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Abstract

Chronic lymphocytic leukemia (CLL) is a frequent lymphoproliferative disorder of B cells. Although inhibitors targeting
signal proteins involved in B-cell antigen receptor (BCR) signaling constitute an important part of the current therapeutic
protocols for CLL patients, the exact role of BCR signaling, as compared to genetic aberration, in the development and
progression of CLL is controversial. In order to investigate whether BCR expression per se is pivotal for the development
and maintenance of CLL B cells, we used the TCL1 mouse model. By ablating the BCR in CLL cells from TCL1 transgenic
mice, we show that CLL cells cannot survive without BCR signaling and are lost within 8 weeks in diseased mice.
Furthermore, we tested whether mutations augmenting B-cell signaling influence the course of CLL development and its
severity. The phosphatidylinositol-3-kinase (PI3K) signaling pathway is an integral part of the BCR signaling machinery and
its activity is indispensable for B-cell survival. It is negatively regulated by the lipid phosphatase PTEN, whose loss mimics
PI3K pathway activation. Herein, we show that PTEN has a key regulatory function in the development of CLL, as deletion
of the Pten gene resulted in greatly accelerated onset of the disease. By contrast, deletion of the gene TP53, which
encodes the tumor suppressor p53 and is highly mutated in CLL, did not accelerate disease development, confirming that
development of CLL was specifically triggered by augmented PI3K activity through loss of PTEN and suggesting that CLL
driver consequences most likely affect BCR signaling. Moreover, we could show that in human CLL patient samples, 64%
and 81% of CLL patients with a mutated and unmutated IgH V , respectively, show downregulated PTEN protein
expression in CLL B cells if compared to healthy donor B cells. Importantly, we found that B cells derived from CLL
patients had higher expression levels of the miRNA-21 and miRNA-29, which suppresses PTEN translation, compared to
healthy donors. The high levels of miRNA-29 might be induced by increased PAX5 expression of the B-CLL cells. We
hypothesize that downregulation of PTEN by increased expression levels of miR-21, PAX5 and miR-29 could be a novel
mechanism of CLL tumorigenesis that is not established yet. Together, our study demonstrates the pivotal role for BCR
signaling in CLL development and deepens our understanding of the molecular mechanisms underlying the genesis of CLL
and for the development of new treatment strategies.

Introduction

Chronic lymphocytic leukemia (CLL) is the most frequent
type of leukemia in Western countries.! Like most neo-
plastic B-cell malignancies, CLL cells maintain their B-
cell antigen receptor (BCR) expression.? This selective

pressure to maintain a functional BCR is linked to the fact
that malignant B cells profit from the proliferation and
survival signals triggered by the BCR.® Several lines of evi-
dence support a key role of BCR signaling in the patho-
genesis of CLL. Thus, CLL with hyper-mutated
immunoglobulin heavy chain variable region (IgH V,)) genes
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(mutated [M]-CLL) show a more favorable prognosis than
those with unmutated IgH V,, genes (unmutated [U]-CLL).*
Indeed, patients with fewer than 2% mutations in the IgH
V,, genes present a more polyreactive BCR and have a
more aggressive disease with shorter survival.® Fur-
thermore, the IgH V, repertoire is highly restricted leading
to different groups of CLL patients with stereotypic BCR.®
In contrast to diffuse large B-cell lymphoma (DLBCL), the
BCR-activating signaling is not due to mutations in BCR
signaling components’ but to autonomously activated BCR
signaling initiated by the ability of CLL BCR to bind each
other.2 More recently the crystal structures of a set of CLL
BCR identified the regions involved in this binding. Small
molecule inhibitors against BTK, like ibrutinib and acala-
brutinib show anti-tumor activity in clinical studies of re-
lapsed/refractory CLL.° In line with this, the inhibition of
BTK kinase activity through targeted genetic inactivation
and inhibition of BTK by ibrutinib in Ep-TCL1 mouse
models significantly delays the outbreak of CLL, demon-
strating that BCR signaling is critical for CLL development
and expansion.”®

The remarkable clinical effectiveness of BCR signaling in-
hibitors underscores the importance of BCR signaling and
of BCR-associated kinases in the proliferation and homing
of CLL cells, making this class of agents the treatment of
choice for CLL patients."

The prolonged survival of CLL cells is in part associated
with defective apoptosis triggered by the phosphatidyli-
nositol 3-kinase (PI3K)/ protein kinase B (PKB/AKT) and
NF-kB pathways, which, among other pathways, are
downstream of the BCR.? PI3K exerts its effects by gene-
rating phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3)
via phosphorylating the 3-position of the inositol ring of
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2).* On the
contrary, the phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) can dephosphorylate PI(3,4,5)P3
at the 3-position of the inositol ring converting PI(3,4,5)P3
back to PI1(4,5)P2.*" Loss of PTEN results in accumulation
of PI(3,4,5)P3 mimicking the effect of PI3K activation and
triggering the activation of its downstream effector AKT.”®
TCL1 is an oncoprotein contributing to occurrence of T-
cell prolymphocytic leukemia, as a result of chromosomal
translocations and inversions at 14g31.2.'® Although such
a defect is not found in CLL, TCL1 is expressed in more
than 90% human CLL patients.””

In order to facilitate the development of novel thera-
peutics for B-cell malignancies, an in vivo model, which
recapitulates the human disease, is required. Several
mouse models have provided important insights into CLL
pathogenesis.® These particularly include the widely
studied Epy-TCL1 model.® Aging transgenic mice that over-
express TCL1 under the control of the p immunoglobulin
(Igy) gene enhancer, develop a CD5-positive B-cell lym-
phoproliferative disorder mimicking human CLL and im-
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plicating TCL1 in the pathogenesis of CLL.?° Given the im-
portance of intrinsic BCR signaling in survival and progres-
sion of CLL, the establishment of a mouse model that can
provide a genetic answer to the importance of the BCR in
CLL would be a benefit for the understanding of its pa-
thogenesis.

In this study, we investigated the role of the BCR in the
development of a CLL-like B-cell tumor disease in the
mouse. The transformed B cells are here referred to as
CLL cells. We also explored the impact of the PI3K signal-
ing on the progression of the disease and found that Pten-
deletion accelerated the onset of leukemogenesis.
Moreover, we revealed that PTEN is downregulated in
human CLL patients, which might be caused by increased
expression levels of the microRNA family miR-29 and the
protein PAX5. Thus, by generating inducible mouse models
allowing the inactivation of BCR components we estab-
lished a tool for the investigation of CLL signal transduc-
tion and treatment modalities. Our present data identify
the BCR as a uniquely important regulator of CLL viability,
confirm that an increased PI3K-signaling pathway sup-
ports CLL development and maintenance and describe
PTEN as a potential target for therapeutic intervention.

Methods

Mouse models

In order to delete the mb-7 gene, encoding the Iga protein
in B cells, the previously described mouse strain Iga™F
(Iga™),2 was crossed with the mb1-CreER™ strain
(Cd79atms(ere/ERT2Reth) " \which expresses a tamoxifen-induc-
ible form of the Cre recombinase under the control of the
mb-1 promoter region.?

Mb1-CreER™; Iga™® mice were crossed to the Ep-TCLT
mouse strain?® to generate the compound mouse mb1-
CreER™%;Iga™"; Ep-TCL1. The mb1-CreER™;Ep-TCL1 served
as a control.

The Pten™" mouse strain® was crossed with the mb1-
CreER™;,Eu-TCL1. Mice heterozygous for Pten (Pten™*) were
generated by crossing Pten" mice? to the mb1-Cre
mouse (Cd79atmcreReth/Fhobj) to generate the mb1l-
Cre;Ptenf"* mouse strain. Treatment of the mice with anti-
IL7R antibody (Ab) and tamoxifen as well as transfer and
propagation of CLL cells in Rag2™";y '~ mice is described
in the Online Supplementary Appendix.

