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ABSTRACT
Survival following anthracycline-based chemotherapy remains poor among
patients with most T-cell lymphoproliferative disorders. This may be attributed, at
least in part, to cell-autonomous mechanisms of chemotherapy resistance observed in
these lymphomas, including the loss of important tumor suppressors and the activation
of signaling cascades that culminate in the expression and activation of transcription
factors promoting cell growth and survival. Therefore, the identification of novel
therapeutic targets is needed. In an effort to identify novel tumor dependencies,
we performed a loss-of-function screen targeting ≈500 kinases and identified pololike kinase 1 (PLK-1). This kinase has been implicated in the molecular cross-talk
with important oncogenes, including c-Myc, which is itself an attractive therapeutic
target in subsets of T-cell lymphomas and in high-grade (“double hit”) diffuse large
B-cell lymphomas. We demonstrate that PLK-1 expression is prevalent among these
aggressive lymphomas and associated with c-myc expression. Importantly, PLK-1
inhibtion with the PLK-1 inhibitor volasertib significantly reduced downstream c-myc
phosphorylation and impaired BRD4 binding to the c-myc gene, thus inhibiting c-myc
transcription. Therefore, volasertib led to a nearly complete loss of c-myc expression
in cell lines and tumor xenografts, induced apoptosis, and thus warrants further
investigation in these aggressive lymphomas.

INTRODUCTION

that culminate in the activation of transcription factors
that instigate the expression of genes that not only
promote cell growth and survival, but also confer
resistance to chemotherapy. Among cutaneous T-cell
lymphomas (CTCL), for example, primary refractory
disease is anticipated and treatment with multi-agent
chemotherapy regimens is not recommended for most
patients. While the mechanisms conferring chemotherapy
resistance are likely multifactorial, including both cellautonomous and non-cell-autonomous mechanisms, the

Progression-free survival following anthracyclinebased multi-agent chemotherapy remains poor among
patients with most T-cell lymphoproliferative disorders
and high-risk subsets of aggressive B-cell lymphomas.
This may be attributed, at least in part, to cell-autonomous
mechanisms of chemotherapy resistance observed in
these lymphomas, including the loss of important tumor
suppressors and the activation of signaling cascades
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T-cell transcription factor GATA-3 is highly expressed
in many of these lymphomas and was recently shown
to mediate chemotherapy resistance [12]. The most
common peripheral T-cell lymphoma in North America,
designated by the World Health Organization (WHO) as
“not otherwise specified”, includes a distinct subset that
highly expresses GATA-3 and its gene targets. Much like
GATA-3+ CTCL, this subset of PTCL, NOS is associated
with a high rate (>50%) of primary refractory disease
and poor survival following conventional chemotherapy
and is molecularly characterized by the expression of
c-Myc related genes [1, 7, 12]. Unfortunately, median
overall survival for patients with relapsed/refractory
PTCL who are not candidates for high-dose therapy and
autologous stem-cell transplantation remain poor, as the
responses achieved with conventional and novel salvage
agents are rarely complete or durable. The development
of novel and effective therapies for primary refractory
and chemotherapy resistant T-cell lymphomas remains an
unmet clinical need. Therefore, the identification of novel
therapeutic targets is needed.

