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ABSTRACT: Polo-like kinase 1 (Plk1) is a serine/threonine kinase that plays a key role
during the cell cycle by regulating mitotic entry, progression, and exit. Plk1 is
overexpressed in a variety of human cancers and is essential to sustained oncogenic
proliferation, thus making Plk1 an attractive therapeutic target. However, the clinical
efficacy of Plk1 inhibition has not emulated the preclinical success, stressing an urgent
need for a better understanding of Plk1 signaling. This study addresses that need by
utilizing a quantitative proteomics strategy to compare the proteome of BRAFV600E

mutant melanoma cells following treatment with the Plk1-specific inhibitor BI 6727.
Employing label-free nano-LC−MS/MS technology on a Q-exactive followed by SIEVE
processing, we identified more than 20 proteins of interest, many of which have not been
previously associated with Plk1 signaling. Here we report the down-regulation of multiple
metabolic proteins with an associated decrease in cellular metabolism, as assessed by
lactate and NAD levels. Furthermore, we have also identified the down-regulation of
multiple proteasomal subunits, resulting in a significant decrease in 20S proteasome activity. Additionally, we have identified a
novel association between Plk1 and p53 through heterogeneous ribonucleoprotein C1/C2 (hnRNPC), thus providing valuable
insight into Plk1’s role in cancer cell survival.
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■ INTRODUCTION

Polo-like kinase 1 (Plk1) is the most well-studied member of
the polo-like family of kinases and is most commonly known
for its regulatory role during mitosis, where it has been shown
to be a critical component of centrosome maturation,
kinetochore−microtubule attachment, bipolar spindle forma-
tion, and cytokinesis.1−4 The overexpression of Plk1 is
common in aberrant cells and has been identified in roughly
60% of reported cancers including melanoma, breast, ovarian,
thyroid, colon, prostate, pancreatic, head and neck, nonsmall
cell lung, and non-Hodgkin’s lymphomas.5−13 Furthermore, the
overexpression of Plk1 has been linked to poor disease
prognosis and a decreased survival rate.14,15 In vitro studies
have shown that specific inhibition of Plk1 can significantly
reduce the proliferation and viability of multiple melanoma cell
lines by inducing G2/M phase cell cycle arrest and mitotic
catastrophe without detriment to normal adult or neonatal
human epidermal melanocytes (HEMs).9 These data have
made Plk1 an attractive target for small-molecule inhibition and
provoked the development of over a dozen Plk1 inhibitors, six
of which have gone to clinical trials.16−21 However, despite Plk1
inhibition having great preclinical success for cancer treatment,
the clinical potential of Plk1-targeted inhibition for human
cancers has yet to be realized. This emphasizes the need for a

more in-depth understanding of Plk1 signaling in cancer. This
study addresses that need by employing a large-scale
comparative proteomics analysis to examine the downstream
effects of Plk1 inhibition using the small-molecule inhibitor BI
6727.
BI 6727 (Volasertib) is a second-generation Plk1 inhibitor

and is currently the most specific Plk1 ATP-competitive
inhibitor commercially available with an IC50 of 0.87 nM.22

Plk1 inhibition by BI 6727 has been shown to have potent
antitumorigenic activity in multiple preclinical studies, but the
downstream mechanism by which BI 6727 confers its
therapeutic effect remains largely undefined. In an effort to
identify novel regulatory effects of Plk1 inhibition in melanoma,
we used a label-free, relative quantitation strategy to compare
the proteomes of A375 melanoma cells cultured in the presence
or absence of BI 6727. The A375 melanoma cell line has been
reported to express high levels of Plk1 when compared with
HEMs and is sensitive to the targeted depletion of Plk1.9
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Furthermore, A375 cells harbor the BRAFV600E mutation, a
mutation present in roughly 50% of melanoma cases, thus
making it an ideal candidate for our proteomics analysis.23

Our comparative proteomics strategy was conducted by
employing data-dependent nano-LC−MS/MS analysis on a Q-
Exactive with the resultant data being searched against the
human proteome using the Sequest search engine and further
analyzed with the SIEVE software package to reveal proteins
with altered expression. This analysis resulted in the positive
identification of 1819 proteins (≤1% false discovery rate
(FDR)), 343 of which had significantly altered expression.
Using ingenuity pathway analysis (IPA) to filter the data under
more stringent conditions, we identified a subset of 23 proteins
that were significantly altered due to BI 6727 inhibition of Plk1,
most of which have no previously reported associations with
Plk1. Importantly, we have identified proteins involved in
cellular metabolism, proteasomal degradation, and p53 trans-
lation, thus providing novel insight into Plk1’s role in cancer
cell survival.