All mice were bred on Black6é background. All animal
studies were carried out in accordance with the German
Animal Welfare Act, having been reviewed by the regional
council and approved under the license (#1288 L1-L18).

Culture of splenic cells
The splenic cells of Tam-treated mb1-CreER™;PtenVf;Eu-
TCL1 mice were cultured in complete medium (ISCOVE’s,
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10% fetal calf serum, 50 mg/mL gentamycin, 50 mM 2-
mercapto-ethanol) without any additional growth factors
(like BAFF) and incubated at 37°C in the presence of 7.5%
CO2 Only in the case of ex vivo inactivation of PTEN ex-
pression in purified primary splenic B2 cells from mb1-
CreER™;Pten;Eu-TCL1 mice and mb1-CreER™;Eu-TCL1
controls, the cells were cultured in the presence of 50
ng/mL recombinant human BAFF and were treated with 1
UM Tam (4-OHT).

Flow cytometry

For flow cytometric analysis, cell suspensions were pre-
treated with a-CD16/CD32 Fc Block (2,4G2; BD Bio-
sciences). Dead cells were excluded by staining with
Fixable Viability Dye eFluor 450 (eBioscience). Intracellular
(IC) flow cytometry staining was performed using the ADG
Fix&Perm Kit (Dianova). The detailed IC and extracellular
staining procedure including the respective antibodies is
provided in the Online Supplementary Appendix. Cells
were acquired at a FACS Canto Il flow cytometer (BD Bio-
sciences). Analysis was performed using the FlowJo soft-
ware (Tree Star).

Ca?" influx measurement

0.5-1x10¢ cells preloaded with the calcium-sensitive flu-
orescent dye Indo-1 (Invitrogen) were analyzed by flow
cytometry (LSR Fortessa, BD Biosciences) upon applica-
tion of 10 pg/mL anti-IgM F(ab'), fragments (Jackson Im-
munoResearch).

Chronic lymphocytic leukemia patient and healthy
donor sample analysis

CLL samples were obtained from the Department of In-
ternal Medicine IIl, University Hospital Ulm. Peripheral
blood mononuclear cells from healthy donors (HD) were
obtained from the Institute for Clinical Transfusion Medi-
cine and Immunogenetics at Ulm University Medical
Center. All samples were obtained with informed consent
and used in full compliance with institutional regulations
(no. 456/19).

Primary CLL patient and HD lymphocytes were isolated
from peripheral blood using Ficoll-Paque PLUS (GE
Healthcare, 17-440-03). The human samples were MACSed
for CD19-positive B cells before microRNA (miRNA) and
total RNA isolation for real-time quantitative polymerase
chain reaction (QRT-PCR) analysis. More details are pro-
vided in the Online Supplementary Appendix.

Statistical analysis

Unpaired two-tailed Student’s t-tests (with n between 3
and 5 mice per group) were carried out using Prism 9 soft-
ware (GraphPad Software Inc) to determine the statistical
differences between groups.
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Results

Efficient inducible deletion of the Iga-encoding mb-1
gene in B cells of mb1-CreER™; Iga /! mice

In order to investigate the efficiency of mb1-CreER™ in the
deletion of Iga in mature B cells we crossed mb1-CreER™
with Iga®® mice, in which the exon 3 and 4 of the mb-1
gene are flanked by loxP sites (floxed). All splenic B cells
isolated from the tamoxifen (Tam)-treated mb1-
CreER™%;1ga™™" mice lacked both IgM and IgD expression
while splenic B cells from the mb1-CreER™ mice treated
in the same manner still expressed the BCR (Figure 1A and
B). Furthermore, 8 weeks after the start of the Tam-treat-
ment and additional treatment with anti-IL-7R Ab, which
block the influx of newly generated B cells from the bone
marrow (BM), absolute splenic B-cell numbers from mb1-
CreER™;lga™™ mice were significantly reduced (up to 40x)
when compared to those from the spleens of the mb1-
CreER™ mice (Figure 1C). Additionally, peripheral blood
(PBL), lymph nodes (LN) and peritoneal cavity (PC) of
these mice contained only a few surviving B cells (Figure
1D). In line with other studies these results demonstrate
that mature B cells absolutely require the expression of
lgx and consequently of the BCR for their survival in the
periphery.

Inactivation of Igo. in mouse chronic lymphocytic
leukemia reverts the disease phenotype

Although inhibitors against prominent signaling molecules
downstream of the BCR, like ibrutinib and idelalisib, suc-
cessfully eradicate CLL cells in patients, pointing to the
quintessential role of the BCR in CLL cell survival, there
is no genetic evidence for the involvement of the BCR in
the maintenance of CLL cells. Therefore, we generated a
mouse model, which enables us to address this question.
In order to investigate the role of the BCR in mouse CLL
we crossed the mb1-CreER™; Iga™" mice with the Ep-TCLA1
mouse strain, which is a well-accepted model for mouse
CLL, generating mb1-CreER™;Igaf;Eu-TCL1 mice. Over-
expression of TCL1 in B cells drives the development of
CLL cells over time. The disease is first detected in 6-
month-old mice and its incidence increases with age,
reaching its maximum at 12 months. The main features of
mouse CLL are the expression of CD5 (Figure 2A; right
panel) and the deregulation of B220 and IgD expression.
Before and after the beginning of Tam treatment, we as-
sessed the development and survival of CLL cells in the
blood of the transgenic mice by flow cytometry using the
mouse CLL key markers CD19* CD93- B220'w CD5* IgM*
IgD". Fully diseased mb1-CreER™;Iga™™;Ep-TCL1T and con-
trol mb1-CreER™; EY-TCL1 (12-month-old) carrying mainly
CLL cells (Figure 2A) were sacrificed 8 weeks after the
beginning of the Tam treatment and without additional
treatment with anti-IL-7R Ab. The frequencies and abso-
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Figure 1. Efficient deletion of the Igx gene leads to the loss of mature B cells. (A) Flow cytometric analysis of B cells from the
spleens of mb1-CreER™;IgaV" (left) and mb1-CreER™ control mice (right) treated with tamoxifen (Tam) as described in the Ma-
terials and Methods section. Shown are dot plots of the anti-IgM vs. anti-IgD staining after gating on CD19*CD93™ mature B cells,
2 weeks post Tam treatment. The gated regions in the dot plots correspond to mature follicular (MF) (IgM'" IgD"€") and marginal
zone (MZ) (IgMhiehigDw) B cells. The numbers in the dot plots indicate the mean relative frequency of cells in the gate. (B) Quan-
tification of the relative cell count of the Iga-deficient splenic B cells 2 weeks after the beginning of the Tam treatment: bars
(left) represent % of cells obtained from mb1-CreER™;Iga™" mice and bars (right) from mb1-CreER™ mice. Graphs are presented
as mean * standard error of the mean (SEM). Four asterisks (****) indicate P<0.0001, P-values were obtained using two-tailed
Student's t-test. Cell numbers of 5 mice per group are shown. (C) Statistical analysis of absolute cell numbers of mature splenic
B cells 8 weeks after Tam and anti-IL-7R treatment: filled bars represent cells obtained from mb1-CreER™;Iga™" mice and open
bars from mb1-CreER™ mice. Two asterisks (**) indicate P<0.01, P-values were obtained using two-tailed Student's t-test. Cell
numbers of 5 mice per group are shown. (D) Flow cytometric analysis of B cells peripheral blood (PBL) (left), lymph nodes (LN)
(middle) and peritoneal cavity PC (right) of mb1-CreER™;Iga®" mice treated with Tam and anti-IL-7R as described in the Materials
and Methods section. Shown are dot plots of the anti-CD19 vs. CD93 staining. The numbers in the dot plots indicate the mean
relative frequency of cells in the gate. Data shown are representative of 5 mice.
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lute B-CLL cell numbers in the spleen differed dramati-
cally and significantly between mb1-CreER™;IgaV;Eu-TCL1
and mb1-CreER™;Eu-TCL1 control mice (Figure 2A and C).
The 100-fold decrease of cellularity after deletion of Iga
resulted in a significant reduction of the spleen size and
weight in mb1-CreER™;IgaV";Eu-TCL1 mice compared to
the Iga-sufficient controls (Figure 2B). In the PBL and the
BM (Online Supplementary Figure S1A to C), the fre-
quencies and absolute cell numbers of mouse CLL cells
differed significantly between mb1-CreER™;Iga™V";Eu-TCL1
and mb1-CreER™;Eu-TCL1 control mice.