Multiple shRNA targeting two related kinases,
Aurora A (AURKA) and Polo-like kinase 1 (PLK-1),
were identified in our loss-of-function screen and
satisfied our a priori selection criteria (Figure 1A).
PLK-1, a highly conserved serine/threonine kinase that
is overexpressed in many human cancers, promotes
cell cycle progression upon AURKA-dependent
phosphorylation. This finding is relevant, as the AURKA
inhibitor alisertib has demonstrable activity in T-cell
lymphomas [10], and a PLK-1 inhibitor (volasertib)
is clinically available [11]. Furthermore, our loss-offunction screen identified the RhoA associated kinase
ROCK2 (Figure 1A and inset), a downstream PLK-1
substrate regulating cytokinesis via phosphorylation
of regulatory myosin light chain [13]. Therefore, we
sought to pharmacologically validate these findings.
A significant reduction in cell viability was observed in
MyLa cells treated with volasertib (IC50 <50 nM; Figure
1B–1D), culminating in PARP and caspase cleavage
(Figure 1E), consistent with apoptotic cell death. We have
previously demonstrated that T-cell receptor engagement
promotes the growth and survival of malignant T cells
ex vivo, and confers resistance to chemotherapy [12].
Therefore, primary malignant T cells (Sezary cells,
n = 2) were purified and cultured ex vivo with anti-CD3/
CD28 microbeads, and viability determined in volasertib
(or DMSO) treated cells (Figure 1F). A significant
reduction in cell viability was observed in these primary
samples treated with volasertib. A recently performed
screen for dual kinase-bromodomain inhibitors identified
volasertib as a potent BRD4 inhibitor [14]. Therefore,
volasertib may be best classified as a dual bromodomain
(BRD4) and kinase (PLK-1) inhibitor. This is pertinent,
as bromodomain-containing BET proteins (including
BRD4) transcriptionally regulate the expression of
key oncogenes, including c-myc. Furthermore, PLK-1
directly phosphorylates c-myc (serine 62, Figure 1A
inset), promoting c-Myc stability. As c-myc is associated
with chemotherapy resistance in aggressive T- and B-cell
derived non-Hodgkin lymphomas (NHL), we sought
to examine the extent to which volasertib impaired
c-myc transcription and phosphorylation in MyLa
cells. In accordance with its newly described role as a
bromodomain inhibitor, volasertib significantly impaired
BRD4 binding to a previously described c-myc enhancer
(Figure 2A), leading to a commensurate inhibition in
c-myc transcription (Figure 2B). PLK-1 inhibition with
volasertib led to impaired c-myc phosphorylation at
serine 62 (Figure 2C). Therefore, volasertib’s dual role
as a BRD4 and PLK-1 inhibitor apparently converges
on c-myc. To investigate this further in vivo, MyLa
xenografts were generated in immunodeficient mice
and treated with volasertib (or vehicle control). A rapid
reduction in tumor volume was observed in volasertib
treated mice (Figure 2D), such that only 4 (out of 10)
tumors remained observable at the time of study

RESULTS AND DISCUSSION
In an effort to identify novel tumor dependencies
in these lymphomas, we performed a loss-of-function
(“Achilles heel”) screen targeting ≈500 kinases in a well
characterized GATA-3+ CTCL cell line [1–4]. Aurora
kinase A (AURKA) and its downstream target polo-like
kinase 1 (PLK-1) were both identified as “hits” in this
screen. These related kinases regulate mitotic entry and
have been implicated in the molecular cross-talk with
important oncogenes, including c-Myc [5, 6], which have
been previously implicated in GATA-3+ T-cell lymphomas
[7], and in high-risk subsets of diffuse large B-cell
lymphomas. Furthermore, these kinases are frequently
dysregulated in human cancers [8], and AURKA is a
previously identified target in the T-cell lymphomas [9], as
the selective AURKA inhibitor alisertib is associated with
an overall response rate of ≈30% in these lymphomas [10].
Therefore, we sought to pharmacologically investigate
the role of PLK-1 in these lymphomas using the selective
PLK-1 inhibitor volasertib [11].
A library of lentiviruses expressing ~3200 shRNAs
targeting ~501 human kinases was utilized to perform
an “Achilles heel” screen in MyLa cells. This CTCL
cell line was chosen as a model in this high-throughput
screen as GATA-3 confers resistance to chemotherapy
in a cell-autonomous manner in these cells, as observed
in other cutaneous and peripheral T-cell lymphomas
[1, 12]. Three independent experiments of shRNAmediated kinase knockdown were performed, and the
effect of kinase knockdown on cell viability determined.
Only kinase-specific shRNAs consistently showing
≥80% inhibition of cell viability were considered for
further interrogation.
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termination (Figure 2D, inset) in volasertib-treated mice.
A significant loss of c-myc expression was observed in
these tumors (Figure 2E).
Given these findings, we sought to examine
the extent to which PLK-1 is expressed in aggressive
T- and B-cell derived NHL. Among the T-cell lymphomas,
6–25% of CTCL (n = 134) and 11–58% of PTCL subtypes
(n = 90) expressed PLK-1 (Figure 3A). Consistent with
previous observations, among CTCL cases, PLK-1
expression was more highly expressed in tumor stage disease
[15]. The increased PLK-1 expression in ALCL and AITL
compared with that observed in PTCL, NOS is consistent
with the results observed in a phase I study with the PLK-1
inhibitor BI-2536 [16]. In this study, both ALCL patients
achieved a complete remission, whereas a single (out
of 3) PTCL, NOS patients achieved a partial remission.

