48.5%
cases; ref. 7). Expression of del(13q) alone can induce leukemia
at low penetrance in elderly mice (2) and cooccurs with the
6 LOF mutations in patients (cooccurrence with mut-ATM:
10.1%; mut-TPS53: 4.8%; mut-CHD2: 2.8%; mut-MGA: 2.3%;
mut-BIRC3: 1.7%; mut-SAMHDI: 0.4%), as demonstrated in a
recent large-scale characterization of CLL (7), thus represent-
ing a reliable CLL-predisposing background for our models.

We chose to model LOF lesions, as these can be most eas-
ily introduced via Cas9-based gene editing and have shown
cooperative leukemogenic potential in human studies (7, 8).
We established a transplant model that can rapidly intro-
duce combinatorial lesions in B cells via engineering of
Lin~Sca-1*c-Kit* (LSK) cells from donor mice expressing
homozygous del(13q) (2) and B cell-restricted Cas9-GFP
(ref. 9; Fig. 1A). We chose LSKs because of their high trans-
ducibility and long-term repopulating potential. We lenti-
virally transduced LSKs (sorting strategy in Supplementary
Fig. S1A) with mCherry*-single-guide RNA (sgRNA) target-
ing either all 6 (“6-plex”) or S5 (“S-plex”) LOF mutations
(“targeting pool”); the TrpS3 sgRNA was removed from the
“S-plex” in order to assess Trp53-dependent and independ-
ent mechanisms of disease progression (Fig. 1A). LSKs were
then transplanted into either sublethally irradiated immune-
competent CD45.1 or immune-deficient NSG recipients
(n = 30-35/group). Parallel control cohorts of equal size
were generated with pools of 5 or 6 nontargeting sgRNAs
(“nontargeting pool”).

We verified our ability to efficiently introduce combinato-
rial sgRNAs into individual LSKs by qPCR analysis on 76
to 96 single LSKs per transplant group, assayed 72 hours
following transduction and in vitro culture. We detected S to
6 sgRNAs in most LSKs from both the 5- or 6-plex targeting
and nontargeting cohorts, confirming the successful combi-
natorial introduction of pooled sgRNAs in individual cells
and recapitulating diverse sgRNA assortments (Fig. 1B; Sup-
plementary Fig. S1B). We then monitored the transplanted
mice through peripheral blood flow-cytometric analysis for
the development of CLL, as defined by GFP*mCherry" (i.e.,
Cas9/sgRNA-expressing) B220"CDS*Igk* small lymphocytes,
at least every 4 months starting at 4 months of age. Remark-
ably, we detected CLL development, as defined by these sur-
face markers, in 28 of 35 (80%) 6-plex CD45.1, 17 of 30 (56%)

NSG 6-plex, and 19 of 30 (63%) NSG 5-plex mice from the
targeting cohorts. In contrast, we detected only the expected
incidence, consistent with known penetrance of the del(13q)
background strain (2), in mice that received nontargeting
sgRNA pools [i.e., 5 of 35 (14%) CD45.1, 3 of 30 (10%) NSG
6-plex, 3 of 30 (10%) NSG 5-plex; P < 0.0001; Fig. 1C and
D]. Disease onset was faster and overall survival was lower
in NSG 6-plex compared with either CD45.1 or NSG 5-plex
cohorts (P < 0.003; Fig. 1D; Supplementary Table S1).

At euthanasia, we identified three distinct disease enti-
ties in mice that had been identified as having circulating
CLL in the targeting cohorts based on flow cytometry and
IHC (see Methods). All observed patterns were preceded by
evidence of circulating CLL (Fig. 1D). We observed cases con-
sistent with CLL (defined both by the presence of the mark-
ers B220*CDS*Igk* by flow cytometry and PAXS*CDShigh
by IHC), transformed lymphoma [RS, defined as lympho-
cytes with increased forward side scatter (FSC), expressing
GFP*mCherry*B220mCDS™ /% [gic* and morphologically
large lymphocytes PAXS*CDS™ /%] or with coexistence of
the two (CLL/RS; Fig. 2A and B; Supplementary Fig. S2A and
S2B). In contrast, the nontargeting control mice that devel-
oped disease generated primarily CLL-like disease, with only
one instance of de novo diffuse large B-cell lymphoma (DLBCL).
Similarly, in a parallel cohort of 40 del(13q)-Cd19Cas9 mice on
a B6 background, we also detected development of CLL-like
disease in 20% mice [del(13q)-CLL; Supplementary Fig. S2C],
consistent with the expected penetrance of the transgenic
strain (2). These results confirmed that RS transformation
arises because of the combinatorial introduction of CLL-
associated LOF lesions together with del(13q). Moreover, RS
predominantly developed in CD45.1 hosts, rather than in
the NSG 6-plex group (P = 0.06; Fig. 2C). No RS cases were
observed to arise from the NSG 5-plex cohort, implicating
mutation in Trp53 as necessary to drive full-blown lymphoma
transformation in our models (Fig. 2C).

Consistent with an aggressive disease phenotype, RS-bear-
ing animals had an overall increased tumor burden in the
peripheral blood (PB), spleen (SP), and bone marrow (BM),
increased SP size, and lymph nodes (LN; Fig. 2D and E; Sup-
plementary Fig. S2D and S2E). Across SP sections from 10
cases identified as RS based on the criteria above [assessed in
parallel with sections from CLL (» = 3), CLL/RS (n = 3), and
del(13q)-CLL (n = 3)], we detected positive MUM1 expres-
sion and lack of BCL6 and CD30 expression (10, 11). Ki-67
(median: 92% positive cells; range, 83%-99%) and MYC expres-
sion (median: 90%; range, 64%-99%) were also uniformly ele-
vated across these 10 RS cases. All of the above features were
consistent with human RS histology (Fig. 2F; Supplementary
Fig. S2F-S2H; Supplementary Table S2). IGHV as assessed
by next-generation sequencing (NGS) was unmutated (=98%
homology to germline) in all 54 analyzed cases across pat-
terns (Fig. 2G; Supplementary Table S3). In 2 CLL/RS and 3
RS cases for which serial PB samples were available, we identi-
fied shared B-cell receptor (BCR) clonotypes between RS and
antecedent CLL (Fig. 2H), consistent with clonal relatedness
of the two disease entities, also a common feature of human
RS (ref. 5; Supplementary Table S4). One RS case showed
instead clonally unrelated transformation (Supplementary
Fig. S2I; Supplementary Table S4). Altogether, our analyses
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Figure 1. Multiplexed CRISPR editing of CLL-LOF lesions generates CLL disease models. A, Schema for the generation of transplant lines. BM donor
lines containing homozygous del(13q) and B cell-restricted Cas9-GFP [i.e., del(13q)-Cd19Cas9-GFP] were obtained by intercrossing del(13q)-Cd19cre/
cre and del(13q)-Cas9/Cas9 mice. LSKs isolated from 8- to 12-week-old del(13q)-Cd19Cas9 animals were transduced in vitro with a pool of lentivirus-
expressing sgRNAs against the 6 or 5 LOF mutations of interest (Atm, Mga, Samhd1, Chd2, Birc3, Trp53 in “6-plex”; Trp53 absent in “5-plex”) or cor-
responding nontargeting pools of scrambled sgRNAs and transplanted into 8- to 12-week-old immune-competent (CD45.1) or immune-deficient (NSG)
recipients (n =30-35/group). B, Single-cell gPCR-based analysis of sgRNA expression in LSK from the 3 targeting and the 3 nontargeting cohorts, as
assessed at 72 hours after transduction and in vitro culture. The number of sgRNAs quantified in individual single cells is displayed. C, Percent (%)
animals with circulating CLL in targeting and nontargeting cohorts. P, Fisher exact test. D, Longitudinal tumor burden assessments by flow-cytometric
analysis of peripheral bleeds. A logistic mixed-effects model was used to estimate the average trajectories of peripheral longitudinal tumor burden
(%GFP*mCh*B220+*CD5*Igk* cells) in individual mice from the targeting (6-plex: dark brown; 5-plex: salmon) and nontargeting cohorts (gray). Disease
onset and survival (median and range) for each cohort are indicated.
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Figure 2, Transformation into RS shows phenotypes consistent with human disease. A, Representative flow-cytometric plots highlighting the pres-
ence of small (CLL), small and large (CLL/RS), or large (RS) cells in the SP of one representative animal per disease pattern, at euthanasia. B, Representa-
tive H&E and CD5/PAXS images from SP and BM of one case per group. Arrows indicate the presence of both small (blue) and large (red) cells in the
representative CLL/RS case. Images captured at 10x magnification; black bar,100 pm; white bar, 20 um. C, Pie charts displaying number of total cases of
CLL (blue), CLL/RS (purple), and RS (red) in CD45.1, NSG 6-plex, NSG 5-plex and all nontargeting cohorts. Overall penetrance for each cohort is indicated.
P, Fisher exact test. D, Disease burden as represented by %GFP*mCherry*B220+*CD5* Igx* cells in PB, SP, and BM of 11 NT-CLL, 21 CLL, 18 CLL/RS, and
25RS cases at euthanasia. NT-CLL, nontargeting CLL controls. Horizontal lines, group median values. P values, ANOVA with Tukey correction for multiple

comparisons. (continued on following page)

established that our multiplex gene-edited models generated
a spectrum of phenotypes recapitulating the bona fide trans-
formation of indolent CLL into RS.