In order to further investigate the impact of Iga gene dele-
tion on the overall survival of the diseased mice, immu-
nodeficient Rag2™";y - mice were intraperitoneally (i.p.)
transplanted with splenic cells (1x107) from either mb1-
CreER™;1gaV;Ep-TCL1 or mb1-CreER™;Eu-TCL1 mice,
which were previously sequentially transferred in
Rag2~/~;y_”~. The mice were treated with Tam three-times
every third day, without additional treatment of anti-IL-
7R Ab, and were analyzed at day 15 after the start of the
treatment. This model has the advantage of producing a
CLL-like phenotype including peripheral blood leukemia
and splenomegaly in a short period of time, compared to
the long period in the original TCL1 model. While
Rag2~/~;y.”~ mice transplanted with mb1-CreER™;Eu-TCL1
CLL cells died already between day 12 and 18, the mice
transplanted with the mb1-CreER™%;lga™"; Eu-TCL1 CLL
cells survived up to day 30 (Figure 2D).

Notably, as shown in the previous experiments, BCR-defi-
cient CLL cells of the mb1-CreER™;Iga™™;Eu-TCL1 geno-
type were significantly reduced in the spleens of the
Tam-treated Rag2~”/";y_”~ mice (Figure 2E and F) as well as
in the BM, PC (Figure 2F) and PBL (data not shown), while
the CLL cells of the mb1-CreER™;Ep-TCL1 genotype
showed massive accumulation in the spleens and also in
the BM and PC (Figure 2F) of the recipient Rag2™/~;y "~ mice
leading to their early death. Additionally, the spleens from
Rag2~/~;y "~ mice transplanted with mb1-CreER™;Iga™;Ep-
TCL1-derived CLL cells were smaller compared to the
control (Online Supplementary Figure S1D and E). Collec-
tively, these findings show that ablation of the BCR in CLL
cells is associated with reduced tumor size and increased
overall survival demonstrating a clear dependence of CLL
cells on BCR.

PI3K activity is reduced in Igo-deficient chronic
lymphocytic leukemia cells

PI3K signaling is activated downstream of the BCR and is
quintessential for the survival of healthy B cells.?® In order
to investigate the effects of BCR deficiency on BCR sig-
naling and the PI3K pathway in CLL cells, we assessed the
phosphorylation of the PI3K target AKT and the phos-
phorylation of other signaling factors downstream of the
BCR including LYN, SYK and BTK by intracellular flow cyto-
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metry in CLL cells 10 days after induced Iga deletion. The
time point of 10 days was selected, because we already
observed a complete loss of Igx and BCR expression at
this time but enough cells for flow cytometric analysis
were still alive. Ten days after induced Iga deletion, the
BCR-deficient CLL cells showed decreased AKT phos-
phorylation at S473 and T308 compared to the BCR-suf-
ficient CLL control cells as well as significantly reduced
LYN phosphorylation (Y396/Y507), SYK phosphorylation
(Y525/526) and BTK phosphorylation (Y223) (Figure 3A and
B). In addition, we analyzed whether the CLL cells could
be stimulated by IgM F(ab'), treatment after Igx deletion.
Using a calcium influx assay, we observed that, in contrast
to mb1-CreER™; Eu-TCL1 CLL control cells, CLL cells from
mb1-CreER™;Iga™";Eu-TCL1 mice did not release Ca?* upon
BCR stimulation with IgM F(ab’), fragments 10 days after
Tam treatment (Figure 3E). Moreover, 5 minutes after
stimulation with anti-IgM F(ab'), fragments, the Iga-defi-
cient CLL cells show less increase of SYK-phosphorylation
at Y525 and Y526 compared to mb1-CreER™;Eu-TCL1 CLL
control cells (Online Supplementary Figure S2G).

The decrease in AKT phosphorylation after Igx deletion points
to a reduced PI3K activity in the absence of the BCR. More-
over, the decreased phosphorylation of the BCR-proximal ki-
nases LYN, SYK and BTK indicates that BCR signaling is
downregulated in CLL B cells in consequence of Iga deletion.
Constitutively active PI3K signaling may lead to increased
BCL-2 expression.? Therefore, we investigated the expression
of BCL-2 in BCR-deficient and BCR-expressing B cells. BCR-
deficient CLL cells from mb1-CreER™;Iga™";Eu-TCL1 had sig-
nificantly decreased BCL-2 expression 10 days after Tam
treatment as compared to control cells (Figure 3C and D). In
line with this, we observed a slight downregulation of the
anti-apoptotic protein myeloid cell leukemia sequence 1
(MCL-1) in CLL cells 10 days after induced Iga deletion (Online
Supplementary Figure S2A and F; left). Considering that BCL-
2 is also regulated by NFkB, we tested whether ablation of
the BCR in CLL cells from mb1-CreER™;Iga";EU-TCLT mice
also resulted in reduced NFkB activity by analyzing IKKo/p
phosphorylation at S176/180 and phosphorylation of NFkB
p65 at S536 10 days after induced Iga deletion. Interestingly,
our analysis revealed that IKKa/p phosphorylation at S176/180,
phosphorylation of NFKB p65 at S536 and thus NFKB activity
is slightly downregulated in CLL cells with induced Iga dele-
tion compared to Ep-TCL1 CLL control cells (Online Supple-
mentary Figure S2B, C and F).

Together, these data suggest that BCR-mediated activation of
PI3K signaling is essential for the survival of CLL B cells and
that reduced NFkB activity and BCL-2 upregulation may
be an important part of this regulation.

PTEN-loss augments PI3K activity and results in early
onset of chronic lymphocytic leukemia
Next, we explored the role of the PI3K signaling pathway
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Figure 2. The B-cell antigen receptor (BCR) is indispensable for the survival of mouse chronic lymphocytic leukemia cells and
inactivation of the BCR prolongs the survival of adoptive transfer recipient mice. (A) Flow cytometric analysis of B cells from
the spleens of mb1-CreER™;Eu-TCL1 control mice and mb1-CreER™;Iga";Eu-TCL1 mice before and 8 weeks after tamoxifen
(Tam) treatment. Shown are dot plots of the anti-B220 vs. anti-CD5 staining after gating on CD19* CD93" B cells (gating shown).
The gated regions in the anti-B220 vs. anti-CD5 dot plots correspond to chronic lymphocytic leukemia (CLL) cells (CD19* CD93-
B220" CD5* IgM* IgD") and mature healthy B cells (CD19* CD93- B220* CD5" IgM* IgD*). The numbers in the dot plots indicate the
mean relative frequency of cells in the gate. (B) Spleen (SP) pictures (left) and quantification of the SP weight (right) obtained
fromm mb1-CreER™;IgaV!;Eu-TCL1 mice and mb1-CreER™;EU-TCL1 control mice 8 weeks after the beginning of the Tam treatment
(left). The graphs (right) are presented as mean * standard error of the mean (SEM). Four asterisks (****) indicate P<0.0001, P-
values were obtained using two-tailed Student's t-test. Cell numbers of 5 mice per group are shown (right). (C) Statistical
analysis of absolute cell numbers of CLL cells 8 weeks after Tam treatment: filled circles indicating cells obtained from mb1-
CreER™%;IgaVf;Ep-TCL1T mice (left) and from mb1-CreER™;EU-TCL1 mice (right). Four asterisks (****) indicate P<0.0001, P-values
were obtained using two-tailed Student's t-test. Cell numbers of 10 mice per group are shown with each circle representing an
individual animal. (D) Kaplan-Meier survival curve showing the survival of recipient Rag2~-;y '~ mice transferred with 10" splenic
CLL-like B cells derived from the mb1-CreER™;Eu-TCL1 control or the mb1-CreER™;Iga™" mice and treated with Tam at day 3
post transfer. Every point represents an individual mouse with n=10. The P-value (P<0.0001) was determined by Mantel-Cox log-
rank test. (E) Flow cytometric analysis of B cells from SP of Rag2™/~;y "~ mice derived from the mb1-CreER™;Iga™™";Eu-TCL1 (left)
and the mb1-CreER™;EU-TCL1 (right) mice +Tam. Shown are dot plots of the anti-CD19 vs. anti-CD5 staining at day 10 post
transfer. The gated regions in the dot plots correspond to the individual B-cell populations. The numbers in the dot plots indicate
the mean relative frequency of cells in the gate. (F) Statistical analysis of absolute cell numbers from SP (left), bone marrow
(BM, middle) and peritoneal cavity (PC, right) of Rag2™;y_ '~ mice transplanted with mb1-CreER™;Iga™";Eu-TCL1 (left bar) or mb1-
CreER™;EpY-TCL1 (right bar) mouse CLL B cells. Graphs are presented as mean + SEM. Four asterisks (****) indicate P<0.0001, P-