Among B-cell lymphomas, PLK-1 expression was most
prevalent in DLBCL and high grade (“double hit”) B-cell
lymphomas (HGBCL) with c-myc (and Bcl-2 and/or Bcl-6)
translocations, as determined by FISH (Figure 3A–3B). To
further explore a correlation between PLK-1 and c-myc
expression, a large cohort of DLBCL biopsies (n = 138)
was analyzed. Our analysis demonstrated that c-myc and
PLK-1 expression were strongly correlated (R2 = 0.16,
p < 0.0001), as >80% of c-myc+ cases expressed PLK-1
(Figure 3C). Among “double-hit” B-cell lymphomas, 76%
were positive for PLK-1 expression (n = 38; Figure 3C).
PLK-1 significantly impaired cell viability (Figure 4A),
induced PARP cleavage (Figure 4B), and significantly
impaired c-myc expression in a broad spectrum of
T- and B-cell lymphoma cells (Figure 4B). In summary,
PLK-1 is a novel therapeutic target in aggressive T- and

Figure 1: (A) Loss of function shRNA library screening plotted against the viability of MyLa cell line for each shRNA target. Selected
kinases which decreased the viability by 80% (dotted line) are highlighted. MyLa was chosen as a model in this high-throughput screen
as GATA-3 confers resistance to chemotherapy in a cell-autonomous manner in these cells, as observed in other cutaneous and peripheral
T-cell lympohmas. Three independent experiments were performed and the effect of kinase knockdown on cell viability was determined
by MTT assay, and normalized to non-targeting shRNA controls, as described [12]. (B–E) MyLa cells were treated with volasertib at the
concentrations indicated; (B) Cell viability was measured by CellTiter Glo reagent assay from Promega Corporation, WI. (C) Apoptosis
evaluated by Annexin V/propidium iodide incorporation. (D) Cell viability at 24 and 48 hours measured with CellTiter Glo assay.
(E) PARP, caspase 8, and caspase 3 cleavage examined by immunoblotting. (F) Apoptosis following volasertib treatment was examined in
two primary T-cell lymphoma samples (TCL1 and TCL2) by Annexin V/PI incorporation.
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B-cell derived NHL, including those for which c-myc is
an important oncogenic driver. Dual PLK-1 and BRD4
bromodomain inhibition warrant further investigation in
these aggressive NHL.

MATERIALS AND METHODS

inhibition of MyLa cell viability were considered for
further interrogation. We elected, a priori, to prioritize
these “hits” using the following criteria:1) at least one
other kinase present in the same pathway was flagged
and 2) a pharmacologic agent targeting a hit (or a related
pathway) is clinically available.

shRNA library screening

Antibodies and reagents

The MISSION® LentiExpress™ Human Kinases
(Sigma-Aldrich, cat#: SHX001) is a panel of lentiviruses
expressing ~3200 shRNAs targeting ~501 human kinases.
MyLa was chosen as a model in this high-throughput
screen as GATA-3 confers resistance to chemotherapy
in a cell-autonomous manner in these cells, as observed
in other cutaneous and peripheral T-cell lympohmas
[1, 12]. Three independent experiments were performed
and the effect of kinase knockdown on cell viability was
determined by MTT assay, as previously described, and
normalized to non-targeting shRNA controls [12]. Only
kinase-specific shRNAs consistently showing ≥80%

The following antibodies were used: PLK-1
(208G4), PARP (D64E10), Caspase 3 (5A1E), Caspase 8
(1C12), c-myc (D3N8F) and phospho-c-myc S62 (E1J4K),
all from Cell Signaling Technologies, MA. Immunoblotting
was performed, as previously described [1, 12]. Viability
assays were performed using CellTiterGlo reagent and
Annexin V/propidium iodide staining. Volasertib was
obtained from Selleckchem.