Clonal Evolutionary Analyses Reveal Coselection
of Cooccurring Trp53, Mga, and Chd2 Lesions in RS

To verify the robust introduction of the targeted lesions
into the engrafted B cells, we performed targeted PCR-based
NGS (i.e., CRISPR-seq) on flow-sorted nonleukemic B cells
(i.e., CD5"B220*GFP*mCherry") from PB, collected 4 months
after transplant. We detected the presence (defined as 20.1%
edited sequences per gene, by CRISPResso (12), see Methods
and Supplementary Table S5) of a median of 5 LOF muta-
tions in 5-plex and 6 LOF mutations in 6-plex derived cohorts
(range, 2-6 in 6-plex NSG; Fig. 3A). At euthanasia, we again
identified these lesions as mostly enriched in flow-sorted CLL,
CLL/RS, and RS tissue, with a high prevalence of Trp53 muta-
tions [50% tumors harboring clonal TrpS53 (defined as >85%
gene indels)], Mga (27%), and Chd2 (23%; Fig. 3A], consistent
with the abundant detection of these lesions observed in
human RS (61%, 29%, and 5.2% cases, respectively; ref. 13).

A high degree of genetic heterogeneity was evident across
the three disease patterns, with enrichment of driver gene edits

at euthanasia when compared with preleukemia (P < 0.01 for
TrpS3, Mga, Chd2, Birc3, with Trp53 as the most enriched
lesion; Supplementary Fig. S3A) and evidence of clonal selec-
tion of distinct combinatorial assortments, particularly in
RS (P = 0.001; Supplementary Fig. S3B). The total num-
ber of clonal LOF drivers increased upon transformation
to RS [P (CLL vs. CLL/RS) = 0.06; P (CLL vs. RS) = 0.0025;
Fig. 3B], and clonal Mga showed increased abundance in CLL/
RS (P=0.006) and RS (P=0.01) compared with CLL. Chd2 was
also enriched in RS compared with CLL (P = 0.05; Fig. 3C),
with 4 of 21 instances (19%) in CLL, 12 of 18 (66%) in CLL/RS,
and 14 of 25 (56%) in RS cases carrying these drivers (alone or
combined with Trp$3) at euthanasia (Fig. 3D). Similar trends
of enrichment in Mga and Chd2 lesions were observed when
the 5-plex and 6-plex experiments were analyzed separately
(Supplementary Fig. S3C). Trp53 was predominantly clonal
across the three disease patterns, whereas Sambdl, Birc3, and
Atm were mostly subclonal (Supplementary Fig. S3C), and
the total number of cases harboring clonal mutations in Mga,
Chd2, Atm, Samhdl, and Birc3 was lower in the 5-plex experi-
ments compared with the 6-plex cohort (P = 0.007, Fisher
exact test; Supplementary Fig. S3D), highlighting the role of
TrpS3 in favoring clonal evolution of cooccurring lesions. Of
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Figure 2. (Continued) E, Number of cases displaying visible nodal infiltrations. LN, Lymph nodes. F, Representative IHC staining from one murine (left)
and one human RS case (right) stained for CD5/PAXS5, MUML, BCL6, CD30, MYC, and Ki67. Images were taken at a 40x magnification; scale bar, 50 um.

G, Number of animals per pattern, and IGHV homology to germline, as assessed by BCR Immuno-Seq. H, Percent (%) clonotype frequency of shared BCR
rearrangements as analyzed at time of CLL and upon RS transformation (euthanasia) in 2 CLL/RS and 3 RS cases sampled serially. The dominant RS

clonotype is shown in purple (CLL/RS) and red (RS).

note, in our S-plex cohort, we observed transforming disease
(ie., CLL/RS) carrying clonal Mga-only (2 cases), Chd2-only
(3 cases), or combined Mga-Chd2 (1 case; Fig. 3D), emphasiz-
ing the role of these LOF mutations as RS mutational drivers
rather than passengers.

Further support for the coselection of Trp53, Mga, and Chd2
clonal lesions upon RS transformation was gained through
longitudinal CRISPR-seq analyses of sorted cells from PB
in 8 cases (4 CLL/RS, 4 RS) at preleukemia (i.e., normal B
cells), at CLL onset, and at time of RS (Fig. 3E; Supplemen-
tary Fig. S3E and S3F). Of these cases, the cooccurrence of

combinatorial traits was definitively confirmed by the single-
cell DNA sequencing (DNA-seq) analysis of CRISPR-intro-
duced gene edits in splenocytes from 4 animals (2 CLL/RS, 2
RS cases; n = 505-4,018 single cells; Fig. 3F; Supplementary
Fig. S4A; ref. 14).

Consistent with the high degree of genomic instability
observed in human disease, RS cases were characterized by a
higher number of chromosome amplifications or deletions
(median = 12.5; range, 4-17) compared with CLL (1;1-2,
P =0.0001) or CLL/RS (3; 1-4, P = 0.001; Fig. 3G; Supple-
mentary Table S6), as detected by whole-genome sequencing
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Multiplexed Gene-Edited Mouse Models of Richter Syndrome

(WGS) analysis of a subset of cases [S del(13q)-CLL, 2 CLL/
RS 5-plex, 2 CLL/RS 6-plex, and 8 RS cases]. Common to
most samples, we observed amplification of chromosomes
(chr)15 (16 of 17 cases) and 17 (11 of 17), similar to previ-
ously reported genetically engineered CLL models (2-4).
Loss of chr12 and chr16 was commonly observed in RS (6
of 8 cases, and 4 of 8 cases, respectively) and in CLL/RS
6-plex (2 of 2), whereas deletion of chr8 (5 of 8 cases) and
amplification of chr10 (4 of 8) were unique to RS (Fig. 3H;
Supplementary Fig. S4B). These regions contain frequently
amplified putative human disease drivers, including Myc
(chr1S), Cend3 (chrl7), and Cdk family genes (chrl0),
whereas the frequent human LOF lesions Dnmt3a (chrl2)
and Irf2bp2 (chr8) were part of recurrently deleted regions
(Fig. 3H, right). We also identified a single-nucleotide vari-
ant (SNV) in the histone modifier Setd2 in 1 RS case (Sup-
plementary Fig. S4C; Supplementary Table S7). All these
represent recurrent putative drivers in human RS genomic
data sets (13), confirming the high level of faithfulness of
these mouse models to human disease.

Key RS Pathways Revealed by Murine RS
Transcriptomes Show Similarity with Human RS

To understand the molecular events underlying lymphoma
transformation, we evaluated the transcriptional profiles of
flow-sorted del(13q)-CLL (n = 5), CLL/RS (n = 4), RS cases
(n = 11), and normal B-cell control splenocytes (n = 4) from
age-matched wild-type animals. We prioritized the analy-
sis of CD45.1 mice, to be able to assess changes resulting
from transformation occurring in an immune-competent
environment. Using ANOVA, we identified 1,662 genes that
were differentially expressed among the 4 different histo-
logic groups (FDR < 0.1; Supplementary Table S8); this
analysis revealed RS cells to have a distinct expression pro-
file (Fig. 4A). Notably, RS cases showed upregulation of
pathways involved in cell survival and proliferation (ie.,
E2F/MYC targets, G,-M checkpoint) and downregulation
of immune response genes (i.e., IFNy response, IL6/JAK/
STAT3, and IL2/STATS signaling; Fig. 4B; Supplementary
Fig. S5A; Supplementary Table S9). Consistently, pairwise
comparisons revealed distinct expression profiles between
RS and CLL (682 upregulated and 999 downregulated genes,
FC > 2, FDR < 0.05), whereas CLL/RS cases showed similarity
to both RS and CLL (43 upregulated and 82 downregulated,;
133 upregulated and 280 downregulated genes, respectively;

<

Supplementary Fig. S5B; Supplementary Table S10), indica-
tive of ongoing transcriptional reprogramming associated
with disease transformation.

