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A treatment-refractory disease

Double-hit lymphoma (DHL) is a very
aggressive subgroup of B cell lymphoma
that possesses translocations in MYC and
BCL2 or BCL6. Similarly, double-protein-
expression lymphoma (DEL) refers to the
subgroup of B cell lymphoma that results
from overexpression of MYC and BCL-2
through other means, such as gene ampli-
fication. Approximately 20% to 30% of
patients with diffuse large B cell lymphoma
(DLBCL) fall into the expanded DHL cat-
egory, which includes both DHL and DEL,
and these patients have a worse prognosis
than those without alterations in both MYC
and BCL-2 when treated with standard
therapy for non-Hodgkin lymphoma (1,
2). Unlike the more manageable DLBCL,
which is curable in about 60% of patients
treated with rituximab plus cyclophospha-
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Inhibitors that target specific kinases or oncoproteins have become popular
additions to or replacements for cytotoxic chemotherapies to treat many
different types of cancer. However, many tumors lack a discernable target
kinase and an amplified oncoprotein and/or rely on several cooperating
mechanisms for progression. Thus, combinations of targeted therapies

are essential for treating many cancers to avoid the rapid emergence

of resistance. In this issue of the JC/, Ren et al. use an elegant kinase
activity-profiling method and identify activity of the oncogene polo-like
kinase-1 (PLK1) as an important driver of double-hit lymphoma (DHL), an
aggressive subgroup of B cell ymphoma characterized by chromosomal
translocations involving c-MYC and BCL2 or BCL6. Moreover, PLK1 activity
was associated with MYC expression and poor prognosis in DHL patients.
PLK1 inhibition with volasertib, alone and in combination with the BCL-2
inhibitor venetoclax, was efficacious in multiple DHL models, including mice
harboring DHL patient-derived xenografts. Together, these data support
PLK1 as a promising prognostic marker and therapeutic target for DHL.

mide, doxorubicin, vincristine, and pred-
nisone (R-CHOP), patients with DHL on
R-CHOP have a median overall survival
ranging between 5 and 24 months (3, 4).
The combination of increased cell prolif-
eration and survival through dysregulated
MYC and decreased apoptosis through
enhanced BCL-2 signaling is hypothesized
to underlie aggressiveness and treatment
resistance in DHL (Figure 1).

A new hallmark of DHL

Polo-like kinase-1 (PLK1) overexpression
has been observed in several cancers and
is associated with a worse prognosis (5). In
this issue, Ren and colleagues reveal a pre-
viously undescribed role for this kinase in
DHL (6). Using activity-based protein pro-
filing of isogeneic doxycycline-repressible
MYC B cell lines with high or low BCL2
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expression, a gene expression profiling
data set with 484 primary B cell lympho-
ma samples, and a tissue microarray com-
prising primary DLBCL patient samples,
the authors showed that increased PLK1
expression and activity correlate with
MYC expression and result in poorer out-
comes in the DHL subset of patient sam-
ples, illustrating elevated PLK1 activity as
another signature of DHL. Pharmacologi-
cal inhibition or CRISPR-mediated genetic
deletion of PLK1 in cell lines resulted in
time- and dose-dependent decreases in
MYC levels, showing that PLK1 expres-
sion and activity are required to maintain
MYC expression in DHL. This integrated
and comprehensive analysis is unique and
applicable to other cancer types for future
investigation.

Even more important than the identifi-
cation of PLK1 overexpression and activity
in DHListhe elucidation of the mechanism
of a feed-forward circuit between PLK1
and MYC. MYC stabilization is well known
to be regulated at the highly conserved
amino acids threonine 58 and serine 62.
Phosphorylation at serine 62, which is
mediated by a number of kinases, includ-
ing PLK]1, stabilizes MYC, and subsequent
phosphorylation at threonine 58, which is
mediated by GSK3p, promotes MYC ubig-
uitination by the E3 ubiquitin ligase FBW7
and consequent proteasome degradation
(7). Ren et al. have now demonstrated that
PLKI1 stabilizes MYC in DHL by activating
an AKT/GSK3p-signaling axis (6). Active
GSK3p phosphorylates MYC at threonine
58; however, phosphorylation of GSK3p
by AKT prevents MYC phosphorylation.
Inhibition of PLK1 via CRISPR knock-
out or pharmacologically with volasertib
decreased AKT activity in DHL, resulting
in MYC destabilization. Interestingly, this
mechanism of increased MYC degradation
differs from that shown in previous work
in neuroblastoma, where PLK1 inhibition
stabilizes N-MYC by increasing levels of
FBW7, which directly increases MYC ubiq-
uitination (8). Additionally, by using ChIP
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Figure 1. PLK1 activity contributes to disease pathogenesis in DHL. DHL is characterized by over-
activity of both MYC and BCL-2 oncoproteins. MYC overactivity contributes to the development of
cancer by increasing cell proliferation. Aberrant BCL-2 activity helps prevent apoptosis, and while not
sufficient to cause cancer alone, can support metabolism and cell-cycle changes by other oncogenes.
(A) In this issue, Ren et al. identify PLK1 as an important regulator of DHL. Specifically, PLK1 was
shown to stabilize MCL1, a BCL-2 family member that is known to mediate resistance to the BCL-2
inhibitor venetoclax. Moreover, PLK1 interacts with MYC to form a feed-forward circuit in which PLK1
helps stabilize MYC and MYC activates further PLK1 transcription. (B) Ren et al. show that targeting
PLK1 with volasertib destabilizes MYC and MCL1in DHL and may be a way to indirectly target MYC,

which is currently considered “undruggable.”