■ MATERIALS AND METHODS

Cell Culture

A375 human melanoma cells (ATCC, VA) were cultured in
HyClone Dulbecco’s modified Eagle’s medium (DMEM,
Thermo, CA) supplemented with 10% fetal bovine serum
(FBS, Thermo, CA). Cells were maintained in a humidified
incubator with 5% CO2 at 37 °C.

BI 6727 Treatment

1 × 106 A375 human melanoma cells (ATCC, VA) were
seeded in 100 mm tissue culture plates (TPP, MO) containing
10 mL of supplemented DMEM (Thermo, CA) and were
allowed to recover in untreated medium for 24 h under
standard cell culture conditions. Following recovery, medium
was aspirated, and cells were treated with 25 nM BI 6727
(Chemietek, IN) or vehicle control (DMSO) in supplemented
DMEM. After 24 h, cells were collected by trypsin digestion
and centrifugation at 300g for 3 min at 4 °C. Supernatant was
removed and cell pellets were washed three times with PBS.
The treatments were performed using identical procedures on
two varying A375 cell passages three times each for a total of six
experimental replicates per treatment group. Cell pellets were
stored at −80 °C prior to cell lysate preparation.

Cell Lysate Preparation for Proteomics Analysis

Cell pellets were lysed mechanically with a needle in the
absence of protease inhibitors or lysis buffer according to the
following protocol. 0.3 mL of ice cold PBS was added to frozen
cell pellets, and the resulting mixture was lysed by passing
through a 23 gauge needle 15 times. The cytosolic protein
fraction was isolated by centrifugation at 10 000g for 10 min at
4 °C to remove cellular debris. Protein concentration of the
extracts was measured by MicroBCA assay (Thermo Fisher
Scientific, IL). A total of 20 μg of protein from each of the six
replicates (control and treated) was digested with 1 μg of
sequencing grade trypsin (Promega, Fitchburg, WI). Following
an overnight digestion at 37 °C samples were acidified with
10% formic acid and prepared for LC−MS/MS by C18 Zip-Tip
purification according to the manufacturers protocol (Millipore,
Billerica, MA). Peptide samples were resuspended in water with
0.1% formic acid (v/v) and analyzed by nano-LC−MS/MS.

MS/MS Protein Identification and Quantification

For label-free, relative, quantitative analysis, six replicates of
each sample were analyzed by nano-LC−MS/MS. For each
run, 1 μg of the digest was injected on a 100 μm × 100 mm,
reverse-phase C18 BEH column with 1.7 um particles and a
300 Å pore size (Waters, Milford, MA) using a Waters
nanoAcquity system. Chromatography solvents were water (A)
and acetonitrile (B), both with 0.1% formic acid. Peptides were
eluted from the column with the following gradient 3 to 35% B
(130 min). At 140 min, the gradient increased to 95% B and
was held there for 10 min. At 160 min, the gradient returned to
3% to re-equilibrate the column for the next injection. A short
50 min linear gradient blank was run between samples to
prevent sample carryover. Peptides eluting from the column
were analyzed by data-dependent MS/MS on a Q-Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific, MA). A
top-15 method was used to acquire data. In brief, the
instrument settings were as follows: resolution was set to 70
000 for MS scans and 17 500 for the data-dependent MS/MS
scans to increase speed. The MS AGC target was set to 106

counts, while MS/MS AGC target was set to 105. The MS scan
range was from 300 to 2000 m/z. MS scans were recorded in
profile mode, while the MS/MS was recorded in centroid
mode, to reduce data file size. Dynamic exclusion was set to a
repeat count of 1 with a 25 s duration.
Data Processing