To further confirm the consistency of our mouse mod-
els to human disease, we assessed transcriptional similar-
ity of the murine RS tumors to S primary TP53-deleted
human RS samples for which matched antecedent CLL
RNA sequencing (RNA-seq) was available (Supplementary
Table S2). As for the murine tumors, human RS cases were
highly enriched for upregulated E2F targets and cell cycle-
related pathways, whereas IL2/STATS signaling and DNA
damage response were predominantly downregulated (Sup-
plementary Fig. S5C; Supplementary Tables S9 and S11).
Of note, when mapping murine RS signatures (per Fig. 4A)
to human differentially expressed genes in RS versus paired
CLL (n = 1,413 upregulated and n = 534 downregulated
genes per Supplementary Table S11), we identified 157
signature genes (97 upregulated and 60 downregulated)
that were concordantly dysregulated between murine and
human lymphoma, including upregulated cell cycle regu-
lators (i.e., CDK1, CCNA2, AURKB), and downmodulated
immune signaling adapters (i.e., CD74, ITGB7, r = 0.80,
P < 0.0001; Fig. 4C; Supplementary Table S12). E2F/MYC
and mTORCI signaling were consistently observed as top
upregulated pathways in RS bulk transcriptomes compared
with paired antecedent CLL in a recent report (15), which
we further confirmed through comparative transcriptomic
analysis of 107 CLL (4) and 36 independent RS cases (by
Enrichr, FC > 2, FDR < 0.001; Supplementary Table S13;
ref. 13). Gene set enrichment analysis (GSEA) revealed the
enrichment of upregulated human RS signatures in upregu-
lated genes of murine RS versus del(13q)-CLL (Fig. 4D, top;
Supplementary Table S10), whereas downregulated human
RS signatures were significantly enriched in downregulated
genes of murine RS, suggesting global transcriptome similar-
ity (Fig. 4D, bottom). Conversely, comparing the murine sig-
natures to human data, we identified positive enrichment of
the murine signatures in human RS versus CLL (Supplemen-
tary Fig. S5D), but not in human RS versus de novo DLBCL
[36 clonally related RS vs. 28 de novo DLBCLs from Broseus
et al. (16); Supplementary Fig. SSE], confirming clonally
related human and murine RS as representing distinct enti-
ties from de novo DLBCL. Altogether, these analyses support
the existence of remarkably similar evolutionary paths for
histologic transformation between the two species.

Figure 3. Coselection of combinatorial traits is associated with RS transformation. A, Heat map showing CRISPR-edited lesions (in preleukemic
normal B cells and at euthanasia) in relationship with disease pattern, recipient strain, and the number of introduced LOFs. Cases for which longitudinal
CRISPR-seq, single-cell DNA-seq, WGS, and BCR-IGHV analyses were performed are indicated in green. Percent cases carrying clonal mutations (>85%
indels) are shown in the bar diagram (blue, CLL; purple, CLL/RS; red, RS). B, Total number of clonal drivers in all cases with CLL (n=21), CLL/RS (n=18),
and RS (n=25). P value, ANOVA with Tukey correction for multiple comparisons. C, The proportion in which a recurrent driver is found as clonal or sub-
clonal across the CLL, CLL/RS, and RS samples is provided (top), along with the individual % indels values (and group medians, horizontal lines) for each
sample. P, Fisher exact test comparing the proportions of clonal and subclonal events in CLL versus CLL/RS or CLL versus RS, with Bonferroni correction
for multiple comparisons. D, Number of mice carrying individual or selected combinations of clonal drivers, as analyzed by bulk CRISPR-seq at euthana-
sia. E, Longitudinal clonal trajectories of gene edits as analyzed by CRISPR-seq in 4 RS cases. Pre-leuk, preleukemic B cells. Clonality thresholds of 85%
presence of indels are indicated by the horizontal dotted black line. Filled lines, clonal drivers; dotted lines, subclonal. F, Modification rates across single
cells for the six on-target loci (columns) using single-cell amplicon sequencing. Splenocytes from 2 CLL/RS (n=2,499 and 829) and 2 RS cases (1=4,018
and 505) were sampled at euthanasia. A scale bar ranging from 0% (blue color) to 100% (red color) modifications is shown. G, Total number of chromo-
somal amplifications and deletions (right bars) in all cases with CLL (n=5), CLL/RS (n=4), and RS (n=8) analyzed by WGS. P value, ANOVA with Tukey
correction for multiple comparisons. H, Overlay of copy-number profiles from 5 del(13q)-CLLs, 2 CLL/RS 5-plex, 2 CLL/RS 6-plex, and 8 RS samples, as
analyzed by WGS. The y axis shows the mean copy-number variant (CNV) ratio within a running window of 1-Mb pairs in each chromosome within the dif-
ferent cohorts. Recurrent human and murine RS drivers are indicated in the figure.
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Multiplexed Gene-Edited Mouse Models of Richter Syndrome

Given the unique enrichment of Mgs and Chd2 clonal
lesions in RS cases, we asked whether these driver genes were
implicated in the transcriptional reprogramming occur-
ring in CLL cells on their path to RS transformation. To
this end, we reanalyzed existing Chromatin Immunopre-
cipitation followed by sequencing (ChIP-seq) data of MYC
(which shares transcriptional targets with Mgg; refs. 17-19)
and of CHD?2, generated from the mouse CD5* Bla-derived
B-cell lymphoma cell line CH12 (20), as well as RNA-seq
data originating from our murine RS cases carrying clonal
Mga or Chd2 mutations (n = 4/group) compared with del(13q)-
CLL. Using the tool CistromeGO (21), which integrates ChIP-
seq and RNA-seq data sets to provide functional enrichment
analysis of ChIP-seq peaks, we identified targets most likely to
be directly affected by Mga or Chd2 loss (Fig. 4E and F; Supple-
mentary Tables S14 and S15). As expected, the top 500 targets
affected by Mga loss were mostly enriched for upregulated
MYC targets, but also for downregulated IFNy response genes
(Fig. 4G; Supplementary Fig. SSF; Supplementary Tables S14
and S16). In contrast, the top 500 targets affected by Chd2 loss
were highly enriched for upregulated E2F targets, and down-
regulated genes were involved in IFNy and IFNa response and
IL2/STATS signaling (Fig. 4H; Supplementary Fig. S5G, Sup-
plementary Tables S15 and S16).

We confirmed diminished interferon responsiveness of RS
through immunoblotting for STAT1 and STAT3 phospho-
rylation, after in vitro IFNa and IFNy stimulation compared
with normal B and CLL cells of 3 independent animals per
group (P < 0.04; Fig. 41 and J; Supplementary Fig. SSH-SSI).
Consistent with diminished in vivo interferon signaling, we
detected diminished baseline HLA class I and II expression on
the surface of murine RS cells compared with CLL or normal
B cells by flow cytometry (P < 0.003; Fig. 4K). Of note, class I
(HLA-A, -B, -C) and the most common class II family genes
(HLA-DR, -DQ) were downmodulated in human RS RNA-seq
data, compared with antecedent CLL (P < 0.03, Fig. 4L;
and recently confirmed by paired bulk transcriptomes from
Nadeu and colleagues, ref. 15), again confirming cross-species
evolutionary similarities.

Tonic PI3K Signaling Is a Characteristic Feature
of RS

Given the strong MYC/mTOR transcriptional activity typi-
cal of human and murine RS, we reasoned that constitutive
activation of the PI3K/mTOR signaling pathway could be a
characteristic feature of RS. We therefore examined baseline
expression and phosphorylation of AKT and S6, alongside

¢-MYC and the PTEN phosphatase by immunoblotting in 5
del(13q)-CLL, 6 CLL/RS, 12 RS primary murine splenocyte
samples and 14 human primary or patient-derived xeno-
graft (PDX)-derived RS (characterized by FISH and/or TP53
targeted sequencing; Supplementary Table S2; refs. 22, 23;
Fig. 5A; Supplementary Fig. S6A). PTEN is a well-known neg-
ative regulator of AKT activity, and its protein levels can be
diminished in the presence of aberrant MYC activity (24, 25).
As anticipated, we observed constitutive baseline phosphoryl-
ation of AKT and/or S6 kinases in most murine and human
RS specimens (P < 0.02; Fig. 5B) and an inverse correlation
between ¢-MYC and PTEN expression levels in murine and
human RS (P = 0.05; Fig. 5C). Through our murine analyses,
we additionally identified the Ptpn6 gene (encoding for the
protein tyrosine phosphatase SHP1, a negative PI3K signal-
ing regulator; ref. 26) as a putative target of CHD2, down-
modulated in the presence of Chd2 mutation, as inferred by
CistromeGO (Fig. SD; Supplementary Table S15). Indeed,
Ptpn6 and SHP1 expression appeared lower at both the RNA
and protein levels, respectively, in clonal Chd2-mutant murine
RS, when compared with cases carrying subclonal or absent
mutation (P < 0.01; Fig. SE and F; Supplementary Fig. S6B
and S6C). In line with these results, we observed increased
baseline accessibility (i.e., deviation z score) of the transcrip-
tion factor 3 (TCF3), which may contribute to enhanced
PI3K signaling by downregulating SHP1 and upregulating
BCR signaling components (27), in single-cell assay for trans-
posase-accessible chromatin using sequencing (scATAC-seq)
analysis of murine RS, compared with del/(13q)-CLL and to
normal BM and SP from a wild-type B6 mouse (P < 0.0001,
Fig. 5G and H; Supplementary Fig. S6D; ref. 28). Similarly, an
increased baseline accessibility of TCF3 transcription factor
motifs was detected in LN and peripheral blood mononuclear
cells (PBMC) from a TP53-deleted RS patient (29), when com-
pared with matched antecedent CLL (P < 0.0001; Fig. SI-J).
Consistent with aberrant PI3K signaling, the mean expres-
sion of 114 PI3K signature genes (i.e., PI3K score; ref. 30)
was increased upon RS transformation (P < 0.02; Fig. 5SK), in
murine and paired human RNA-seq data sets. In support of
cross-talk between the MYC and PI3K signaling axes in trans-
forming disease, we identified a consistent correlation of the
PI3K score with the mean expression of 192 MYC signaling
genes (i.e., MYC score; ref. 31) in both murine and human RS
(Fig. 5L, P < 0.0001, including 37 primary cases with known
TPS3 status). All these lines of evidence point to the synergis-
tic activity of MYC/PI3K signaling as a feature of human and
murine RS.