assays, Ren et al. showed a significant
increase in MYC recruitment to the PLKI
promoter-proximal E-box motif in several
MYC-driven lymphoma lines, suggesting
that MYC directly activates PLK1 expres-
sion in DHL (6). Thus, PLK1-mediated sta-
bilization of MYC drives PLK1 expression,
thereby forming a previously undescribed
loop that contributes to the potential dif-
ferential biology and clinical behavior of
DHL (Figure 1). Furthermore, PLK1 activa-
tion was shown to enhance tumor depen-
dence upon MCL1, a common mediator
of resistance to selective BCL-2 inhibitors
such as venetoclax, for survival (9).

A promising therapeutic target
When evaluating preclinical models of
cancer therapies, there very often are sub-

stantial differences in efficacy between in
vitro and in vivo experiments. Several fac-
tors, including interaction of tumor with
microenvironment, altered bioavailabili-
ty, metabolic changes, and distribution of
potential therapies, have emerged during
studies of animal models. Yet there is still
room to critique the relevance of some in
vivo models. Xenografts of cell lines into
immunocompromised mice are common-
ly used to model disease development and
response to treatment, and while these cell
lines were once derived from a patient’s
actual tumor, changes that occur over time
may cause unknown but meaningful dif-
ferences in response to treatment. Ren et
al. improve upon commonly used methods
for testing cancer therapies by using ex
vivo patient samples and patient-derived
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xenograft (PDX) models of DHL to show
efficacy of PLK1 and BCL-2 inhibition
alone and in combination (6).

Ren and colleagues employed an ex
vivo model, previously published by the
Tao group (10), that allowed reconstruc-
tion of the lymphoma microenviron-
ment by seeding primary DHL cells in
plates coated with human-derived stro-
ma cells and collagen. Consideration of
the increased complexities of how cells
communicate with each other, the extra-
cellular matrix, and with various secreted
factors has had a profound influence on
therapy and clinical outcomes (11, 12). The
PDX model, while still a human xenograft,
differs from cell-line xenografts because
primary tissue more closely recapitulates
DHL disease. General weaknesses of a
PDX approach include difficulty obtaining
samples, a diminished ability to replicate
or validate findings, and an inability to
study interactions of disease or treatments
with the immune system. However, PDX
models have several potential strengths,
including the ability to study the mech-
anisms of disease and response to treat-
ment for any patient’s individual tumor.
PDX models consequently show promise
as being clinically relevant for investi-
gation of disease pathogenesis and may
serve as a means to design and deliver tru-
ly personalized health care. The in vitro, ex
vivo, and PDX in vivo models used by Ren
et al. determined that PLK1 and BCL-2
inhibition have efficacy as single agents
and that efficacy is further increased by a
combination strategy (6). Together, these
results support the development of clinical
trials targeting PLK1 in DHL.

Future directions

Ren and colleagues have revealed PLK1
as a promising therapeutic target in DHL
by showing expression and increased
activity of PLK1, identifying a PLK1/MYC
feed-forward loop, and showing efficacy
of PLK1 inhibition along with selective
BCL-2 inhibition in several specific DHL
models (6). The data provided in this study
indicate that dual inhibition of PLK1 and
BCL-2 have a greater effect than single
inhibition of either target; however, Ren
et al. did not fully explore the degree of
synergy between the PLK1 inhibitor vola-
sertib and the BCL-2 inhibitor venetoclax
for treating DHL. Combination therapies
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are popular across many medical special-
ties because of the potential to obtain a
greater effect with less treatment. With
rising healthcare costs and the potential
for side effects, a deeper investigation
into the doses of each drug required when
used in combination may prove useful for
improving patient outcomes. PLK1 inhibi-
tion has also been shown to be effective in
neuroblastoma (8) and, recently, anaplas-
tic thyroid cancer (13) and glioma (14). The
effectiveness of PLK1 inhibition in other
cancers coupled with the fact that both the
PLK1and the BCL-2inhibitors used by Ren
et al. have defined safe doses for adminis-
tration and have relatively nonoverlap-
ping toxicity profiles provides justification
for a clinical trial to assess the safety and
activity of these or similar agents in DHL.
Furthermore, the establishment of the
previously unknown role of PLK1 in DHL
provides a novel path for exploring more
detailed mechanisms of disease develop-
ment in DHL and other cancers. Finally,
the successful indirect targeting of MYC
through PLK1 in DHL suggests that similar
approaches may be feasible for reducing
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MYC or other oncogenes currently consid-
ered “undruggable” in other diseases.
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