Nuclear/cytoplasmic cell fractionation
Nuclear fractions were extracted from cell
pellets per protocol (NE-PER Nuclear & Cytoplasmic

Figure 2: (A) MyLa cells were treated with volasertib and BRD4 binding to the c-myc locus examined by Chromatin immunoprecipitation
assay (ChIP). (B) MyLa cells were treated with volasertib and c-myc gene expression was examined by quantitative real-time PCR.
(C) C-myc phosphorylation following volasertib (Vola) treatment (overnight) in MyLa cells was examined by immunoblotting.
(D) MyLa cells (2 × 106) were injected subcutaneously in immunodeficient NSG mice. Upon tumor engraftment, volasertib (30 mg/kg) or
vehicle control (DMSO) were injected intraperitoneally in 50 µL total volume (n = 10/group). Tumors were measured and mice humanely
euthanized 4 days later. (E) Expression of c-myc examined by immunohistochemistry from representative samples of tumor xenografts
with or without volasertib treatment.
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Figure 3: (A) (Left) Representative images of PLK-1 expression (lower panel) in selected cases of B-cell lymphomas (follicular

lymphoma – FL and diffuse large B-cell lymphoma – DLBCL), cutaneous T-cell lymphoma (CTCL), and peripheral T-cell lymphomas
(angioimmunoblastic T-cell lymphoma- AITL, anaplastic large cell lymphoma – ALCL and peripheral T-cell lymphoma non-otherwise
specified – PTCL NOS). Upper panel show corresponding hematoxylin and eosin (H&E) stains for each case. (B) Graphic representation
of the percentage of cutaneous T-cell lymphoma (CTCL), peripheral T-cell lymphomas (PTCL) and B-cell lymphomas (B-cell) positive
for PLK-1. The number of nuclei expressing PLK-1 was determined and a z-score of 1, corresponding to ≥20% of nuclei, selected as the
optimal cut-off. Cases with ≥40% c-myc expression were scored positive, as previously described [13]. (C) Graphic representation of the
average percentage of lymphoma cells expressing PLK-1. DLBCL cases were divided into three groups according to the percentage of
c-myc positive lymphoma cells observed by immunohistochemistry. Cases of high grade (“double hit”) B-cell lymphomas (HGBCL) are
also included.

Figure 4: (A) Survival of different B-cell and T-cell lymphoma cell lines upon treatment with indicated doses of Volasertib at 72 hrs.

(B) Treatment with volasertib (24 hours) induces PARP cleavage and decreases total c-myc expression in the indicated lymphoma cell
lines. From left to right: diffuse large B-cell lymphomas (DLBCL), anaplastic large cell lymphoma (ALCL), cutaneous T-cell lymphoma
(CTCL) and, peripheral T-cell lymphomas non-otherwise specified (PTCL-NOS). Protein expression was evaluated by immunoblotting.
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Extraction Reagents, Thermo Scientific), fixed in 16%
formaldehyde, and chromatin fragmented by sonication.
Diluted chromatin was immunoprecipitated using isotype
control (IgG) or anti-BrD4 antibodies (Abcam) and
Protein G Dynabeads. Following reversal of crosslinks
and RNaseA/proteinase K digestion, immunoprecipitated
DNA was purified using PCR purification kit, quantified
by Nanodrop, and c-myc transcripts quantified by qPCR.

research, analyzed results, and wrote the manuscript. All
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ACKNOWLEDGMENTS
The authors thank Dr. Ye Lu (University of
Michigan) for technical assistance, and Dr. Joshua Warrick
(Penn State University) for statistical support.

Animal studies

CONFLICTS OF INTEREST

Mouse studies were approved by the University
Committee on Care and Use of Animals (UCUCA).
Sample size for animal experiments was based on previous
publications performing similar experiments, ensuring
that a sufficient sample size was selected to confidently
assess statistical significance. Treatment allocation was
randomized, and all animals in a given experiment were
included for analysis. MyLa cells (2 × 106) were injected
subcutaneously in immunodeficient NSG mice. Upon
tumor engraftment, volasertib (30 mg/kg) or vehicle
control (DMSO) were injected intraperitoneally in 50 µL
total volume (n = 10/group). Tumors were measured and
mice humanely euthanized 4 days later.

The authors declare no conflicts of interest.