values were obtained using two-tailed Student's t-test. Cell numbers of 5 mice per group are shown.

in the onset and maintenance of mouse CLL by inactivat-
ing PTEN, the negative regulator of the PI3K signaling
pathway. To this end, we generated a mouse model with
a B cell-specific and Tam-induced deletion of the Pten
gene. In order to investigate the role of PTEN in the onset
of mouse-CLL, we crossed the mb1-CreER™;Ep-TCL1 mice
to the Pten™ mouse strain to generate mbi-
CreER™;Pten";Eu-TCL1 mice. These mice were treated
with Tam at a young age (6 weeks) before the detection
of any CLL B cells in the peripheral blood or the outbreak
of mouse CLL that are usually evident at 3 to 6 months in
mb1-CreER™;Pten;Eu-TCL1 and mb1-CreER™;Eu-TCL1
mice, respectively. We assessed the development of CLL
cells using the mouse CLL key markers CD19* B220"" CD5*
lgM* 1gD~. mb1-CreER™;Eu-TCL1 mice served as controls.
Eight and 16 weeks after the beginning of the Tam treat-
ment the mice were analyzed by flow cytometry for the
absolute cell number of CD19* B220'¥ CD5* IgM* IgD~ B
cells. At both time points the number of CLL cells was in-
creased (8 weeks: >2x10°, Figure 4A; 16 weeks: >2x107, Fig-
ure 4B) in the mb1-CreER™; PtenVf;Eu-TCL1 mice as
compared to those from the spleens of the mbi-
CreER™;Ep-TCL1 control mice. These data show that after
loss of PTEN, the resulting constitutive activity of the PI3K
pathway leads to accelerated development of CLL in
young mice as shown by the accumulation of CLL B cells
with time. Recent studies reported that either germline
deletion?” or insertion of a single mutation?® in the Tp53
gene (encoding the tumor suppressor p53), a gene, which
is often mutated in CLL,%® on Ep-TCL1 background also ac-
celerated the development of the CLL disease. We deleted
the Tp53 gene in mb1-CreER™;Epu-TCL1 mice and found out
that 24 weeks post treatment 94 % of B cells in the
spleens of the mb1-CreER™;Ptenf;Eu-TCL1 mice became

CLL cells, whereas the mb1-CreER™;Tp53%;EL-TCL1 mice
showed 2% of CLL cells (Figure 4C). By assessing the ex-
pression of p53 by flow cytometry we confirmed that Tp53
was indeed deleted in mb1-CreER™;Tp53VEu-TCL1 mice
(Figure 4D). In addition, we compared the development of
CLL in mice lacking Tp53 expression (mb1-Cre;Tp53"";Eu-
TCL1) to mice with a constitutive heterozygous loss of
Pten (mb1-Cre;Pten™*;Eu-TCL1). At 32 weeks, the mbi-
Cre;Pten*;Ep-TCL1 mice showed 94% of CLL cells
whereas mb1-Cre;Tp53Y";Eu-TCL1 mice developed only
27% of CLL B cells in the blood (Figure 4E). Moreover, a
combined deletion of T7Tp53 and Pten in mb1l-
Cre;Pten*;Tp53"V";Eu-TCL1 mice did not accelerate the
outbreak of CLL when compared to mb1-Cre;Pten™*;Eu-
TCL1 mice (Online Supplementary Figure S3A). This con-
firms that the accelerated development of the disease is
specifically driven by the partial loss of PTEN and the sub-
sequent activation of the PI3K pathway.

As further signs of elevated PI3K signaling, we found an
increased phosphorylation of S473 of AKT and Y223 of BTK
in CD19* B220" CD5* IgM* IgD~ CLL cells from the spleens
of mb1-CreER™;Pten™™;Eu-TCL1 mice compared to CLL
cells from the mb1-CreER™;Ep-TCL1 control mice (Figure
4F; Online Supplementary Figure S3 D and E). In order to
investigate, whether PTEN deficiency resulted in consti-
tutive activation of the PI3K/AKT pathway, we stimulated
splenic CLL cells from mb1-CreER™;Pten!;Eu-TCL1 mice
and mb1-CreER™;Eu-TCL1 control mice with anti-IgM
F(ab"), fragments and monitored the AKT phosphorylation
at S473 and T308 as well as BTK phosphorylation at Y223
after 5 minutes of stimulation. In both cases, we could
not observe any significant increase in phosphorylation
after BCR stimulation indicating that both, wild-type TCL1
leukemia cells and PTEN-deficient leukemia cells exhibit
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a constitutive active PI3K/AKT signaling, that cannot be
significantly increased by BCR stimulation (Online Supple-
mentary Figure S3B and C).

Additionally, BCL-2 expression was higher in PTEN-defi-
cient CD19* B220"w CD5* IgM* IgD~ cells relative to the
control (Figure 4F, right; Online Supplementary Figure S3F).
Statistical analysis confirmed that the increased AKT- and
BTK-phosphorylation as well as the increased BCL-2 ex-
pression in the PTEN-deficient CLL B cells was significant
compared to the PTEN-sufficient control (Figure 4F). Fur-
thermore, we affirmed by flow cytometry that the Pten
gene was efficiently deleted in splenic CLL cells from
mb1-CreER™;PtenEu-TCL1 mice and mb1-CreER™;Eu-
TCL1-derived cells served as a control (Online Supplemen-
tary Figure S3G). In conclusion, in the absence of PTEN,
the CLL cells exhibit significant increase in AKT and BTK
phosphorylation likely leading to higher activity of these
molecules. These findings provide evidence for enhanced
PI3K signaling in these PTEN-deficient cells. Furthermore,
in this model, conditional inactivation of PTEN resulted in
the accelerated onset of CLL.

Deletion of Pten leads to autonomous survival of
chronic lymphocytic leukemia cells
In order to test the tumorigenic potential of the primary

V.K. Schmid et al.

splenic CD19* B220" CD5* IgM* IgD~ PTEN-deficient CLL
cells from Tam-treated mb1-CreER™;Pten®!;Eu-TCL1 mice,
we transferred them into Rag2~/;y /- mice. Two weeks
post engraftment, a population of CD19* B220" CD5* IgM*
IgD™ cells was detected in the spleen (Figure 5A).
Surprisingly, the primary splenic PTEN-deficient CLL cells
from Tam-treated mb1-CreER™;Pten®!;Eu-TCL1 mice grew
autonomously in culture and preserved the features of
mouse CLL cells retaining their CD19* B220"" CD5* IgM*
gD~ phenotype. The cells were cultured in a medium sup-
plemented only with fetal calf serum and in the absence
of any additional growth factors or antigen (Figure 5B). The
PTEN deficiency of these cell lines was confirmed by ge-
notyping and flow cytometry (Figure 5C; Online Supple-
mentary Figure S4A, right). We generated five different
CLL-like cell lines, which were heterogenous, but grew
similarly in culture over prolonged period of time without
growth factor supplements.