<

Figure 4. Murine transcriptomes show strong similarity with human disease. A, Heat map of differentially expressed genes among the four different
groups of mice (4 normal B, 5 del(13g)-CLL, 4 CLL/RS, and 11 RS). ANOVA FDR < 0.1 was used as a cutoff. B, Signaling pathways enriched for the differen-
tially expressed genes in A. C, Concordantly modulated genes in human and murine RS and respective functional categories. P, Pearson correlation. D, Gene
set enrichment plots showing the correlation of human RS versus CLL gene sets (upregulated, top; downregulated, bottom plot) in murine RS versus CLL
data. NES, normalized enrichment score; FDR, false discovery rate. E, Representative IGV tracks of MYC ChIP-seq and RNA-seq data of two MYC/MGA
top targets in Mga-mutant RS and del(13q)-CLL. F, Representative |GV tracks of CHD2 ChIP-seq and RNA-seq data of two CHD2 top targets involved in
the interferon y pathway in Chd2-mutant RS and del(13q)-CLL. G, Log,FC [RS vs. del(13g)-CLL] of MGA targets included in MYC targets and IFNy response
categories. The top 500 MGA cistromeGO targets were used in the analysis. H, Log,FC [RS vs. del(13q)-CLL] of CHD2 targets included in E2F targets and
IFNy response categories. The top 500 CHD2 CistromeGO targets were used in the analysis. I, Immunoblot analysis of phospho-STAT1 and STAT3 (and
respective totals), after 5- and 15-minute stimulation with soluble IFNo and IFNy. One representative normal B-cell, del(13q)-CLL and RS sample is shown.
GAPDH was probed, as control. J, Relative abundance of P-STAT1 and P-STAT3 levels across the three replicates of normal B cells, CLL and RS samples.
Mean with SEM is displayed. P, ANOVA. K, Bar plot showing HLA class | and Il MFI ratios (compared with isotype controls), as assessed by flow cytometry
on normal B, del(13q)-CLL and RS cases (n=5/group). Mean with SEM is displayed. P, ANOVA. L, Mean expression levels (in transcripts per million) of class
I (HLA-A, -B, -C) and class Il family (HLA-DR, -DQ) on RNA-seq data from 5 human CLL and matched RS cases. P, paired t test.
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MYC/mTOR/PI3K Signaling Is a Key Vulnerability
of RS

To interrogate therapeutic vulnerabilities of RS, we exposed
7 CLL, 3 CLL/RS, 12 RS primary splenocyte samples, and 5
human primary RS cases to a panel of 9 compounds targeting
key prosurvival pathways of CLL and RS in vitro for 24 hours
followed by the CellTiter-Glo assessment of cellular viability
(Fig. 6A; see Methods for drug concentrations). We observed
strong sensitivity of human RS and murine RS and CLL/
RS samples to the BRD4 inhibitor JQ1, the mTOR inhibi-
tor everolimus, the PI3Kyd inhibitor duvelisib, the CDK4/6
inhibitor palbociclib, and the Aurora kinase inhibitor ali-
sertib, compared with del(13q)-CLL (P < 0.04; Fig. 6B). In
contrast, murine and human RS exhibited reduced response
to the chemotherapeutic agent fludarabine (P = 0.04; Supple-
mentary Fig. S7A). Overall, modest sensitivity to BTK kinase
inhibition by ibrutinib and acalabrutinib and similar sensitiv-
ity to BCL2 inhibition by venetoclax were detected in murine
and human RS samples (Supplementary Fig. S7B). Of note,
the levels of baseline AKT and S6 phosphorylation (detected
by immunoblotting, including 10 additional human primary
RS cases from Fig. 5A) correlated with increased response
to duvelisib and everolimus, respectively, indicating the
increased efficacy of these compounds in samples carry-
ing higher PI3K/mTOR baseline pathway activity (P = 0.004;
Fig. 6C and D). The efficacy of single-agent palbociclib and
alisertib was modest in secondary NSG-based transplant
models (P = 0.002; Supplementary Fig. S7C). Combinato-
rial treatments with duvelisib-based combinations (with
either everolimus or JQ1) reduced MYC expression in vitro
(P = 0.003; Fig. 6E; Supplementary Fig. S7D and S7E) and
diminished RS cell survival both in vitro (P < 0.0004; Fig. 6F)
and in vivo, in transplantable models (P < 0.001 across all
comparisons, Fig. 6G), without impacting body weight (Sup-
plementary Fig. S7F). These studies confirm MYC/mTOR/
PI3K as key vulnerabilities and actionable targets of RS.

DISCUSSION

In B lymphoid tumors, notable well-acknowledged diffi-
culties in genetic manipulation of B cells have thus far largely
challenged functional genomic analyses and complex dis-
ease modeling. We herein report the generation of a unique
system that reliably recapitulates cooccurrence and clonal

evolution of combinatorial lesions in B cells in vivo, thus
broadening the applicability of multiplexed CRISPR-Cas9
gene editing beyond epithelial cell cancers (32-34) and acute
myeloid and erythroid malignancies (35-37). Through our
platform, we were able to model clonal evolution and his-
tologic switch in lymphoid malignancies, gaining unique
insights into the molecular mechanisms and therapeutic
vulnerabilities associated with the evolution of indolent
CLL into RS. Molecular mechanisms underlying transfor-
mation into RS have been thus far largely unknown because
of the lack of cell lines, paucity of primary patient material
for functional analyses, and limited availability of geneti-
cally engineered mouse models faithful to the step-wise
evolution of human indolent malignancy. Indeed, RS PDXs
(22) do not allow studies of disease transformation from
antecedent CLL. Similarly, the few cases of RS transforma-
tion reported in Eu-TCL1-based crosses (i.e., the most com-
monly used CLL model; ref. 38) in the context of expression
of high-risk alterations (i.e., Trp53, Akt, and Cdkn2a/b; refs.
39-41) cannot faithfully recapitulate evolution from indo-
lent CLL, because TCL1 is inherently not a CLL-specific
genetic lesion, and can alone induce aggressive disease.

By analyzing combinatorially edited CLL and RS mice,
generated through the CRISPR-Cas9 gene editing of
del(13q)-expressing hematopoietic stem cells with B cell-
restricted CLL LOF lesions, we demonstrated coselection of
Trp53, Mga, and Chd2 mutations on the path to transforma-
tion, with a key role for Trp53 in facilitating the clonal evo-
lution of cooccurring traits, and that Mga/Chd2 mutations
were associated with dysregulated MYC/E2F and interferon
signaling. Our system uniquely demonstrates that when
a diverse pool of gene edits is introduced in maturing B
cells, only a limited set of assortments of combinations of
lesions (primarily Trp53, Mga, and Chd2) undergo clonal
selection upon transformation; these data strongly support
the notion that only a restricted set of coselected drivers
are enriched on the path to RS. These findings align with
the strong prevalence of TP53 mutation in human RS
(13, 15, 42-44), and with the notion that MGA functions as
an MYC suppressor and is frequently lost in RS (13, 15, 45).
In an independent human study characterizing 97 human
RS cases, the prevalence of TP53-mutated RS was 61%
[combining TP53 mutation and del(17p) frequency]; total
MGA inactivation was ~29% [18% focal deletion (15q.15.1),

-

Figure 5. Tonic PI3K signaling is a characteristic feature of RS. A, Immunoblot analysis of 12 murine RS and 14 human RS cases, assessed for baseline
expression of c-MYC, PTEN, and phosphorylation and total expression of AKT and S6 kinases. GAPDH is shown as a loading control. Separate gels, run
concomitantly, were used for the analysis. B, Heat map of relative phosphorylation intensities in AKT and S6, as analyzed by Western blot in del(13q)-
CLL (n=5), CLL/RS (n=6), RS (n=12), and human RS (n=14). P, ANOVA. C, Linear regression of c-MYC and PTEN protein expression levels (normalized
to GAPDH) in 12 murine and 14 human RS cases. P, Pearson correlation. D, Representative IGV tracks of Chd2 ChIP-seq and RNA-seq data of the Ptpn6
gene region from one representative normal B, one del(13q)-CLL, one Chd2-wt RS, and one clonal Chd2-mut RS case. E, Western blot analysis of SHP1
levels in primary murine RS carrying either wild-type (WT) or clonal Chd2 mutation (MUT). GAPDH is displayed, as control. F, Relative SHP1 expression
(normalized to GAPDH) in 5 murine RS carrying subclonal/wt Chd2, and 5 cases carrying clonal ChdZ lesions. Mean with SEM is displayed. P, Mann-Whit-
ney. G, Annotation of Uniform Manifold Approximation and Projection (UMAP) representation of single-cell chromatin accessibility profiles by cell type
of murine data (left). B cells (black), CLL (blue), and RS (red) cells, T cells (brown), myeloid (gray), and erythroid (beige) compartment and deviation scores
of TCF3 transcription factor motifs in murine data sets (right). H, Distribution of deviation z-scores of murine TCF3 binding motif across T cells, B cells,
CLL, and RS. Median and interquartile ranges are displayed. P, ANOVA with Tukey correction for multiple comparisons. I, Annotation of UMAP representa-
tion of human single-cell chromatin accessibility profiles by cell type (left). B cells (black), CLL (blue), RS (lymph node, red; BM and PB, dark pink) cells, T
cells (brown), and deviation scores of TCF3 transcription factor motifs (right). J, Distribution of deviation z-scores of human TCF3 binding motif across T
cells, B cells, CLL, and RS. Median and interquartile ranges are displayed. P, paired t test. K, PI3K signature gene expression in the 4 normal B, 5 del(13q)-
CLL, 4 CLL/RS, and 11 RS murine cases (mean with SEM) and in the 5 paired CLL/RS samples, analyzed by RNA-seq. P (murine), ANOVA; P (human), paired
t test. L, Correlation between PI3K scores and MYC scores in the 4 CLL/RS and 11 RS murine cases and 37 human RS analyzed by RNA-seq. P value,