Following LC−MS/MS acquisition, the data were searched
using Sequest HT Proteome Discoverer 1.4 search engine
(Thermo Fisher Scientific), against the Uniprot Human
database (6/23/2013, 20 209 sequences) at a false discovery
cut off ≤1%. Following protein identification, the LC−MS/MS
data were aligned using Chromalign. Quantitation of peptides
eluting between 38 and 145 min was performed on the
processed data using SIEVE 2.1 (Thermo Fisher Scientific),
which uses MS intensities from raw LC−MS data to find
statistical proteomic differences between two samples. Prior to
ratio quantitation in SIEVE, peak intensities from all 12 LC−
MS/MS runs were normalized by the total ion chromatogram
intensity. Statistical filters were set to assess the quality of the
data. Proteins ratios calculated had to be significant with a p
value lower than 0.05, and the CV raw MS intensities of the six
replicates had to be within 30%. This helped minimize the
effect of run-to-run variability.
Data Analysis

Identified proteins from the SIEVE processing were initially
analyzed and filtered using IPA (Ingenuity Systems, CA) under
a trial license. A data set containing proteins with only uniquely
identified amino acid sequences (peptides) with a high level of
confidence (p < 0.05) was uploaded into IPA with number of
peptides identified, triggered MS/MS fragmentation scans
(hits), and the corresponding ratio (treated/untreated) set as
the observational parameters with Swiss-Prot accession
numbers used for gene ID. A secondary data set was then
generated using IPA filters set to proteins with more than two
identified peptides on no fewer than four hits with a greater
than two-fold change in expression. Another secondary data set
was generated using the IPA connect tool to identify any Plk1-
associated proteins with an expression change greater than two-
fold. The two secondary data sets were combined, and their
molecular function and biological processes were assessed using
PANTHER (Protein ANalysis THrough Evolutionary Relation-
ships).
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Western Blot Analysis

5 × 105 A375 cells were plated and grown in a 10 cm culture
dish and treated with BI 6727 at 25 nM, 100 nM, or vehicle
control, as previously described. Following 24 h treatment, cells
were trypsinized, washed with ice-cold PBS, and lysed with
RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholic acid, 0.1% SDS) with phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail (Pierce, IL).
Protein concentration was measured with BCA Protein Assay
(Pierce, IL). For immunoblot analysis, 30 μg of protein was
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using Mini-PROTEAN TGX
precast gels and transferred onto nitrocellulose membrane.
Blots were blocked in 5% nonfat dry milk in tris-buffered saline
+0.1% tween-20 (TBST), followed by probing with desired
primary antibodies: anti-LDHA, AurkB, p53, β-actin (Cell
Signaling nos. 2012, 3094, 9282, 4970), PSMB1, PSMB2, or
PSMB5 (Abcam nos. ab135830, ab166628, ab3330). Blots were
then incubated with the appropriate HRP-conjugated antibod-
ies followed by chemiluminescent detection (Pierce, IL).

Quantitative Real-Time PCR

5 ×105 A375 cells were plated and grown in a 10 cm culture
dish and treated with BI 6727 at 25 nM, 100 nM, or vehicle
control, as previously described. Following 24 h of treatment,
cells were trypsinized and washed with ice-cold PBS, followed
by RNA isolation using the RNeasy plus mini kit (Qiagen, CA)
and first strand cDNA created with M-MLV reverse tran-
scriptase (Promega, WI) according to vendor’s protocol.
Quantitative real-time RT-PCR was performed in triplicate in
20 μL reactions with SYBR Premix Ex Taq Perfect Real Time
(Takara, WI) with 100 ng first-strand cDNA and 0.2 μg of each
desired primer pair. The sequences for GPI, LDHB, and p21
(PrimerBankID 296080692c3, 291575126c2, 310832423c1)
were acquired from the PrimerBank online database.24 Samples
were cycled once at 95 °C for 10 min, then 35 cycles of 95, 58,
and 72 °C for 5, 15, and 20 s, respectively. Relative mRNA was
calculated using the ΔΔCT method with GAPDH as an
endogenous control.

Lactate Assay

For lactate assay, 8 × 103 A375 cells were plated and grown in a
96-well plate and treated with BI 6727 at 25 nM, 100 nM, or
vehicle control, as previously described. 24 h following
treatments, 500 μL of spent media was removed from each
group and immediately cleared of LDH proteins by
centrifugation in 10 kDa molecular weight cutoff spin columns
and stored at −80 °C. All samples were diluted by adding 10 μL
of media to 90 μL of lactate assay buffer and subsequently used
in a serial dilution containing a final concentration of either 1,
0.5, 0.25, or 0.125% media in lactate assay buffer with a final
volume of 50 μL in black 96-well half area plates (Corning,
MA). Lactate assay was performed per manufacturer’s protocol,
and fluorescence intensity was measured on the Biotek Synergy
H1 microplate reader at λex = 535/λem = 587.