After growing in culture for 4 months, functional analysis
revealed that some of these cell lines mobilized intracel-
lular Ca?* release upon stimulation with a polyclonal anti-
IgM F(ab"), antibody (Figure 5D). CD19* B220" CD5" IgM*
IgD~ CLL cells phenotypically resemble B-1 B cells. Since
BCR of some B1 B cells are specific to phosphatidyl cho-
line (Ptc), we assessed by flow cytometry whether the
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mb1-CreER™2: mb1-CreERT?;
Pten®f; Eu-TCL1 Ep-TCL1

mb1-CreER2;, mb1-CreERT?;
Pten; Eu-TCL1 Ep-TCLA1

mb1-CreERT2; mb1-CreERTZ;
Pten®f; Eu-TCL1 Ep-TCLA1

Figure 4. Deletion of Pten but not Tp53 leads to accelerated mouse chronic lymphocytic leukemia.(A and B) Statistical analysis
of absolute cell numbers of chronic lymphocytic leukemia (CLL) cells (CD19* B220%" CD5*) (A) 8 weeks and (B) 16 weeks after
tamoxifen (Tam) treatment of 6-week-old mice: filled circles indicating cells obtained from mb1-CreER™;Pten™™;Eu-TCL1 mice
(left) and from mb1-CreER™;Ep-TCL1 mice (right). Four asterisks (****) indicate P<0.0001, P-values were obtained using two-
tailed Student's t-test. Cell numbers from 5 mice per group are shown with each circle representing an individual animal. (C)
Flow cytometric analysis of B cells from the spleens of mb1-CreER™;Pten™;Ep-TCL1 (left ), and mb1-CreER™; Tp53%/fEu-TCL1
(right) 24 weeks after Tam treatment of 6-week-old mice. Shown are dot plots of the anti-B220 vs. anti-CD5 staining after gating
on CD19* B cells. The gated regions in the dot plots correspond to CLL cells (CD19* B220'* CD5*) and healthy B cells (CD19* B220*
CD5%). The numbers in the dot plots indicate the mean relative frequency of cells in the gate. (D) Flow cytometric analysis of
p53-expression in splenic CLL cells from Tam-treated mb1-CreER™;Tp53*";EYu-TCL1 mice (red line) and splenic CLL cells from
mb1-CreER™;EU-TCL1 mice (blue line). (E) Flow cytometric analysis of B cells isolated from the blood of mb1-Cre;Pten®*;Eu-TCL1
and mb1-Cre;Tp53;Eu-TCL1 mice at the age of 10 weeks and 32 weeks. The graph shows dot-plots of the anti-B220 vs. anti-
CD5 staining after gating on viable CD19* B lymphocytes. The numbers in the dot plots indicate the mean relative frequency of
cells in the gate. (F) Quantification of p-AKT (left) and p-BTK (middle), and BCL-2 (right) mean fluorescence intensity (MFI) in
splenic mouse CLL B cells from mb1-CreER™;Pten";Epu-TCL1 (blue filled bars) and mb1-CreER™;Eu-TCL1 (red filled bars) mice.
Mean * standard deviation are shown. Four asterisks (****) indicate P<0.0001, P-values were obtained using two-tailed
Student's t-test. Results from 5 mice per group are shown.

CLL-like CreER™;Pten™f;Eu-TCL1 cells were capable of
binding Ptc liposomes. We found that some PTEN-defi-
cient CLL-like cell lines could not bind Ptc with their BCR
(Online Supplementary Figure S4A, blue line) as compared
to PTEN-sufficient CLL-like CreER™;Ep-TCL1 control cells
(Online Supplementary Figure S4A, red line). In addition,
we concluded that PTEN-deficient CLL-like cell lines were

polyclonal because we detected multiple V -J, recom-
bination events within one population (Online Supplemen-
tary Figure S4B). Taken together, constitutive activation of
PI3K signaling through loss of PTEN accelerates CLL de-
velopment and allows efficient engraftment and mainten-
ance of CLL-like B cell in vivo and in vitro.

Because BCL-2 expression was increased in splenic PTEN-
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deficient CLL cells from mb1-CreER™;PtenVf;Eu-TCL1
mice, we treated the cells cultured for 4 months with the
BCL-2 inhibitor ABT-199 (also known as venetoclax). The
relative numbers of the PTEN-deficient as well as PTEN-
sufficient cells were 5-fold decreased at a concentration
of 10 pM compared to the vehicle (dimethyl sulfoxide
[DMSO]) control (Online Supplementary Figure S4C).
Moreover, in order to test whether the PTEN-deficient
CLL-like cells in culture were still dependent on BCR sig-
naling for survival and proliferation, we treated the cells
with inhibitors blocking BCR downstream signaling and
assessed the survival and proliferation of the cells in cul-
ture for 4 days. We used LY294002 (10 uM) as a selective
PI3K inhibitor, zerumbone (10 uM) to block NFkB activity,
ibrutinib (1 uM) to inhibit BTK activity, R406 (5 pM) as a SYK
inhibitor and PP2 (10 pM) to block Src-family tyrosine ki-
nases. All of the inhibitors significantly reduced the survival
and proliferation of both mb1-CreER™;Pten®d;Eu-TCL1 and
mb1-CreER™;Eu-TCL1 culture cells when compared to the
cells treated with vehicle control (DMSO) (Figure 5E and F).
This indicates that the PTEN-deficient cells that are auton-
omously growing in culture are still dependent on BCR sig-
naling and the activity of NFKB. Interestingly, we observed
higher survival and proliferation of Pten-deleted CLL-like
cells treated with inhibitors blocking BCR signaling
(LY294002, ibrutinib, R406, PP2) when compared to the
treated mb1-CreER™;Eu-TCL1 leukemic cells (Online Sup-
plementary Figure S4D and E). Vice versa, mb1-CreER™;Epu-
TCL1 cells treated with the NFkB inhibitor zerumbone
showed better survival and proliferation when compared
to the PTEN-deficient mb1-CreER™;Pten?d;Eu-TCL1 culture
cells (Online Supplementary Figure S4D and E).

In order to test whether the CD19* B220"" CD5* IgM* I1gD~
CLL cells could be generated if Pten was deleted ex vivo
on Ep-TCL1 background, we treated purified primary
splenic B2 cells from mb1-CreER™;Pten™;Eu-TCL1 mice
and mb1-CreER™;Eu-TCL1 controls with Tam (4-OHT) in
culture in the presence of the B-cell activating factor
(BAFF). The ex vivo-generated PTEN-deficient CLL cells
were more abundant compared to the PTEN-sufficient
control (26% to 8%) (Online Supplementary Figure S5A and
B). However, these cells could not survive for an extended
time period in culture.

Heterozygous loss of Pten accelerates chronic
lymphocytic leukemia development

In order to strengthen the evidence that PTEN-deficiency
and subsequent enhanced PI3K-activity, monitored by
AKT-phosphorylation, lead to accelerated onset of mouse
CLL, we intercrossed the mb1-Cre;Ep-TCL1 with the
Pten?* strains to generate the mb1-Cre; Pten™*;Eu-TCL1
which allows for a constitutive heterozygous deletion of
the Pten gene in B cells. Only one “floxed” Pten allele was
introduced because constitutive Pten deletion on both al-

V.K. Schmid et al.

leles leads to a block of B-cell development at the pro-
B-cell stage due to the inability to express a pHC.*°

In these mice, we detected an early development of CLL
cells at 8 weeks of age (Figure 6A). This was supported by
the quantification of five independent experiments with
five individual mice each showing that CLL cells accumu-
lated in the spleens of young (8 weeks old) mb1-
Cre;Pten*;Eu-TCL1 mice (Figure 6B, blue bar) but not in
control mb1-Cre;Eu-TCL1 mice (Figure 6B, red bar). The
CD19* B220" CD5* CLL cells expressed only IgM and no
IgD (Figure 6C, left) as compared to the CD19* B220* CD5"
cell population (IgM* IgD*) from the same mice (Figure 6C,
right). Consistent with the heterozygous loss of Pten, the
splenic CD19* B220"Y CD5* IgM* IgD~ CLL cells from mb1-
Cre;Ptenf*;Ep-TCL1 displayed significantly more AKT
phosphorylation than splenic B cells from the mb1-
Cre;Ep-TCL1 mice (Figure 6D and E, left). Together, these
results indicate that the constitutive loss of one Pten al-
lele in combination with overexpression of TCL1 signifi-
cantly accelerates the onset of CLL.

