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Cell cycle control in Richter
transformation
Christian P. Pallasch | University of Cologne

In this issue ofBlood, Chakraborty et al report that alterations in the function of
TP53 and the cell-cycle regulators CDKN2A/CDKN2B cooperate in Richter
transformation (RT) of chronic lymphocytic leukemia (CLL).1 RT is characterized
by the development of an aggressive lymphoma from indolent CLL and occurs
in 2% to 10% of CLL patients. It represents the most difficult therapeutic chal-
lenge in CLL despite the multitude of targeted therapies that are currently
available. The estimated overall survival is currently only 3.3months.2,3 Several
factors for the development of RT have been identified such as loss of TP53,
NOTCH1 mutations, constitutively active AKT, stereotyped B-cell receptors,
and, notably, disruptions of the cell-cycle regulators CDKN2A/B in about
30% of cases.4,5 Because RT is the biggest unmet need for patients with CLL,
it is of critical importance to functionally dissect risk factors for RT to provide
novel approaches for therapy of RT.

Given these challenges, the work of Chak-
raborty et al is particularly exciting; the
authors show that a cooperative biallelic
loss of function of TP53 and the cell-
cycle regulators CDKN2A/CDKN2B allows
for B-cell receptor (BCR)-dependent pro-
liferation and may provide therapeutic
targeting of RT by combining BCR and
CDK4/6 inhibitors.

A well-known phenomenon of CLL cells is
central to this work. In vitro–cultured CLL
cells do not proliferate to a BCR stimulus.
Likewise, CLL cells stop proliferating once
treated with BCR inhibitors in vivo. The ini-
tial studies of the authors explored gene
expression data from primary human CLL
cells after ex vivo stimulation of the BCR.
Here, they identify strong induction of G1

phase cell-cycle regulators, which was
counterbalanced by upregulation of the
negative regulators CDKN2A and
CDKN2B (see figure, panel A). Impor-
tantly, these observations from patient
CLL cells were recapitulated by the
authors in the Em-TCL1 mouse model
using the autoantigen phosphatidylcho-
line to provide tonic BCR stimulation. In
the murine setting, CLL cells similarly dis-
played induction of CDKN2A and
CDKN2B once stimulated via BCR signal-
ing. This upregulation of the cell-cycle
inhibitors CDKN1A, CDKN2A, and
CDKN2B upon BCR engagement might

mediate control of proliferation in BCR-
stimulated CLL cells in the absence of
other costimulatory signals. Continued
counterbalance in CLL cells may be a
defining regulatory roadblock against
uncontrolled proliferation and of particular
relevance for the indolent characteristics
of CLL. Here, the implication that
the genetic aberrations with the loss of
cycle inhibitors CDKN1A, CDKN2A, and
CDKN2B are critical for the transformation
fromCLL to RT (see figure, panel B). These
genes are frequently found to be nonfunc-
tional in patients with RT where �50% of
patients harboring alterations of TP53, an
important transcriptional activator of
CDKN1A, and another 30% of patients
with deletions involving the CDKN2A
locus.4 In an attempt to duplicate the
genetic alterations of RT in vivo within
the Em-TCL1 mouse model of CLL, it has
been previously shown that loss of TP53
function induces a high-risk CLL pheno-
type, but with low rate of progression to
RT.6 These findings suggested that addi-
tional loss of cell-cycle control may be
required for complete transformation to
the RT phenotype.

Chakraborty et al have now elegantly
addressed the functional consequences
of these genetic events occurring in CLL
progression to RT. Also, by using the Em-
TCL1 mouse model for CRISPR/Cas9-

based targeting ex vivo, they addressed
simultaneous loss of TP53, CDKN2A, and
CDKN2B in murine CLL cells derived
from Em-TCL1 mice. On a technical level,
it is noteworthy that the investigators
achieved effective targeting in this model
by using a 2-step in vivo expansion of
Cas9-targeted CLL cells. The key finding
of their experimental approach was
that the combined targeting of TP53,
CDKN2A, and CDKN2B induces a diffuse
RT-like morphology with infiltration of
large pleomorphic cells with a high prolif-
erative rate. Furthermore, the TP53-,
CDKN2A-, and CDKN2B-deficient cells
were able to spontaneously proliferate ex
vivo, whereas wild-type control cells could
not even be maintained ex vivo. These
alterations were specific for the combined
loss of TP53, CDKN2A, andCDKN2B func-
tion, whereas targeting the respective
genes individually did not produce
increased proliferation ex vivo.