Pearson correlation.
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Figure 6. MYC/mTOR/PI3K signaling are targetable vulnerabilities of RS. A, Summary heat map of drug treatment studies of murine primary sple-
nocytes [7 del(13q)-CLL, 3 CLL/RS, and 12 RS] and 5 human RS cases. Percent (%) viability compared with the DMSO control is displayed. B, Bar plots
showing percent (%) viability after JQ1, everolimus, duvelisib, palbociclib, and alisertib treatment. Mean with SEM is displayed. P, ANOVA. C, Correlation
between response to duvelisib (% viability) and phospho-AKT levels, as detected by immunoblot in 5 del(13q)-CLL, 2 CLL/RS, 8 murine RS, and 14 human
RS cases. P, Pearson correlation. D, Correlation between response to everolimus (% viability) and phospho-S6 levels on the same set of samples per C,
as detected by immunoblot. P, Pearson correlation. E, Immunoblot assessment of c-MYC expression levels following a 12-hour treatment with single-
agent duvelisib, everolimus, JQ1 or respective duvelisib-based combinations. One representative mouse and human samples are shown and GAPDH is
used as loading control. F, Percent (%) viability normalized to DMSO control of 4 murine and 3 human RS primary specimens treated for 40 hours with
single-agent duvelisib, everolimus, JQ1, or respective duvelisib-based combinations. Mean with SEM is displayed. P value, ANOVA with Tukey correction
for multiple comparisons. G, Transplant schema for combination treatment studies and survival curve of NSG mice transplanted with RS splenocytes

and then treated with 50 mg/kg duvelisib, 10 mg/kg everolimus, or combination (left), or 50 mg/kg duvelisib, 50 mg/kg JQ1, or combination (right) for 2
weeks followed by observation until survival endpoints. P values, log-rank test with Bonferroni correction for multiple comparisons. The pink shaded area
indicates the treatment period.
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Multiplexed Gene-Edited Mouse Models of Richter Syndrome

11.3% frameshift mutation], thus more prevalent than MYC
amplifications (~14%); and CHD2 frameshift mutations
were captured in 5.2% cases (13). Importantly, the modeled
combinatorial assortments showed significant copresence
in human RS, with 19 of 97 (19.6%) cases with cooccurring
TP53/MGA, 3 0f 97 (3.09%) with TP53/CHD2, 2 of 97 (2.06%)
with TP$3/MGA/CHD2, and 1 case with MGA/CHD?2 lesions
in the absence of TP53 loss (13). Another recent study also
reported chromothriptic events targeting (among others)
TP53 and/or MGA and CHD2 lesions in 2 of 19 (10.5%)
analyzed cases, and diminished expression levels of CHD2 in
transformed disease, again confirming the relevance of loss
of these genes in RS transformation (15). Aside from TPS3,
one of the most frequent human RS drivers is NOTCH1
(mutated in ~39% cases; ref. 13); we note that mut-NOTCH]I
occurs primarily as a 2-bp deletion, leading to truncation
of a small C-term domain of the protein; thus, it cannot be
efficiently modeled through S. piogenes Cas9-based meth-
ods (i.e., those used in the current study), which generally
introduce random indels up to 15 base pairs downstream
or upstream of the sgRNA cut site. Modeling of NOTCH1
mutations is a priority for future studies, which will require
incorporating base editing approaches to more feasibly
introduce this type of alteration. A limitation of our study
is the inability to control the timing of mutational acquisi-
tion, because all lesions are introduced upon Cd19-driven
Cas9 expression during early and throughout mature B-cell
development; this aspect will be overcome in future studies
by using inducible (i.e., Tet-based) and/or alternative condi-
tional approaches (i.e., Dre-lox).

In contrast to GC-derived B-cell lymphomas (46), and
consistent with previously published CLL models (2-4, 38),
our RS tumors invariably expressed unmutated immuno-
globulins, similar to the majority of human RS (11, 13,
42-44), and indicative of a lack of somatic hypermutation,
and therefore of a cell of origin that has not yet transited
the GC reaction. We, therefore, propose a model whereby
strong MYC-driven signals occurring in tumor cells prior
to GC entry facilitate the acquisition of transcriptional
and functional programs similar to GC-derived B-cell lym-
phomas, including diminished PTEN expression and TCF3
activation, which ultimately facilitate tonic PI3K/mTOR
signaling (47, 48). One of the known mechanisms underly-
ing PTEN downregulation is upregulated expression of the
mir-17/92 cluster (25), resulting from aberrant MYC signal-
ing. The strong MYC activity typical of human and murine
RS and the focal amplification of the mir-17/92 cluster
observed in ~9% human RS (13) support this explanation.
We here also propose an association between the presence of
Chd2 mutations and diminished SHP1 phosphatase expres-
sion, another key regulator of PI3K activity (26), in line with
the notion that Chd2 mutation interferes with chromatin
remodeling in human CLL cells (49). Besides downregu-
lated phosphatase activity, tonic PI3K signaling could also
stem from autonomous BCR signaling activity, as previ-
ously proposed for CLL (50), albeit this aspect remains to
be functionally validated. The predominant role of MYC in
our model, the frequent mutual exclusivity of NOTCHI and
MYC mutations in human RS (51), and the functional inter-
dependence of the NOTCH-MYC signaling axis (52) may

explain the absence of a predominant NOTCH signature
in these mice. Consistent with the strong synergy between
MYC and PI3K signaling activity, our drug treatment stud-
ies point to the strong efficacy of combination therapy of
PI3K-targeted agents with MYC/mTOR inhibitors, which
jointly reduce MYC expression. The stronger efficacy of
PI3K/mTOR inhibitors in cells carrying higher baseline
signaling activity supports opportunities for combinatorial
treatments in the context of mutation and/or biomarker-
based selection of RS cases, using novel targeted agents.
This aligns with ongoing clinical trials exploring duvelisib
and copanlisib (pan-PI3K inhibitor)-based combination
treatments in RS (NCT03534323 and NCT03892044), with
promising results despite short follow-up (53).

The predominant incidence of RS disease in immuno-
competent models may be at least partly explained by the
lack of CD4* T cells and of fully functional monocyte/mac-
rophages in NSG mice, given their known relevance in CLL
development and progression in mouse models (54, 55). The
generally increased lifespan of CD45.1 recipients (up to ~24
months compared with ~15 months for NSG) also allows
for a prolonged time frame for both genetic and microenvi-
ronmental factors to contribute to disease transformation.
While our findings shed light on tumor-intrinsic changes on
the path to transformation, the immune-competent nature
of the CD45.1-based models opens future opportunities to
dissect immune-microenvironmental composition and func-
tion at different disease stages, and to analyze responses to
novel immunotherapies.

Overall, this study demonstrates the feasibility of mod-
eling complex disease phenotypes by multiplexing relevant
disease drivers in a lymphoid setting and advances the
ability to dissect mechanistic biology and therapeutic vul-
nerabilities underlying disease transformation in a B-cell
context. The remarkable similarity with human disease ren-
ders this platform unique for the study of lymphoma biol-
ogy and therapy. The success of our approach now creates
a road map applicable across B-cell malignancies, opening
new opportunities for in vivo modeling of complex cooccur-
ring traits more broadly.