Heterozygous Pten deletion does not lead to Richter’s
transformation

It was recently shown by Kohlhaas et al. that constitutive
activation of AKT in Ep-TCL1 mice results in Richter’s
transformation (RT), an aggressive lymphoma which oc-
curs upon progression from CLL.*" So, we investigated if
mb1-Cre;Pten™*;Eu-TCL1 mice with a heterozygous Pten
deletion develop RT and histologically analyzed spleens
from diseased mice for features of RT. RT cells can be dis-
tinguished from CLL cells by morphological abnormalities,
large lymphoid cells and increased proliferation. Histone
H3 phosphorylation on S10 is specific to mitosis and
phosphorylated histone H3 (PHH3) proliferation markers
are increasingly being used to evaluate proliferation in
various tumors.®? Therefore, we analyzed the number of
PHH3-positive cells in spleens of diseased mb1-
Cre;Pten*;Eu-TCL1 and mb1-Cre;Eu-TCL1 control mice by
fluorescence microscopy. However, no significant differ-
ence in PHH3 positive cells could be observed (Figure 6F;
Online Supplementary Figure S5C) as well as no difference
in size of the CLL cells (Online Supplementary Figure S5E).
Hematoxylin and eosin (H&E) staining on paraffin em-
bedded splenic sections of diseased mb1-Cre;Pten™*;Eu-
TCL1 and mb1-Cre;Ep-TCL1 mice also revealed no
significant changes after Pten deletion in splenic CLL cells
(Online Supplementary Figure S5D). As a second marker
for proliferation, we measured Ki-67 levels in splenic B
cells of mb1-Cre;Pten™*;Eu-TCL1 and mb1-Cre;Ep-TCL1
control mice by flow cytometric analysis. Again, no sig-
nificant difference in Ki-67 expression levels could be ob-
served (Figure 6E, right; Online Supplementary Figure S5F).
So, we assume that loss of PTEN expression does not pro-
mote CLL transformation towards RT.
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Figure 6. A single deleted Pten allele is enough to accelerate the onset of chronic lymphocytic leukemia. (A) Flow cytometric
analysis of B cells from the spleens of mb1-Cre;Pten®*;Ep-TCL1 mice. Dot plot of the anti-B220 vs. anti-CD5 staining after gating
on CD19* B cells. The gated regions in the dot plots correspond to chronic lymphocytic leukemia (CLL) cells (CD19* B220'" CD5")
and healthy mature B cells (CD19* B220* CD57). The numbers in the dot plots indicate the mean relative frequency of cells in the
gate. (B) Quantification of the relative number of (CD19* B220'" CD5*) splenic mouse B cells from mb1-Cre;Pten¥*;Eu-TCL1 (blue
filled bars) and mb1-Cre;Ep-TCL1 (red filled bars) mice. Graphs are presented as mean + standard error of the mean (SEM). Four
asterisks (****) indicate P<0.0001, P-values were obtained using two-tailed Student's t-test. Results from 5 mice per group are
shown. (C) Dot plot of the anti-IgM vs. anti-IgD staining after gating on CD19* B220'" CD5" (left) and CD19* B220* CD5" (right).
The gated regions in the dot-plots correspond to CLL cells (IgMMe"gD~) and healthy mature B cells (IgM*IgD"é"). The numbers in
the dot-plots indicate the mean relative frequency of cells in the quadrants. (D) Flow cytometric analysis showing histograms
overlays of AKT-phosphorylation (left) and size (right) of splenic B cells from mb1-Cre;Eu-TCL1 (red line) and mb1-Cre;Pten®*;Eu-
TCL1 mice (blue line). (E) Quantification of AKT phosphorylation (left) and Ki-67 (right) mean fluorescence intensity (MFI) in
splenic mouse CLL B cells from mb1-Cre;Pten™*;Ep-TCL1 (blue filled bars) and mb1-Cre;Eu-TCL1 (red filled bars) mice. Graphs
are presented as mean * SEM. Four asterisks (****) indicate P<0.0001, P-values were obtained using two-tailed Student's t-test
(****P<0.0001; ns=not significant). Results from 5 mice per group are shown. (F) Quantification of PHH3 positive cells of the
splenic sections from diseased mb1-Cre;Pten®*;Ep-TCL1 and mb1-CreER™; Eu-TCL1 mice. Graphs are presented as mean = SEM;
bars show the mean value of 6 analyzed pictures per spleen. P-values were obtained using two-tailed Student's t-test (ns=not

significant). Results from 4 mice per group are shown.

PTEN is downregulated in human chronic lymphocytic
leukemia cells

In order to test whether PTEN plays a role in the survival
of human CLL, we analyzed its protein expression in B
cells from human CLL blood samples. The patient-de-
rived CLL samples were classified according to the pres-
ence (mutated, M-CLL) or absence (unmutated, U-CLL)
of the mutation in the immunoglobulin heavy chain vari-
able region gene (IGHV). An unmutated IGHV gene is a
molecular marker in human CLL associated with poorer
prognosis and shorter survival of the patients. As a con-
trol we used blood samples from HD (age 60+ years).
Overall, we analyzed 14 M-CLL and 21 U-CLL samples as
well as 16 HD samples for their PTEN protein expression
in B cells using flow cytometry. Statistical analysis re-
vealed a significantly decreased PTEN protein expression
in CLL cells when compared to B cells from HD B1 and
B2 (Figure 7B and E). In nine of 14 M-CLL (64.3 %) and 17
of 21 U-CLL samples (81 %) there was lower PTEN ex-
pression in CLL cells when compared to the mean of the
HD B1 control cells (Figure 7B, E and F). The remaining
CLL samples showed either similar or slightly higher
PTEN protein levels relative to the mean of the HD
samples (Figure 7F). As a control, the same samples
showed no difference in size or when stained with the
secondary Ab alone (Figure 7C). In order to assess
whether the downregulation of PTEN protein expression
in the 64.3 % M-CLL and 81 % U-CLL samples was con-
trolled in a post-transcriptional or post-translational
manner, we measured the PTEN mRNA transcript levels
by RT-qPCR. The results revealed that the PTEN mRNA
levels were significantly increased in 71.5 % of the M-CLL
and in 73.3 % of the U-CLL samples when compared to
the HD controls (Figure 7E and F). Therefore, we as-
sumed that the PTEN protein levels in approximately two
thirds of the analyzed CLL patients are likely downregu-
lated by either translational repression via microRNA
(miRNA) or in a post-translational manner. Indeed, the

repression of PTEN transcripts by miRNA has been al-
ready reported in many diseases.?33*

Downregulation of PTEN expression by miRNA-21,
miRNA-29 and PAX5

Among others, the miRNA miR-21 is known to target the
tumor suppressor PTEN as the knockdown of miR-21in a
DLBCL cell line resulted in increased PTEN protein ex-
pression but did not affect the level of PTEN mRNA.?® In
order to address the miR-21 expression in human CLL, we
performed miRNA isolation both from HD, M-CLL and U-
CLL patients. The analysis by RT-qPCR revealed a signifi-
cant increase in the amount of miR-21 in M-CLL and
U-CLL B cells compared to HD control B cells (Figure 8A).
The miR-29 family of miRNA, consisting of three members
mMiR-29a, miR-29b and miR-29c, is highly expressed in
cells of the adaptive immune response and has also been
shown to regulate PTEN expression leading to an in-
creased PI3K activity.*® The ablation of miR-29 specifically
in B lymphocytes results in an increase in PTEN ex-
pression and a decrease of the PI3K activity in mature B
cells. We analyzed the expression levels of miR-29a, miR-
29b and miR-29c in the HD, M-CLL and U-CLL patients’
samples and could observe a significantly increased ex-
pression level of all three miR-29 family members in B
cells from both M-CLL and U-CLL patients if compared
to the HD controls (Figure 8B). Consequently, the ex-
pression of miR-21 and the miR-29 family was shown to
be upregulated in human CLL cells, possibly accounting
for the reduced PTEN protein levels in these cells.