NAD, NADH, and NADPH Assays

3 × 103 A375 cells were plated and grown in 96-well half-
volume white-wall plates (Corning, MA) and treated with BI
6727, as previously described. Following 24 h treatments,
samples were processed using the NAD(P)H-Glo detection
system (Promega, WI) or NAD/NADH-Glo assay (Promega,
WI) as per manufacturer’s protocol. Luminescence was
detected using the Biotek Synergy H1 microplate reader.

20S Proteasome Activity Assay

For assessing 20S proteasome activity, A375 cells were treated
with BI 6727 at 25 nM, 100 nM, or vehicle control, as
previously described. Following 24 h treatments, cells were
lysed in 50 μL of ice-cold RIPA buffer for 10 min at room
temperature while shaking. Next, 25 μL of lysate was added to a
96-well plate containing BCA reagent (Pierce, Rockford, IL)
and incubated at 37 °C for 30 min, while 10 μL of lysate was
added to the 20S Proteasome Activity Assay (Millipore, MA)
prepared per manufacturer’s protocol and incubated at 37 °C
for 2 h. Relative levels of protein were quantified using the BCA
assay absorbance detected using the Biotek Synergy H1
microplate reader at 562 nm. 20S proteasome activity was
quantified using fluorescence intensity on the Synergy H1
microplate reader at λex = 380/λem = 460. Proteasome activity
was then normalized to relative protein concentration, and the
mean of relative activity for each treatment (n = 6) was
represented graphically.
Immunofluorescence Staining

For immunofluorescence staining, cells were plated and grown
on BD Falcon CultureSlides (BD Biosciences, San Jose, CA)
and treated with BI 6727 as previously described. The cells
were fixed with a 4% paraformaldehyde in PBS (pH 7.1) for 15
min at room temperature, then blocked with 5% normal goat
serum in 0.3% Triton X-100 for 1 h. After blocking, cells were
incubated overnight in anti-β-tubulin primary antibody in
blocking buffer (1:100, Cell Signaling no. 2128), followed by a
secondary incubation with Alexa Fluor 594 antirabbit IgG
antibody in blocking buffer (5 μg/mL, Invitrogen no. A-11037)
for 1 h in the dark. The cells were then counter-stained with
Hoecsht 33342 (Invitrogen, Grand Island, NY) for nuclear
staining, and a ProLong antifade kit was applied per vendor’s
protocol (Molecular Probes, Eugene, OR). Slides were
examined under a Nikon Ti microscope using the respective
manufacturer’s suggested filter sets.
Cell Cycle Analysis

1 × 105 A375 cells were plated and grown in a six-well tissue
culture dish (TPP, CHE) and treated with BI 6727, as
previously described. Following treatment, cells were trypsi-
nized for 5 min and transferred to 5 mL Falcon tubes
containing cultured media. Samples were centrifuged at 1000
rpm for 2 min, and the supernatant was aspirated prior to the
cells being resuspended in ice-cold 100% ethanol added
dropwise while gently vortexing. Samples were stored at −20
°C overnight prior to centrifugation and resuspension in 500
μL of propidium iodide (PI) buffer (PBS, 50 μg/mL PI, 0.1
mg/mL RNase A, 0.05% Triton-X). Samples were incubated at
37 °C for 40 min in dark and stored at 4 °C until processed by
flow cytometry in the FL-2A channel. Cell cycle analysis was
done using ModFit LT software (Verity Software, Topsham,
ME).