METHODS

Generation of Multiplexed Mouse Models

All animal protocols were approved by the Institutional
Care and Use Committee of the Dana-Farber Cancer Institute
(DECI). We generated del(13q)-Cd19cre/cre mice (deposited as
JAX ID: 037070) by interbreeding MDR mice [JAX ID: B6.129S1-
Is(14)2Rdf/J; MDR represents the minimally deleted region of
murine chr14, syntenic to human del(13q); ref. 2] with Cd19cre/cre
mice (JAX ID: B6.129P2(C)-Cd19'™19Cen/1): similarly, we generated
del(13q)-Cas9/Cas9 (deposited as JAX ID: 037071) by interbreeding
MDR mice with homozygotes Cas9/Cas9 mice (JAX ID: B6J.129(Cg)-
Gt(ROSA)26Sorm1(CAG-cas9"-EGFP)Fezh /Ty “\We then interbred del(13q)-
Cd19cre/cre with del(13q)-Cas9/Cas9 to obtain del(13q)-Cd19Cas9
[i.e., expressing B cell-restricted del(13q) and Cas9-GFP] BM donors
for all transplant cohorts. Forty del(13q)-Cd19Cas9 mice were also
longitudinally observed and monitored for disease development.
BM cells were extracted from 8- to 12-week-old donors, and hemat-
opoietic progenitors were enriched (EasySep Mouse Hematopoi-
etic Progenitor Cell Enrichment kit, STEMCELL Technologies).
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Lineage™ Sca-1* c-Kit" (LSK) cells were then isolated by cell sort-
ing, with Pacific-Blue anti-Lineage (RRID: AB_11150779), PE anti-
mouse Sca-1 (clone D7, RRID: AB_313345), and APC anti-mouse
c-Kit (clone 2B9, RRID: AB_313221) antibody staining performed
in the presence of FcR blocking antibodies (clone 93, all from Bio-
Legend). Isolated LSKs were precultured at 20,000 cells/mL in vitro
at 37°C for 1 hour in StemSpan (STEMCELL Technologies) supple-
mented with 50 ng/mL mTPO and 50 ng/mL mSCF (PeproTech),
prior to transduction with pooled high-titer lentivirus expressing
sgRNAs against the target genes of interest (Atm: 5""-TGGATCACG-
GAGTACATCCA-3"; Trp53: 5'-GAGCGCTGCTCCGATGGTGA-3";
Chd2: 5'-AAGCAACCTAAGATTCAGCG-3"; Samhd1: 5’-CCTCCGAA
CCTGGGAACCGG-3"; Birc3: 5’-AAAGTCATACTTCAACTCAA-3';
Mga: 5'-AAGTAAAAGTATGAACACCG-3’) or nontargeting scramble
controls (nt-1: 5-AACTCGCGTGGGAAGTCCGG-3; nt-2: 5’-CAAC
CTGCCTAGCGACCCGC-3"; nt-3: 5-GTGGTTACGTTAACGACT
AC-3’;nt-4: 5 TTGGCGGCTCGCTCCTGCGT-3"; nt-5: 5-GCTTAC
CTACTCCGCCCCGC-3’;nt-6: 5-GTCTTCACAGGGTGCAACGA-3’).
After overnight incubation, cells were harvested, washed twice in
PBS-10% FBS, then resuspended in PBS, and injected at 20,000 LSK
cells/recipient in 100 uL PBS. Each animal also received 200,000 BM
“helper” cells (i.e., unsorted hematopoietic progenitors). Female 8-
to 12-week-old CD45.1 (JAX ID: B6.SJL-Ptprc *Pepc®/Boy]) recipient
mice were preconditioned with 400 rads split dose, whereas female
8- to 12-week-old NSGs (JAX ID: NOD.Cg-Prkdc *¢112rg"™Vil/Sz])
received 125 rads split dose irradiation, 1 day prior to LSK transfer.
The presence of sgRNAs in individual LSKs was evaluated at 72
hours after transduction, by plate-sorting of mCherry" LSKs fol-
lowed by single-cell QPCR-based analysis on the Fluidigm Biomark
platform, as previously described (14).

Human CLL and RS Samples

CLL and RS samples were collected through sample collection
protocols from DFCI, Weill Cornell Medicine, and the University
of Ulm in Germany. RS-PDX-derived specimens (either subcutane-
ous or intraperitoneal tumor) were generously gifted by Drs. Silvia
Deaglio and Tiziana Vaisitti from the University of Torino, Italy, and
previously reported (22, 23). All biospecimen collection protocols
were conducted after obtaining written informed consent from the
patients in accordance with the principles of the Declaration of Hel-
sinki and with the approval of the Institutional Review Boards (IRB)
of the respective institutions. Detailed patient and sample charac-
teristics are provided in Supplementary Table S2. Cryopreserved pri-
mary RS (splenocytes, nodal preparations, BM aspirate, or circulating
lymphocytes; RS7, RS12-21), or PDX-passaged RS cells (RS 8-11)
were thawed in prewarmed complete RPMI and incubated at 37°C
for 30 minutes prior to use for downstream analysis. The viability of
all utilized preparations was >85%.

CRISPR-seq of Murine Gene Edits

To assess the presence of gene editing, B cells were isolated from
the PB of animals by cell sorting at 4 months after transplant and
at euthanasia. DNA was isolated via the Qiagen DNAeasy Micro-
Kit and amplified by multiplexed PCR, as previously described
(14). Ten nanograms of genomic DNA was amplified by PCR,
as follows: 1 cycle of 1 minute at 98°C, 35 cycles of 98°C for 15
seconds, 65°C for 30 seconds, 72°C for 30 seconds, and 1 cycle of
5 minutes at 72°C. The primers targeted a 200-bp region flank-
ing the sgRNA cut site (14). The PCR product was then purified
and submitted for DNA-seq though the Massachusetts General
Hospital (MGH) DNA core. FASTQ files were processed by CRIS-
PResso2 (12) software analysis to quantitatively and qualitatively
assess the presence of gene edits in individual samples. The pres-
ence of CRISPR-induced mutations was defined as > 0.1% indels
(lower limit of detection of CRISPResso2) and clonal lesions

defined as those with >85% indels, consistent with the cancer cell
fraction (CCF) cutoff (i.e., CCF > 85%) we previously reported
(8). Comparisons between the proportion of cases in which the
LOF-mutated driver was found as clonal or subclonal across
the 3 disease entities were performed using the Fisher exact test
with Bonferroni correction for multiple comparisons. Change
between preleukemia and euthanasia samples was assessed for
each gene with a two-sided Wilcoxon signed-rank test. Differences
between paired samples were categorized as a decrease (£10%), an
increase (210%), or stable otherwise, consistent with the previ-
ously reported CCF > 10% threshold (8). For each gene, a one-
sided exact binomial test was performed to assess whether the
proportion of each category (decrease, increase, and stable) sig-
nificantly exceeded 0.5; false discovery rate was controlled using
the Benjamini-Hochberg method with a significance threshold of
0.1. Mission Bio Tapestri single-cell DNA-seq detection of CRISPR
edits on murine splenocyte preparations was performed according

to previously published methodology (14).

Disease Blood Monitoring in Mouse Cohorts and Secondary
Engraftments

Mice were monitored at least every 4 months starting at 4 months
after transplant by submandibular blood draws followed by flow
cytometry. One-hundred microliters of blood was collected from
mice into EDTA-containing tubes. Erythrocyte lysis was carried out
by incubating the blood in 1 mL of ammonium-chloride-potassium
(ACK) lysis buffer for 5 minutes and then washing with PBS supple-
mented with 2% FCS and 2 mmol/L EDTA. Cells were then stained
with the following antibodies (all from BioLegend): BV711 anti-mouse
CD45.2 (clone 104, RRID: AB_2616859), Pacific-Blue anti-mouse
B220 (clone RA3-6B2 RRID: AB_492876), APC anti-mouse Cd11b
(clone M1/70, RRID: AB_312795), APC-Cy7 anti-mouse CD3 (clone
17A2, RRID: AB_2242784), PE-Cy7 anti-mouse CDS (clone 100622,
RRID: AB_2562773), and Alexa700 anti-mouse Igk (clone RMK-45,
RRID: AB_2563583) for 15 minutes at 4°C. Next, cells were washed
and analyzed using flow cytometry. GFP (Cas9) and Cherry (sgRNAs)
were used as intracellular markers for edited B cells. CLL was defined
by the presence of at least 2% GFP*mCherry"B220*CDS*Igk* circu-
lating disease with most (55 of 64 animals) showing the presence of
greater of equal 5% circulating cells at disease onset. Experimental
endpoints were defined as the presence of >70% tumor cells in the PB
and/or hunched posture, visible hepatosplenomegaly or lymphad-
enopathy, labored breathing, body weight loss of 15%. Secondary
grafts were generated by injecting 2 million viably cryopreserved
splenocytes from primary RS tumors into 8- to 12-week-old immu-
nodeficient recipient NSG mice. Animals were randomized for treat-
ment 1 week after engraftment by submandibular blood draw and
flow-cytometric analysis of engrafted GFP*mCherry*B220"CDS5*Igk*
cells, detected as ~10-20% circulating cells.