FUNDING
This work was supported in part by grants from the
Leukemia & Lymphoma Society (6270-13 and 6503-16),
the V Foundation for Cancer Research, and the NIH-NCI
(K08CA172215; P30 CA046592).

REFERENCES
1.

Wang T, Feldman AL, Wada DA, Lu Y, Polk A, Briski R,
Ristow K, Habermann TM, Thomas D, Ziesmer SC,
Wellik LE, Lanigan TM, Witzig TE, et al. GATA-3 expression
identifies a high-risk subset of PTCL, NOS with distinct
molecular and clinical features. Blood. 2014; 123:3007–15.
https://doi.org/10.1182/blood-2013-12-544809.

2.

Velusamy T, Kiel MJ, Sahasrabuddhe AA, Rolland D,
Dixon CA, Bailey NG, Betz BL, Brown NA, Hristov AC,
Wilcox RA, Miranda RN, Medeiros LJ, Jeon YK,
et al. A novel recurrent NPM1-TYK2 gene fusion in
cutaneous CD30-positive lymphoproliferative disorders.
Blood. 2014; 124:3768–71. https://doi.org/10.1182/
blood-2014-07-588434.

3.

Kaltoft K, Bisballe S, Dyrberg T, Boel E, Rasmussen PB,
Thestrup-Pedersen K. Establishment of two continuous
T-cell strains from a single plaque of a patient with mycosis
fungoides. In Vitro Cell Dev Biol. 1992; 28A:61–7.

4.

Biskup E, Manfe V, Kamstrup MR, Gniadecki R. Growth
dynamics and cyclin expression in cutaneous T-cell
lymphoma cell lines. Dermatol Reports. 2010; 2:e8. https://
doi.org/10.4081/dr.2010.e8.

5.

Tan J, Li Z, Lee PL, Guan P, Aau MY, Lee ST, Feng M, Lim CZ,
Lee EY, Wee ZN, Lim YC, Karuturi RK, Yu Q. PDK1
signaling toward PLK1-MYC activation confers oncogenic
transformation, tumor-initiating cell activation, and resistance
to mTOR-targeted therapy. Cancer Discov. 2013; 3:1156–71.
https://doi.org/10.1158/2159-8290.CD-12-0595.

Immunohistochemistry
Formalin fixed, paraffin sections were cut at
5 microns and rehydrated to water. Heat induced epitope
retrieval was performed with FLEX TRS High pH
Retrieval buffer (6.1) for 20 minutes. After peroxidase
blocking, the antibody PLK1 rabbit monoclonal (208G4,
Cell Signaling Technologies, MA) was applied at a
dilution of 1:100 at room temperature for 60 minutes. The
EnVision + Rabbit HRP System was used for detection.
DAB chromagen was then applied for 10 minutes.
Slides were counterstained with Harris Hematoxylin for
5 seconds and then dehydrated and coverslipped. The
number of nuclei expressing PLK-1 was determined and
a z-score of 1, corresponding to ≥20% of nuclei, selected
as the optimal cut-off. Cases with ≥40% c-myc expression
were scored positive, as previously described [13].

Statistical analysis
Comparisons between groups were evaluated
using a two-tailed Student t-test and all p-values <0.05
considered statistically significant. Event-free survival
was summarized with Kaplan-Meier plots using JMP6
software and comparisons made with the log-rank test.

Author contributions

6. Dauch D, Rudalska R, Cossa G, Nault JC, Kang TW,
Wuestefeld T, Hohmeyer A, Imbeaud S, Yevsa T, Hoenicke L,
Pantsar T, Bozko P, Malek NP, et al. A MYC-aurora kinase
A protein complex represents an actionable drug target in

C.M.Z., A.P., P.C., N.B., N.G.B., T.W., T.P.,
S.D., H.W., P.P., J.G.G., and K.V.I. provided technical
assistance, performed research, and assisted with data
analysis. C.M.Z., and R.A.W. conceived and performed
www.impactjournals.com/oncotarget

114479

Oncotarget

p53-altered liver cancer. Nat Med. 2016; 22:744–53. https://
doi.org/10.1038/nm.4107.