■ RESULTS AND DISCUSSION

BI 6727 Treatment, Protein Identification, Quantification,
and Analysis

In an effort to identify the downstream molecular mechanisms
of Plk1 in melanoma, we elucidated quantitative changes in the
proteome of human melanoma cells following Plk1 inhibition
with BI 6727. Data acquired by nano-ESI−MS/MS on a Q-
Exactive spectrometer were processed with SIEVE software to
reveal up- or down-regulated proteins following Plk1 inhibition.
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To determine the most effective concentration of BI 6727, we
assessed A375 cell viability following a defined range of BI 6727
treatments (0.1−1000 nM, data not shown). We determined 25
nM of BI 6727 as the lowest effective concentration to cause a
statistically significant decrease in cell viability after 48 h. To
assess the molecular functions that contribute to the reduction
of A375 cell viability, we terminated treatments after 24 h to
limit the necrotic and late apoptotic cell population.
Several methods for relative proteomic quantitation have

been described.25−27 Labeling methods, including chemical
modification approaches (I-Traq, etc.) and stable isotope
labeling, can be expensive but generally require fewer LC−
MS runs to generate robust results. Label-free approaches are
becoming more popular as improvements in instrumentation
(resolution and mass accuracy), and improvements in data
analysis software facilitate analysis of large data sets. The
capabilities of our Q-Exactive spectrometer made a label-free
approach attractive. The high scanning speed coupled to the
resolving power and mass accuracy of the Q-Exactive Orbitrap
make it particularly useful for accurate, label-free, quantitative
protein analysis. This is primarily due to the higher resolution
(smaller diameter) Orbitrap cell of the Q-Exactive. High-
resolution and mass accuracy facilitate area-under-the-curve
analysis with the SIEVE software by allowing accurate tracking
of peptides through their chromatographic elution. Addition-
ally, the improvement in resolution allows shorter transient
acquisitions. This improves the duty cycle and allows for
increased peptide identification at the MS/MS level. The Q
Exactive has been shown to identify a higher number of
compounds with better confidence in multiple comparison
studies.28−30 Thus, there is greater proteome coverage, which
enhances the ability to quantitate lower abundant proteins than
is achieved with spectral-counting approaches.31−36 Indeed, the
power of this combination of instrumentation and software was
born out in the ability of our analysis to positively identify over
1800 proteins, at a cutoff of ≤1% FDR, with 343 of these
identified proteins showing significantly altered expression
(Tables S1 and S2 in the Supporting Information).
A key step in label-free quantitative proteomic analysis is the

evaluation of run-to-run and sample-to-sample reproducibility/
variability.37 Prior to the full analysis, we performed a pilot
study of BI 6727-treated cells and control replicates, using
identical sample preparation and LC−MS parameters as
previously described to assess variability. Two A375 human
melanoma aliquots were seeded in 100 mm tissue culture plates
as previously described and grown for 24 h under standard cell
culture conditions. Both plates were lysed and digested as laid
out in our methods. Two replicate injections of 1 μg of both
control and treated samples were run. Resulting data were
subject to SEQUEST searches against Uniprot Human at ≤2%
FDR, using Proteome Discoverer. A higher FDR was used in
assessing the run-to-run variability to delve deeper into the
data. These four control runs had an average of 715 proteins
identified, with an average of 1500 unique peptides and over
3100 total scans. Percent overlap between the two control
biological replicates was 67% at the protein level and 55% at the
peptide level (data not shown). Not surprisingly, percent
overlap of the duplicate injections was higher with 70% overlap
at the protein level and 62% at the peptide level (data not
shown). Percent overlap between both injection and biological
replicates is consistent with a recent review article highlighting
the strengths and limitations of label-free proteomic
quantification.37 Our control runs emphasize the need for

more than three experimental replicates of each sample type to
accurately determine protein ratios in label-free studies. To
maximize the statistical power of our analysis, we opted to
analyze six replicates of control versus Plk1 treated A375 cells.
The first step in any direct comparison of treated versus

control samples MS peak intensity is alignment of base peak
chromatograms. SIEVE uses Chromalign, a proprietary
algorithm to align the data. Chromalign evaluates the quality
of alignment between samples by assigning a score. Alignments
with scores above 0.75 are considered acceptable for further
quantitative analysis. Our data showed average alignment scores
of 0.825, with the treatment groups clustering together (Figure
1A). Because SIEVE, like many other label-free methods, allows
for conserved peptides to be equally considered for all
candidate proteins, we decided to take the approach of only
quantitating unique peptides. This avoids inaccurate fold-
change calculations due to differential regulation of proteins
sharing a conserved peptide. The Q-Exactive’s speed, was key in
being able to take this stringent approach to label-free