The authors also addressed these findings
in an independent BCR specificity setting
using a Smith autoantigen reactive variant
of the Em-TCL1 model for targeting of
TP53, CDKN2A, and CDKN2B function.
Also, with this alternative BCR specificity,
the combined loss of the respective cell
cycle inhibitors again revealed an aggres-
sive RT phenotype with significantly
reduced overall survival and large cells
with the propensity to proliferate ex vivo.
Thus, biallelic loss of function of TP53 and
the cell-cycle regulators CDKN2A/
CDKN2B paves the way for stimulus-
induced proliferation in CLL cells in RT.

When altering these regulators of key pro-
cesses such as cell-cycle control and DNA
damage response, one might hypothesize
that additional off-target genetic alterations
driving proliferation of CRISPR/Cas9-edited
cells are necessary. However, whole exome
sequencing of targeted cells did not reveal
any additional mutations underlying the RT
phenotype and the increase in proliferation.

Onemight expect an elevated load of addi-
tional mutations from genomic instability in
the context of TP53 loss. However, transfor-
mation did not depend on acquisition of
additional recurrent mutations. Moreover,
the combination of BCR stimulus and
unleashed cell-cycle control through loss of
regulators CDKN2a/CDKN2B appears to
suffice as a breach in the dike toward mas-
sively accelerated flood of cellular prolifera-
tion in RT.
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The loss of cell-cycle control by loss of reg-
ulator function obviously provides the
path for massive acceleration of prolifera-
tion underlying RT. The question
remained as to which pathway was the
predominant culprit driving CLL cells to
increased proliferation. To explore that
question, the authors compared BCR
and TLR signaling pathways by targeting
the IgM constant region vsMyD88 respec-
tively. Suppression of BCR signaling by
disruption of IgM abrogated proliferation

and progression in vivo. Conversely, tar-
geting of the TLR adaptor protein
MyD88 did not alter malignant cell
growth. The authors conclude that prolif-
eration from biallelic loss of TP53/
CDKN2A/2B is dependent on BCR signal-
ing and does not require other
costimulatory signals from the leukemic
microenvironment.

Themerit of these insights is that they pro-
vide a functional rationale for the genomic

alterations underlying RT. This work also
provides a therapeutic strategy toward
treatment in the highly resistant and noto-
riously difficult to target RT. The authors
observed BCR inhibitors terminated cell
growth in TP53/CDKN2A/B-deficient
TCL1-derived cells. Moreover, their work
provides a rationale for inhibiting cell-
cycle progression via CDK4/6 inhibitors
to substitute for the lost control by
CDKN2A/B. Using the CDK4/6 inhibitors
palbociclib, a well-established compound
in breast cancer frontline therapy, they
observed inhibition of proliferation of RT
cells. When combining palbociclib with
BCR-signaling directed compounds ibruti-
nib, idelalisib, or fostamatinib, a
synergistic effect was observed in vitro.
Consistently, a significant response to
combined BCR plus CDK4/6 targeting
was observed in vivo (see figure, panel
C). Mice treated with the combination of
ibrutinib and palbociclib showed a lower
leukemic burden and an increased overall
survival. Finally, the authors could repli-
cate their finding based on the TCL1
mouse model by using human xenograft
RT cells comparing 2 RT-derived models
with either loss of TP53/CDKN2A/B vs
maintained integrity of respective loci.7

Here, it is noteworthy that in TP53/
CDKN2A/B-deficient RT cells were able to
proliferate spontaneously in vitro, whereas
RT cells with functional TP53/CDKN2A/B
but trisomy 12, KRAS, MED12, and
NOTCH2 mutation driving RT did not dis-
play this phenomenon. The murine and
human model systems of TP53/CDKN2A/
B loss display a similar consequence for
enhanced and less controlled proliferation,
one of the major hallmarks of cancer.
Moreover, therapeutic response to com-
bined BCR plus CDK4/6-inhibition consis-
tently showed a synergistic response in
the human patient-derived xenograft
model.