B-cell Purification, In Vitro Stimulation, and Flow
Cytometry

B cells were immunomagnetically selected from splenic single-cell
suspension using the MACS mouse B-cell Isolation Kit (Miltenyi
Biotec). For IFNa and IFNY in vitro stimulation, normal B, del(13q)-
CLL, and RS cells were resuspended at S X 10°/mL in complete RPMI,
then stimulated for 5 and 15 minutes with 1,000 IU/mL of ligand.
For flow-cytometric analysis of murine HLA class I and II expres-
sion, the following antibodies were used: BV 510 anti-mouse H-2Kb
(clone AF6-88.5, RRID: AB_2800584), PerCP-Cy5.5 anti-mouse
I-A/I-E (clone M5/114.15.2, RRID: AB_2191071), BV510 mouse
IgG2a, « isotype control (clone MOPC-173, RRID: AB_2734131),
and PerCP/CyS.5 Rat IgG2b, « isotype control (clone RTK4530,
RRID:AB_893677), all from BioLegend. MFI ratios were calculated
after normalization with isotype control staining.
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qPCR Analysis and Immunoblotting

cDNA was generated from murine RS RNA through Prime-
Script RT Master Mix (Takara). Ptpn6 gene expression was quanti-
fied by TagMan probe Mm00469153_m1 (Thermo Scientific), and
Gapdh through mouse Gapdh Mix 20X (Applied Biosystems), with
a 40-cycle qPCR at 60°C annealing temperature. Two —C, values
were used for analysis, and Ptpn6/Gapdb ratios were reported. West-
ern blotting was performed as previously described (3). Twenty
micrograms of protein per sample was loaded. Membranes were
probed with antibodies (all from Cell Signaling Technology, rabbit
mAbs unless otherwise stated) against phosphorylated (phospho)
STAT1 (Y701, clone 58D6, RRID: AB_561284), phospho-STAT3
(Y705, clone D3A7, RRID:AB_2491009), phospho-AKT (S473,
clone D9E, RRID: AB_2315049), phospho-S6 (T389, clone D5U10,
RRID: AB_2800283), and respective totals (STAT1, rabbit poly-
clonal; STAT3, clone D3Z2G, RRID: AB_2629499; AKT, clone
40D4, RRID: AB_329827; S6, clone 49D7, RRID: AB_390722).
SHP1, ¢-MYC, and PTEN total levels were evaluated by prob-
ing membranes with an anti-SHP1 mAb (clone C14H6, RRID:
AB_2173694), ¢-MYC (D84C12, RRID: AB_1903938), or PTEN
(D4.3, RRID: AB_2253290). A GAPDH-HRP (clone D16H11, RRID:
AB_11129865) antibody was used as a control. All antibodies
were used at a dilution of 1:1,000 overnight (except GAPDH-HRP
incubated for 2 hours followed by detection), followed by anti-
rabbit secondary antibody (1:10,000; Cell Signaling Technology)
and detection after a 5-minute incubation with SuperSignal West
Pico Chemiluminescent substrate (Thermo Fisher). Total proteins
were probed after a short stripping (5-10 minutes) of phospho-pro-
tein signals with Restore Western Blot Stripping Buffer (Thermo
Fisher). For CLL, CLL/RS, and RS baseline PI3K signaling analysis,
balanced proportions of the three sample groups were included in
every gel. Image acquisition was performed on a Bio-Rad Chemi-
doc with a 1-minute exposure time; when multiple gels were run
concomitantly, exposure was also concomitant. Image analysis was
performed by Image] and reported as the ratio between phospho-
rylated and total protein expression. C-MYC and PTEN expression
levels were instead normalized to GAPDH. In the P-STAT1 and
P-STAT3 evaluations, the 5- and 15-minute stimulation values were
averaged within each sample.

IHC and Pathology

Murine tissues were fixed in 10% buffered neutral formalin over-
night, and BM sections underwent decalcification in RapidCal
Immuno Buffer (Statlab) for 2 hours. Tissues were then paraffin-
embedded and cut into 4 um-thick sections for IHC staining. Hema-
toxylin and eosin staining, CDS/PAXS (ref. 56; CDS5, 1:300 from
Sino Biological; PAXS, RRID: AB_2798001 1:100 from Cell Signaling
Technology), Ki67 (1:800, RRID: AB_2620142; Cell Signaling Tech-
nology), MUM1 (1:500, RRID: AB_2877647; Cell Signaling Tech-
nology), BCL6 (1:1,000; Sigma), MYC (1:1,000; RRID: AB_731658,
Abcam), and CD30 (1:100, RRID: AB_2799462, Cell Signaling Tech-
nology) stainings were performed as described in the section using
standard procedures (3). SP, BM, lung, kidney, liver, and LN from
each diseased mouse were evaluated by a board-certified patholo-
gist, and analysis and classification of leukemias/lymphomas were
performed following published criteria (57, 58). CLL cases were char-
acterized by the expansion of small PAX5/CDS5 double-positive cells,
with a relatively low proliferation rate as assessed by Ki-67, predomi-
nantly adjacent to the edges of T-cell areas in the SP and small focal
infiltrates in other organs, resembling human CLL. RS cases revealed
the effacement of normal SP architecture by diffuse proliferation
of large PAXS* CDS™ed/lov MUM1* BCL6~ CD30~ cells with a high
proliferation rate resembling human RS. Large atypical cells were
also abundantly detected within other organs, including BM, liver,
lung, and kidney. Pleomorphism, large rather than intermediate size,

absence of a “starry sky” pattern, and presence of antecedent circulat-
ing small lymphocytic CD5"B220" disease ruled out both Burkitt and
de novo DLBCL diagnosis. CLL/RS cases were characterized by a con-
comitant presence of large and small lymphocytes, with at least 10%
residual CLLs in 2 or more of the analyzed organs. Cases with <10%
residual CLLs by combined flow and IHC analysis were classified in
the “RS” category. For the Ki-67 and MYC quantification, slides from
10 RS samples were scanned using Vectra 2 Intelligent Slide Analy-
sis System (Caliper LifeSciences) and analyzed with HALO Image
Analysis Software (Indica Labs). The percentage of positive cells was
assessed in three representative regions of interest, each ~300,000
pm?, per case. Human tissue samples were processed according to
CLIA-approved protocols from the hematopathology service at BWH,
Pathology Department.

BCR-IGHV Sequencing

Genomic DNA was isolated using the QIAGEN DNeasy Blood
and Tissue Kit (Qiagen) from the PBMCs of diseased mice; 500 ng of
genomic DNA per sample was used for sequencing. Sample data were
generated using the mouse-IGH immunoSEQ Assay (Adaptive Bio-
technologies). BCR repertoire analyses were performed on individual
samples using the immunoSEQ Analyzer 3.0, and sequences were
subjected to analysis using IMGT/Vquest software to define all V, D,
and J genes as well as CDR3 sequences. Mutational status was defined
as unmutated when 298% homology to germline was measured (59).

Drug Treatment Studies

For in vitro single-agent drug treatment studies, primary murine
CLL, CLL/RS, and RS samples and human RS samples were resus-
pended at 2 to 3 million/mL in RPMI 1640 supplemented with
10% FBS. After incubation for 24 hours at 37°C with 5% CO, in the
presence of either 5 pmol/L JQ1, 10 pmol/L everolimus, 10 pmol/L
palbociclib, 10 nmol/L venetoclax, 1 pmol/L ibrutinib, 5 pmol/L
acalabrutinib, 5 pmol/L duvelisib, 10 pmol/L alisertib, or 10 pmol/L
fludarabine, cell viability was measured by the CellTiter-Glo Lumi-
nescent Assay in technical duplicates, and the percentage of viability
obtained by normalizing the value from treated samples to the
DMSO vehicle control. For in vitro combination treatments, we used
suboptimal drug doses for each of the tested compounds: 1 umol/L
duvelisib, 0.5 umol/L everolimus, and 1 umol/L JQ1. Viability analy-
ses were performed after a 40-hour incubation, whereas Western
blotting for c-MYC protein detection was performed after a 12-hour
treatment to limit cellular apoptosis. For in vivo studies, everolimus
was administered at 10 mg/kg (60) orally in 30% propylene glycol, 5%
Tween-80 in water; JQ1 at 50 mg/kg by intraperitoneal injection (i.p.;
ref. 61) in 2% DMSO, 30% PEG300, 5% Tween-80 in water; alisertib
at 30 mg/kg orally (62) in 10% 2-hydroxypropyl-B-cyclodextrin in
saline; palbociclib at 50 mg/kg orally (63) in 10% DMSO and 20%
2-SBE-B-CD in saline; duvelisib at 50 mg/kg orally (64) in 10% DMSO
and 20% 2-SBE-B-CD in saline. All drugs were purchased from Sell-
eckchem and administered for 2 weeks on a 5 days on-2 days off
schedule either as single agents or combined (duvelisib + everolimus;
duvelisib + JQ1).