Figure 1. Relative quantitation chromatograms. (A) For label-free
relative quantitation, six replicates of the tryptic digests were analyzed.
The chromatograms were aligned using SIEVE 2.1. An overlay of the
base peak chromatograms of control (blue) and treated (red) samples
shows good alignment and comparable loading in the region of
peptide elution (38−145 min RT). (B) An example of a peptide that is
down-regulated in response to treatment. Shown is a SIEVE-aligned,
extracted-ion chromatograms for peptide 524.9481 m/z (metastasis-
associated protein). Triangles indicate where MS/MS identification
scans were triggered. (C) Example of a peptide that is up-regulated in
response to treatment. Shown is a SIEVE-aligned, extracted-ion
chromatogram for peptide 373.3691 m/z (PH-domain leucine-rich
protein). Triangles indicate where MS/MS identification scans were
triggered.
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proteomics. Label-free quantitation approaches do not rely on
internal standards, and thus care needs to be taken to accurately
filter the data to reproducibly quantitate proteins. SIEVE allows
for calculated peptides ratios between samples to be filtered not
only on p value using Fisher’s combined probability but also
based on variation in the MS peak intensities between the
experimental replicates. After data were normalized to the total
ion current (TIC), we filtered all protein ratios to have a CV
between the six replicates (25 nM BI 6727 or vehicle control)
to be ≤30%. Peptides had to show up in all six replicates of a
treatment at the MS level to be quantitated (Figure 1B,C). This
stringent filter allows us to have additional confidence in our
data. One of the benefits SIEVE has over spectral counting is as
long as a peptide has a consistent MS peak, it only has to be
positively identified once to determine its ratio. Thus, we were
able to identify lower abundant proteins using our approach.
Finally, peptide fold-change ratios had to be significant at a p
value of ≤0.05 to be considered in our analysis.
Our protein analysis was initially done using IPA. A data set

containing proteins with only uniquely identified peptides with
a high level of confidence (p < 0.05) was uploaded into IPA
with the number of peptides identified (Figure 2A) and the

corresponding ratio (treated/untreated) (Figure 2B) set as the
observational parameters. A secondary data set was then
generated using IPA filters set to proteins with more than two
identified peptides, no fewer than four hits, and greater than a
two-fold change in expression. Another secondary data set was
generated using less stringent criteria allowing for one uniquely
identified peptide and integrated the IPA connect tool to
identify any Plk1-associated proteins with more than four hits
and an expression change greater than two-fold. These two
analyses resulted in a data set containing 23 proteins of interest

(Table 1). Next, we employed PANTHER (Protein ANnalysis
THrough Evolutionary Relationships) to assess the molecular
function of the collective proteins and identified catalytic
activity and binding as the primary protein function (Figure
2C). Interestingly, using PANTHER to identify the biological
processes, cell cycle was scored at 8%, while metabolic process
was scored at 57% (Figure 2D). Furthermore, when scored by
protein classes, the hydrolase, nucleic acid binding and protease
classes were the three highest ranks, respectively. Given the
known biological function of Plk1, it would be difficult to
predict that Plk1 inhibition would have considerable association
with cellular metabolism, nucleic acid binding, and proteolytic
activity. Therefore, we sought to further investigate these
observations and substantiate our proteomics findings.

BI 6727 Treatment Alters Expression of Multiple Metabolic
Proteins

The results of our proteomics analysis have revealed that the
inhibition of Plk1 activity results in the decreased expression of
multiple metabolic proteins including malate dehydrogenase 1
(MDH1), glutamic-oxaloacetic transaminase 2 (GOT2), and
transketolase (TKT). Additionally, we observed a significant
reduction in lactate dehydrogenase A (LDHA), confirmed by
Western blot (Figure 3A) as well as glucose-6-phosphate
isomerase (GPI) and lactate dehydrogenase B (LDHB), which
were further assessed at the mRNA level (Figure 3B). Of
interest, LDHA, LDHB, and GPI each play an essential role in
glycolysis, a metabolic pathway that allows tumor cells to thrive
under hypoxic conditions. Glycolysis is an evolutionarily
conserved reaction that allows cells to generate ATP from
glucose under hypoxic conditions. However, cellular metabo-
lism under normoxic conditions is primarily driven by a much
more efficient reaction, mitochondrial oxidative phosphoryla-
tion (OXPHOS), yet a hallmark of many cancer cells is their
propensity to use the inefficient glycolytic reaction for the
production of energy in the presence of oxygen, a phenomenon
known as the Warburg effect or aerobic glycolysis.38 It is
interesting to speculate that Plk1 overexpression may
contribute to the cancer-related switch from OXPHOS to
aerobic glycolysis.
To assess the effect of Plk1 inhibition on aerobic glycolysis,