A recent study has reported that the expression of miR-
29 is controlled by PAX5." Hence, we analyzed the protein
expression of PAX5 in B cells from M-CLL and U-CLL pa-
tients as well as HD controls by flow cytometry. Indeed,
we could observe significantly higher PAX5 protein ex-
pression levels in B cells derived from CLL patients com-
pared to HD (Figure 8C and D, left). As a control, the same
samples did not show a difference in size or in the isotype
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Figure 7. PTEN expression is downregulated in human chronic lymphocytic leukemia B cells. (A and B) Flow cytometric analysis
of PTEN expression (B) in human blood samples from healthy donors (HD) B1 cells (black), B2 cells (green) and mutated chronic
lymphocytic leukemia (M-CLL, blue) and unmutated CLL (U-CLL, red) patients. The histograms indicate the fluorescence
intensity of PTEN protein expression of representative samples after gating on CD19* and CD5* cells from the U-/M-CLL patients
and HD B1 cells (A). For the HD B2 cells, we gated on CD19* and CD5" cells (A, left). (C) Representative isotype control (C, left)
and size control (C, right) of the flow cytometric analysis of PTEN expression in human blood samples from HD B1 cells (black),
B2 cells (green) and M-CLL (blue) and U-CLL (red) patients. (D) Quantification of human blood samples from HD (age 60+) and
CLL patients with and without a mutation in the IGHV gene (U-CLL and M-CLL). The plot indicates the mean fluorescence
intensity (MFI) of PTEN protein expression after gating on CD19* and CD5"* cells for the M-/U-CLL patients and the HD B1 cells.
For the HD B2 cells we gated on CD19* and CD5- cells. The bars include median and standard deviation. P-values were obtained
using two-tailed Student's t-test (*P<0.05; **P<0.01; ***P<0.001). Every dot or triangle represents an individual. (E) Real-time
guantitative polymerase chain reaction (QRT-PCR) analysis of human blood samples from HD and U-/M-CLL. The plot indicates
the levels of PTEN mRNA expression relative to the expression of the housekeeping gene GAPDH, including median and standard
deviation. P-values were obtained using two-tailed Student's t-test (**P<0.01; ****P<0.0001). Every dot or triangle represents
an individual. (F) Relative PTEN mRNA and protein expression in B cells from U-/M-CLL patients compared to the averaged
expression of HD control. Red: samples show high PTEN mRNA/protein expression relative to HD, black: PTEN expression is
similar relative to HD, grey: CLL patients have lower PTEN/mRNA levels relative to HD.

control staining (Figure 8D, right). Together, these data
strengthen our hypothesis, that PTEN expression in CLL
cells are post-transcriptionally repressed by high levels of
the miRNA miR-21 and miR-29, the second upregulated by
increased levels of PAX5 itself (Figure 8E).

Discussion

In this study we present a novel mouse model, which
allows the Tamoxifen-inducible inactivation of Iga (sub-
sequently preventing BCR assembly and expression on the
cell surface) in a mouse CLL model.

Our findings demonstrate that loss of mature B cells after
the ablation of the BCR in combination with the anti-IL-
7R treatment is an intrinsic feature of B cells and not due
to their reduced production. Consistent with previous
findings,?®38-4% we confirm here that mature peripheral B
cells rely on their BCR for survival, as almost the complete
B cell pool is lost within 2 months after Iga inactivation.
We took advantage of the mb1-CreER™ mouse strain’s ef-
ficient recombination of the Iga locus and applied it to
the Ep-TCL1 CLL mouse model, in which we could suc-
cessfully ablate Iga.

One major finding of this study is that in the Ep-TCL1
mouse model, the maintenance of CLL cells requires BCR
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expression because in the absence of Iga 100-fold fewer and its overexpression partially rescues BCR-deficient B
CLL cells are maintained compared to the Iga-sufficient cells.*> We further show that ablation of the BCR reduces
control. Based on our results, we suggest that in the ab- tumor size and prolongs the overall survival of mice with
sence of the BCR PI3K-signaling is reduced, as demon- fully developed CLL.

strated by a decrease in AKT phosphorylation and lower Srinivasan et al. have shown that BCR-dependent signal-
levels of BCL-2 and MCL-1. In addition, the loss of BCR ex- ing via the PI3K provides the crucial “tonic signal”, which
pression in CLL cells results in slightly downmodulated is indispensable for the maintenance of resting mature B
NFkB activity what might additionally contribute to the cells.?® Although other studies have attributed the micro-
decreased BCL-2 expression levels. BCL-2 is important for environment with a role in CLL development and progres-
the development and survival of mature naive B cells, sion,*®* our results demonstrate that, the BCR alone
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Figure 8. miR-21, miR-29 and PAX5 expression is increased in human chronic lymphocytic leukemia B cells. (A) Expression of
miR-21in chronic lymphocytic leukemia (CLL) patients (grouped: mutated and unmutated IgH V,)) and in the healthy donor (HD)
control group (age: 60+ years) assessed by real-time quantitative polymerase chain reaction (QRT-PCR). The plot indicates the
expression level of the microRNA (miRNA) miR-21 relative to the expression of the small-nucleolar RNA RNU44 used as
endogenous control. Mean * standard error of the mean (SEM); numbers in the graph indicate the mean of each group. P-values
were obtained using Mann-Whitney U-test (**P<0.01; ***P< 0.001). Every dot or triangle represents an individual. (B) Expression
of the miR-29 family in CLL patients (grouped: mutated and unmutated IgH V) and in the HD control group (age: 60+ years)
assessed by qRT-PCR. The plot indicates the expression levels of the miR-29 family members miR-29a, miR-29b, miR-29c
relative to the expression of the small-nucleolar RNA RNU44 used as endogenous control. Mean + SEM; numbers in the graph
indicate the mean of each group. P-values were obtained using Mann-Whitney U-test (*P<0.05; **P<0.01; ***P<0.001;
**%%P<0.0001; ns=not significant). Every dot or triangle represents an individual. (C) Flow cytometric analysis of human blood
samples gained from HD (age 60+ years ) and CLL patients (grouped: mutated and unmutated IgH V,). The plot indicates the
mean fluorescence intensity (MFI) of PAX5 protein expression after gating on CD19* and CD5* cells for the mutated/unmutated
CLL patients and the HD B1 cells. For the HD B2 cells we gated on CD19* and CD5 cells. Median + SEM. P-values were obtained
using two-tailed Student's t-test (*P<0.05; **P< 0.01; ***P<0.001). Every dot or triangle represents an individual. (D) Flow
cytometry analysis of PAX5 expression (left) in human blood samples of HD B1 cells (black), B2 cells (green) and CLL patients
with mutated (blue) and unmutated (red) IgH V,. The histograms indicate the fluorescence intensity of PAX5 protein expression
of representative samples after gating on CD19* and CD5* cells for the CLL mutated/unmutated patients and the HD B1 cells. For
the HD B2 cells we gated on CD19* and CD5" cells. Representative isotype control (middle) and size control (right) of the flow
cytometric analysis are also shown. (E) Schematic representation of our working hypothesis. Upregulated PAX5 protein
expression leads to higher expression of miR-29 family miRNA, which in turn inhibit the transcription of PTEN decreasing PTEN
protein expression. This in turn increases the PI3K activity, which might lead to the development of CLL.
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dictates the fate of the CLL cells in the Ep-TCL1T mouse
model by activating the PI3K pathway, the key component
of chronic active BCR signaling in mouse CLL.* This points
out the importance of the BCR as a scaffold and platform
for signaling emanating from different stimuli. Therefore,
our results establish that BCR expression per se is
required and indispensable to keep mouse CLL cells alive.
To our knowledge, this study provides the first direct gen-
etic evidence that the maintenance of mouse CLL cells
depends on the BCR.