RNA-seq

Human RNA-seq was generated from 5 CLL/RS paired samples;
murine RNA-seq was performed on viably cryopreserved and FACS-
sorted GFP*mCherry* B220*CDSHig/Med cells from 5 del(13q)-CLL,
4 CLL/RS, or 11 RS samples. Four normal B-cell samples were
also assayed, isolated from age-matched del(13q)-Cd19Cas9 wild-
type mice. Cells were washed in cold PBS and total RNA was
extracted using a Qiagen RNAeasy kit from at least 1 X 10° cells.
Twenty nanograms of total RNA (RIN quality >9.5) was utilized
for library construction. For ¢cDNA library construction, total
RNA was quantified using the Quant-iT RiboGreen RNA Assay
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Kit and normalized to 5 ng/uL. The cDNA libraries were pre-
pared using NEBnext single-cell/low input RNA library prep kit
for Illumina (NEB, E6420), followed by ¢cDNA fragmentation
and adaptor ligation. Dual indexed PCR was performed using an
adapted method, as previously reported (65). After Ampure beads
cleaning, final sequencing libraries were quantified using a High-
Sensitivity DNA Kit on Bioanalyzer (Agilent). RNA-seq libraries
were normalized to 4 nmol/L concentration and pooled before
loading onto Illumina sequencer. Human RNA-seq reads were
aligned to the human reference genome hg38 and murine RNA-seq
reads were aligned to the mouse reference genome mm10 using
STAR (v2.4.0.1; ref. 66) and transcripts per kilobase million (TPM)
value was calculated. Differentially expressed genes between two
groups were assessed using DESeq2 (67). Those with FC > 2 and
FDR < 0.05 were considered statistically significant. ANOVA was
used to determine differentially expressed genes among multiple
groups (i.e., normal B, del(13q)-CLL, CLL/RS, and RS) in murine
data, and FDR < 0.1 was considered statistically significant. The
murine RS signature genes identified through ANOVA analysis
were further compared with human signatures (RS vs. paired CLL,
FC > 2, FDR < 0.05) and commonly dysregulated genes were plot-
ted based on Log,FC (RS vs. CLL) values. Pathway analyses were
performed using the Enrichr database and the MsigDB hallmark
gene sets. Differentially expressed genes in murine RS versus
del(13q)-CLL, human RS versus paired CLL, and human RS versus
de novo DLBCL (16) were utilized for GSEA v4.3.2 (68) to evaluate
interspecies similarities. For these analyses, RNA-seq from 36 addi-
tional human RS and 28 de novo DLBCLs was utilized, as previously
described (16). The following parameters were utilized across all
runs: (i) gene name remapping platforms: Human_Gene_Sym-
bol_with_Remapping SigDB.v2022.1 and Mouse_Gene_Symbol_
with_Remapping Human_Orthologs_SigDB.v2022.1; (ii) number
of permutations: 1,000; (iii) permutation type: phenotype if n > 7
in each group, otherwise gene_set; (iv) gene collapsing: aggregate
by gene symbol (median); (v) scoring scheme: weighted. Integra-
tive analysis of RNA-seq and ChIP-seq data was performed using
Cistrome-GO (21). A differential expression (DE) rank RDE was
calculated based on the DESeq2-FDR of differential gene expres-
sion between Mga-mutant or Chd2-mutant RS and del(13q)-CLL. A
regulatory potential rank RRP was defined based on the weighted
sum of Myc (Encode SRX140369) or Chd2 (Encode SRX140389)
CHIP-seq peaks. The two ranks were integrated by rank product
(RDE x RRP) to generate the final rank of target genes. The top
500 targets were used for analysis. Class I and II gene expression in
human CLL and RS samples was computed based on mean expres-
sion (based on TPM values) of HLA-A, -B, -C (class I) and HLA-DR
and -DQ family (class II) in paired human RNA-seq data. The 114
PI3K signature genes and MYC “scores” were computed utilizing
previously published gene sets (30, 31); “scores” were computed as
mean expression of all genes within the signature in murine and
human RNA-seq data sets and log, values comparatively reported.
Comparative analyses between 107 CLLs and an external independ-
ent set of 36 RS primary cases (13) were performed with FC > 2
and FDR < 0.001 cutoffs for differential gene expression followed
by the Enrichr pathway analysis using MsigDB hallmark gene sets.

scATAC-seq and Analysis

scATAC-seq was performed as previously described (29). After
fixation with 1% formaldehyde and quenching with 0.125 mol/L
glycine, cells were permeabilized and washed with modified lysis
(10 mmol/L Tris-HCI pH 7.4, 10 mmol/L NaCl, 3 mmol/L MgCl,
0.1% Nonidet P40 substitute, 1% BSA, nuclease-free H,0) and wash
buffers (10 mmol/L Tris-HCl pH 7.4, 10 mmol/L NaCl, 3 mmol/L
MgCl,, 1% bovine serum albumin (BSA), nuclease-free H,0). After
resuspension in nuclei buffer (10X Genomics) at 5,000 cells per pL,

cells were loaded onto a Chromium Chip E (10X Genomics) with tar-
geted recovery of 7,000 cells. Library preparation with the Chromium
Single-Cell ATAC Library and Gel Bead Kit was followed by quality
control using a 2100 High-Sensitivity DNA Kit on Bioanalyzer (Agi-
lent) and pooling of libraries. Sequencing was performed on an Illu-
mina NovaSeq 6000 S2 platform with 50-bp paired-end reads, 8 bp
for index 1 and 16 bp for index 2. Raw sequencing reads were aligned
against the mm10 reference genome and preprocessed using Cell
Ranger ATAC version 1.2.0. followed by downstream analyses with
the ArchR package (69). Reference chromatin profiles of BM and SP
were downloaded as bam files from the Mouse sci-ATAC-seq Atlas
(28) and realigned against mm10 using GATK (70), Bowtie2 (71),
and Samtools (72). Following the ArchR manual, after the exclusion
of low-quality cells (transcription start site enrichment <4, fragments
per cell <1,000) and doublets, standard preprocessing was performed
including annotation of cells based on canonical gene activity scores.
Differential gene activity scores between B cells, CLL, and RS were
detected using FDR < 0.01 and Log,FC > 1.25. Differential accessibil-
ity of transcription factor motifs between CLL and RS was detected
based on the cisbp motif set (73). Statistical testing was performed
using a Wilcoxon rank sum test. The human scATAC-seq data were
generated and analyzed as previously described (29).

WGS Data Generation and Analysis

Genome sequencing was performed on flow cytometry-sorted
tumor cells from the SP of 5 del(13q)-CLL, 2 CLL/RS “5-plex,” 2
CLL/RS “6-plex,” and 8 RS cases and matched Cd11b* cells from the
BM, as germline control. One microgram genomic DNA (~1-2 x 10°
cells) was used for library preparation. Shearing was performed
acoustically using a Covaris focused ultrasonicator, targeting 385-bp
fragments. Following fragmentation, additional size selection was
performed using an SPRI cleanup. DNA libraries were constructed
using the KAPA Library Prep Kits (KAPA Biosystems) using palindro-
mic forked adapters with unique 8 base index sequences embedded
within the adapter (IDT). Following sample preparation, libraries
were quantified using quantitative PCR (KAPA Biosystems), with
probes specific to the ends of the adapters. On the basis of qPCR
quantification, libraries were normalized to 2.2 nmol/L and pooled
into 24 plexes. Sample pools were combined with NovaSeq Cluster
Amp Reagents DPX1, DPX2, and DPX3 and loaded into single
lanes of a NovaSeq 6000 S4 flowcell cell using the Hamilton Starlet
Liquid Handling system. Cluster amplification and sequencing were
performed on NovaSeq 6000 Instruments utilizing sequencing-by-
synthesis kits to produce 151-bp paired-end reads. Sequencing data
from the Illumina software were aligned to the GRCm38 reference
sequence with bwa version 0.7.15. Aligned reads were then dedupli-
cated, and base quality scores were recalibrated with GATK version
4.1.8.1. Somatic SNVs and InDels were primarily detected by the
intersection of two callers: Mutect2 (bioRxiv: 2019.10.1101/861054),
GATK and Strelka2 version 2.9.3 (74). Additional variants called by
either Mutect2 or Strelka2 were also included if the variants were
related to putative RS driver mutations. Candidate InDels were
first called by Manta version 1.5.0 before being passed to Strelka2.
Copy ratios over chromosomal segments were first computed with a
GATK-based pipeline and somatic copy-number alterations (sCNA)
were subsequently called with GISTIC version 2.0.23 (75). Recurrent
arm-level aberrations were identified from these calls by requiring
that the G-score of the primary aberration > 0.25, the G-score of
the secondary aberration < 0.1, and the g-value of primary aberra-
tion < 0.35, and reported as amplifications (2), deletions (0), or copy
neutral (—1). These filters respectively verify that the primary event
is recurrent across samples and cells, appears more often than the
secondary event, and is statistically significant. CNV plots were gener-
ated using average sample/normal B-cell copy ratio within a running
window of 0.1 M base pairs.
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Statistical Analyses

Statistical analyses were performed using GraphPad Prism 6,
unless otherwise specified in Methods. Three- or four-group data sets
were analyzed by ANOVA with Tukey correction for the multiplicity
of testing; two-group comparisons were performed with two-sided
Mann-Whitney (unpaired comparisons) or paired ¢ test (paired com-
parisons). Pearson correlation was used to assess the correlation coef-
ficient between two variables. Survival analyses were conducted using
the log-rank test, with Bonferroni correction for multiple compari-
sons. For the longitudinal tumor burden assessments of peripheral
bleeds, a logistic mixed-effects model (Ime4 R package) was used to
estimate average trajectories of peripheral longitudinal tumor bur-
den in individual mice. For all the above, the significance threshold
was set at P < 0.05. CRISPR-seq, RNA-seq, WGS, and scATAC-seq
statistical analyses are described within related paragraphs.

Data Availability

Murine RNA-seq and scATAC-seq data have been deposited at
GEO with accession number GSE186137. Human scATAC-seq data
have been deposited at GEO with accession number GSE163579.
Human RNA-seq data have been deposited in dbGAP (accession
number phs002458.v2.p1, 5 paired CLL and RS from ref. 13) and
in EGA under accession number EGAD00001007922 (36 clonally
related RS and 28 de novo DLBCLs from ref. 16), and will be available
at the time of publication. All other data will be available from the
corresponding author upon reasonable request.
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