12. Wang T, Lu Y, Polk A, Chowdhury P, Murga-Zamalloa C,
Fujiwara H, Suemori K, Beyersdorf N, Hristov AC,
Lim MS, Bailey NG, Wilcox RA. T-cell receptor signaling
activates an ITK/NF-kappaB/GATA-3 axis in T-cell
lymphomas facilitating resistance to chemotherapy. Clin
Cancer Res. 2016. https://doi.org/10.1158/1078-0432.
CCR-16-1996.

7. Iqbal J, Wright G, Wang C, Rosenwald A, Gascoyne RD,
Weisenburger DD, Greiner TC, Smith L, Guo S, Wilcox RA,
Teh BT, Lim ST, Tan SY, et al. Gene expression signatures
delineate biological and prognostic subgroups in peripheral
T-cell lymphoma. Blood. 2014; 123:2915–23. https://doi.
org/10.1182/blood-2013-11-536359.

13. Lowery DM, Clauser KR, Hjerrild M, Lim D, Alexander J,
Kishi K, Ong SE, Gammeltoft S, Carr SA, Yaffe MB.
Proteomic screen defines the Polo-box domain interactome
and identifies Rock2 as a Plk1 substrate. EMBO J. 2007;
26:2262–73. https://doi.org/10.1038/sj.emboj.7601683.

8. Asteriti IA, De Mattia F, Guarguaglini G. Cross-Talk
between AURKA and Plk1 in Mitotic Entry and Spindle
Assembly. Front Oncol. 2015; 5:283. https://doi.org/10.3389/
fonc.2015.00283.

14. Ciceri P, Muller S, O’Mahony A, Fedorov O,
Filippakopoulos P, Hunt JP, Lasater EA, Pallares G,
Picaud S, Wells C, Martin S, Wodicka LM, Shah NP, et al.
Dual kinase-bromodomain inhibitors for rationally designed
polypharmacology. Nat Chem Biol. 2014; 10:305–12.
https://doi.org/10.1038/nchembio.1471.

9. Humme D, Haider A, Mobs M, Mitsui H, Suarez-Farinas M,
Ohmatsu H, Geilen CI, Eberle J, Krueger JG, Beyer M,
Hummel M, Anagnostopoulos I, Sterry W, et al. Aurora
Kinase A Is Upregulated in Cutaneous T-Cell Lymphoma
and Represents a Potential Therapeutic Target. J Invest
Dermatol. 2015; 135:2292–300. https://doi.org/10.1038/
jid.2015.139.

15. Nihal M, Stutz N, Schmit T, Ahmad N, Wood GS. Polo-like
kinase 1 (Plk1) is expressed by cutaneous T-cell lymphomas
(CTCLs), and its downregulation promotes cell cycle arrest
and apoptosis. Cell Cycle. 2011; 10:1303–11. https://doi.
org/10.4161/cc.10.8.15353.

10. Barr PM, Li H, Spier C, Mahadevan D, LeBlanc M, Ul
Haq M, Huber BD, Flowers CR, Wagner-Johnston ND,
Horwitz SM, Fisher RI, Cheson BD, Smith SM, et al. Phase
II Intergroup Trial of Alisertib in Relapsed and Refractory
Peripheral T-Cell Lymphoma and Transformed Mycosis
Fungoides: SWOG 1108. J Clin Oncol. 2015; 33:2399–404.
https://doi.org/10.1200/JCO.2014.60.6327.

16. Vose JM, Friedberg JW, Waller EK, Cheson BD, Juvvigunta
V, Fritsch H, Petit C, Munzert G, Younes A. The Plk1
inhibitor BI 2536 in patients with refractory or relapsed
non-Hodgkin lymphoma: a phase I, open-label, single
dose-escalation study. Leuk Lymphoma. 2013; 54:708–13.
https://doi.org/10.3109/10428194.2012.729833.

11. Van den Bossche J, Lardon F, Deschoolmeester V, De
Pauw I, Vermorken JB, Specenier P, Pauwels P, Peeters M,
Wouters A. Spotlight on Volasertib: Preclinical and Clinical
Evaluation of a Promising Plk1 Inhibitor. Med Res Rev.
2016; 36:749–86. https://doi.org/10.1002/med.21392.

www.impactjournals.com/oncotarget

114480

Oncotarget