These results open a multitude of further
questions and opportunities for develop-
ment of clinical approaches. So far,
CDK4/6 inhibitors have not been
explored in RT, but promising early
phase 1 result in mantle cell lymphoma
suggest a clear rationale to address ibru-
tinib in combination with palbociclib in
RT as well.7 This study provides a clear
clinical rationale. It also provides a new
mouse model recapitulating a genetic
aberration found in many patients with
RT. The development of this new in vivo
model of RT in concert with models rep-
resenting alternative mechanisms of RT
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Loss of cell-cycle control in RT from CLL cells. (A) Cell-cycle control by TP53, CDKN1A, CDKN2A, and CDKN2B
blocks proliferation in CLL stage B cells after BCR stimulation. (B) Loss of TP53 and CDKN2A/B in RT allows trans-
formed cells to proliferate past inactivated cell-cycle checkpoints. (C) Combined BCR- and CDK4/6-inhibition
provides effective therapeutic response in preclinical RT mouse models. BCR-stim., BCR stimulation.
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pathogenesis will accelerate preclinical
exploitation of novel therapeutic
concepts.5,9
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Evading eviction: leukemic
stem cell squatters
Daniela S. Krause | Goethe University

In this issue of Blood, Yu et al report a novel CD44-CXCL12–mediated signaling
pathway that leads to resistance to venetoclax, an increase in stem cell fea-
tures, and a decrease in apoptosis in acute myeloid leukemia (AML).

The painting The Squatter, by the Ameri-
can painter George Caleb Bingham
(1811-1879), beautifully depicts a group
of squatters, sitting outside their log cabin
by a campfire overlooking the North
American prairie. While the squatters
claimed new territory and took up resi-
dence in remote parts of the land, they
eventually relinquished them, leaving their
abodes to new settlers. The squatters
were pioneers, instrumental in pushing
the frontier to the West and were
renowned for their independence.

Leukemic stem cells (LSCs) may also be
considered squatters in their niche in the
bone marrow microenvironment (BMM),
which is the usual home of normal hemato-
poietic stem and progenitor cells. There,
the LSCs roam, while interacting with
neighboring cells, matrices, and soluble

factors. Leukemia cells modify this niche
in a fashion most conducive to their own
survival, allowing their progeny to expand
their borders beyond the bone marrow
and into the peripheral blood.2 Lodging
in this niche also provides a shelter from
external threats such as radiation, chemo-
therapy, or other destructive treatments.3,4

Another external threat to leukemia cells is
venetoclax, which belongs to the novel
class of BH3-mimetics, which inhibits the
anti-apoptoticmachinery of (cancer) cells.5

Venetoclax specifically and selectively
inhibits the B-cell lymphoma 2 (Bcl-2) pro-
tein, leading to programmed death of
chronic lymphocytic leukemia and AML
cells with good clinical results. In elderly
patients with AML, treatment with veneto-
clax is frequently combined with azacyti-
dine.5 Favorable outcomes have also

been reported in preclinical or clinical tri-
als in non-Hodgkin lymphoma, B-cell
acute lymphoblastic leukemia, and multi-
ple myeloma.6

As with most successful novel therapies7

much effort is now being placed on under-
standing mechanisms leading to resis-
tance to venetoclax. Indeed, gene and
protein expression studies have revealed
that overexpression of the antiapoptotic
proteins BCL-XL and MCL-1, either alone
or in combination, where neither is tar-
geted by venetoclax, results in resistance.
Concomitantly or exclusively, a decrease
in proapoptotic proteins or a mutation in
the BH3-binding domain (F104L), which
may interfere with venetoclax binding,
has also been observed,8 but the search
for further mechanisms of resistance to
such a promising and widely applicable
form of treatment is far from over.

In fact,�20%ofpatientswithAML treated
with a combination of venetoclax and
hypomethylating agents are refractory,
and other patients, even those achieving
a complete remission, may relapse
because of the presence ofminimal resid-
ual disease (MRD). MRD is attributed to a
population of leukemia cells that are resis-
tant to specific therapies because of the
acquisition of survival advantages with
the development of stem cell characteris-
tics and which are usually maintained in
the protective BMM. Several pathways,
including the integrins, but also the glyco-
protein adhesionmolecule CD44 on AML
cells,9 which binds to the extracellular
matrix protein hyaluronan and other
ligands, as well as the CXCR4-CXCL12
(stromal-derived factor 1a [SDF1a]) axis,
have been shown to mediate the BMM
resistance of AML cells to conventional
therapies.2

In this study, Yu et al unravel a novel path-
way involving the cooperative function of
CD44 and CXCR4 (the receptor for BMM-
derivedCXCL12) that resulted inpromotion
of stemness features in AML cells and
resistance to venetoclax (see figure). Using
elegantbiomolecularfluorescence technol-
ogy, they demonstrate that CD44 and
CXCR4 form a complex on the cell mem-
brane after stimulation with CXCL12 and
that reducedexpressionofCD44abrogates
CXCL12-mediated induction of the embry-
onic stem cell core transcription factors
Sox2, Oct4, and Nanog in venetoclax-
resistant AML cell lines. Venetoclax treat-
ment selected for these stemlike AML cells,
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