The second major finding of this study is that conditional
deletion of the Pten gene and subsequent constitutively
active PI3K signaling lead to an accelerated onset of CLL
development in mice. CLL in Ey-TCL1 transgenic mice de-
velops after long latencies.?® This indicates that high ex-
pression of TCL1 is insufficient to drive transformation and
that other genetic or epigenetic changes are presumably
required. PTEN deficiency alone does not drive tumori-
genesis in mature B cells;?® however, based on our data,
inactivation of PTEN with simultaneous overexpression of
TCL1 accelerates the onset of CLL pathogenesis in young
mice. We show that in PTEN-deficient TCL1-transgenic
CLL cells AKT phosphorylation is increased compared to
B cells only overexpressing TCL1. As PTEN-deficient
splenic CLL cells are not susceptible to BCR stimulation
with anti-IgM F(ab’), fragments, we believe that PTEN
deficiency results in constitutive activation of the
PIBK/AKT pathway. However, although Kohlhaas et al. re-
cently reported that constitutive activation of AKT in a Ep-
TCL1 mouse model results in RT*' we were unable to show
this phenomenon in Pten*;mb1-Cre;Epu-TCL1 mice with
heterozygous Pten deletion. These results might be ex-
plained by differential progression and development of
CLL in the respective mice. While we observe a signifi-
cantly increased number of CLL cells in Pten"*;mb1-
Cre;Ep-TCL1T mice compared to mb1-Cre;Ep-TCL1 control
mice already at an age of 8 weeks (Figure 6A and B), this
difference could not be detected in Ey-TCL1 mice with
constitutive AKT activation before the mice reached an
age of 7 months.

Spontaneous apoptosis of CLL cells in vitro has hampered
the in-depth investigation of the mechanisms behind CLL
maintenance. Cells from spleens of aged mb1-
CreER™;Ptenf;Ep-TCL1 mice with high tumor load prolif-
erated in culture without addition of growth factors. Flow
cytometric analysis showed that the cells maintained the
phenotype of the primary leukemia even after prolonged
in vitro culture. To the best of our knowledge, Ep-TCL1
leukemia-derived cell lines have not been described to
date. Recently, a similar phenomenon was observed by
Chakraborty et al. wherein murine Ep-TCL1 leukemia cells
exhibiting biallelic inactivation of TP53, CDKN2A and
CDKN2B were also found to proliferate spontaneously in
vitro.*® Notably, cell lines from mb1-CreER™;PtenV";Epn-
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TCL1 were as susceptible to venetoclax as control cells
from the mb1-CreER™;Ep-TCL1 mice, showing that the loss
of PTEN does not confer resistance to apoptosis. More-
over, the PTEN-deficient CLL-like culture cells still relied
on BCR signals for proliferation as BCR signaling inhibitors
caused decreased survival and proliferation of the cells in
vitro. Interestingly, significantly increased cell death and
decreased proliferation of PTEN-deficient mbi-
CreER™;Pten?d;Ep-TCL1 culture cells in comparison to
mb1-CreER™;Eu-TCL1 leukemic cells could be observed
due to NFkB inhibitor treatment, indicating that the NFkB
pathway plays an important role in these PTEN-deficient
CLL-like culture cells.

These PTEN-deficient CLL-like cell lines may be well
suited for high-throughput screening of novel compounds
for CLL treatment. Furthermore, the PTEN-deficient cells
can be transplanted into immunodeficient mice and may
be used in further in vivo studies. The rapid development
of CLL in these mice may help to dissect signaling mech-
anisms of CLL cells within a reasonable time frame in
contrast to the slow disease development in Ep-TCL1
mice. Therefore, this specifically provides a tool to de-
velop novel treatment options for drug-resistant CLL.

It is remarkable that although splenic CLL cells from mb1-
CreER™;Pten™™;Eu-TCL1 mice developed in culture after ex
vivo deletion of Pten, they were not immortalized like the
cells, in which Pten had been deleted in vivo. This may
suggest that additional factors or additive mutations are
required to promote transformation in vivo.

PTEN is tightly regulated by various non-genomic mech-
anisms including epigenetic silencing, post-transcriptional
regulation by non-coding RNA, and post-translational
modification.*®* Due to the high PTEN mRNA transcript
levels in the analyzed human CLL samples which stand in
contrast to the decreased PTEN protein expression, we
assume that the PTEN downregulation in two thirds of
overall 35 analyzed CLL samples might be regulated in a
post-transcriptional manner mediated by non-coding
RNA. miRNA comprise a large family of small non-coding
RNA that emerged as post-transcriptional regulators of
gene expression.*® The microRNA miR-21, miR-155, miR-17-
92 or miR-19 and miR-29, for instance, are post-transcrip-
tional regulators of PTEN expression, which directly target
PTEN and contribute to its reduced expression in CLL.%
Moreover, several studies demonstrated that microRNA
expression profiles can be used to distinguish normal B
cells from malignant CLL cells and that miRNA signatures
are associated with prognosis and progression of CLL.*®
Among other miRNA that have also been shown to regu-
late PTEN expression the miR-29 family is one of the criti-
cal miRNA that play a role in cancer pathogenesis.*® It was
revealed that Ey-miR-29 transgenic mice overexpressing
miR-29 in B cells exhibit an expanded CD5+ B-cell popu-
lation with 20% of the mice developed leukemia indicating
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a role of miR-29 in the pathogenesis of B-CLL.%° Our
analysis of miR-29 expression in human CLL cells revealed
that all three miR-29 family miRNA were significantly over-
expressed in both M-CLL and U-CLL patient samples.
Moreover, we could show that PAX5 expression is upregu-
lated in human CLL patient samples, which might induce
the upregulation of the miR-29 family miRNA. This stands
in line with the recently published findings of Calderon et
al. who identified PAX5 as an enhancer of PI3K signaling
that downregulates PTEN expression in mature B cells,
likely by controlling the abundance of PTEN-targeting
MiRNA.%

In summary, our data illustrate that the loss of PTEN in mu-
rine CLL cells results in the accelerated development of
the disease. This observation underscores the significance
of PI3K signaling in the pathogenesis of CLL. In addition,
the significant downregulation of PTEN expression in B
cells of around two third of the analyzed CLL patients sug-
gests an important role of PTEN in the development and
maintenance of human CLL. It is conceivable that the de-
creased PTEN expression is induced by the increased levels
of miR-21, miR-29 family and PAX5 expression in the ana-
lyzed human CLL cells as PAX5 is believed to restrain PTEN
expression in B cells by controlling the expression of PTEN-
targeting miRNA.*” Conclusively, the work described in this
paper strengthens the important role of PTEN as a tumor
suppressor in CLL and raises a number of interesting ques-
tions that may help to design the potential use of PTEN-
targeting miRNA inhibitor strategies for CLL.

Furthermore, we show that BCR loss fully abrogates the
survival of CLL cells in mice. We therefore conclude that
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PTEN expression sets a threshold for malignant trans-
formation in the presence of BCR. Targeting the BCR
itself, however, may be a major future achievement in
combatting CLL, since antibodies against IgB have been
shown to be potent in depleting autoimmune and malig-
nant B cells in mouse models and in preclinical studies.
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