we first measured extracellular levels of lactate, the major
byproduct of glucose breakdown. Following a 24 h incubation
with BI 6727 under normoxic conditions, there was a significant
decrease in lactate levels in both treatment groups (25 nM, 100
nM) when compared with control (Figure 3C). Because these
data suggest a disruption in metabolic activity, we next assessed
the levels of nicotinamide adenine dinucleotide (NADH) and
nicotinamide adenine dinucleotide phosphate (NADPH), the
enzymatic cofactors produced during glucose breakdown by
glycolysis and the pentose phosphate pathway, respectively.
The NADH and NADPH levels were significantly reduced in
BI-6727-treated cells, resulting in nearly a five-fold decrease
(Figure 3D). To determine if these observations correlate to
energy production, we independently measured levels of NAD,
an essential coenzyme in ATP production. Interestingly, in
addition to the NAD levels being significantly decreased in both
the oxidized (NAD+) and reduced (NADH) forms (Figure 3E),
Plk1 inhibition also significantly altered the NAD+/NADH
ratio (Figure 3F). The NAD+/NADH ratio is considered to be
an indicator of the metabolic state and is important in
regulating the intracellular redox state, while a shift in the
NAD+/NADH ratio is closely linked to physiological and

Figure 2. Summary of proteomics analysis data. (A) Graphical
breakdown representing the number of peptides recognized in all
identified proteins. (B) Graphical representation of the calculated
protein ratios showing BI 6727-treated samples compared with the
vehicle control. (C) Proteins of interest molecular function reported
by PANTHER (Protein ANalysis THrough Evolutionary Relation-
ships) as characterized by gene ontology. (D) Proteins of interest
biological processes reported by PANTHER as characterized by gene
ontology.
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pathological states.39,40 Our data suggest a greater decrease in
NAD+ following Plk1 inhibition, and given that the pyruvate to
lactate conversion is a major route of NAD+ regeneration, it is
reasonable to expect that the observed decrease in LDHA is a
primary factor in the ratio shift.
Although our data suggest that Plk1 inhibition decreases the

metabolic activity of melanoma cells, the question of how Plk1
signaling relates to glycolysis remains to be answered. The
initial Warburg hypothesis attributed its effects to dysfunctional
OXPHOS; however, recent studies have indicated that
OXPHOS remains functional in cancer cells and the shift
toward aerobic glycolysis is driven by tumor suppressors such
as p53 and PTEN or the oncogenes Ras, C-Myc, and hypoxia-
inducible factor-1α (HIF-1α).41 Plk1 has not only been shown
to be involved in p53, PTEN, and C-Myc signaling pathways;
recent studies suggest that Plk1 has the potential to act as a
mediator between them.42−44 For example, the loss of PTEN
expression is a frequent occurrence in human malignancies and
results in elevated phosphoinositide 3-kinase (PI3K) signal-
ing.45 Recently, Tan et al. have shown that hyperactivation of
the PI3K downstream target, PI3K-dependent protein kinase-1
(PDK1), activates Plk1, which in turn stabilizes MYC through
direct phosphorylation at Ser-62.46 While this study has shown
a direct connection between two key tumorigenic pathways
through Plk1, further correlations can be made when
considering the numerous interactions between Plk1 and p53
(discussed later). Given these data, it is interesting to
hypothesize that Plk1 overexpression may contribute to the

glycolytic shift described by the Warburg effect; however,
further studies are needed to define the role of Plk1 in
metabolic signaling.

BI 6727 Treatment Results in the Down-Regulation of
Multiple 20S Proteasomal Subunits

The ubiquitin-proteasome system (UPS) plays an integral role
in cellular homeostasis through a systematic process that is
responsible for 80−90% of intracellular protein degradation.47

The 26S proteasome is the primary proteolytic complex of the
system and is composed of two subcomplexes, the catalytic 20S
core particle (CP) and either one or two terminal 19S
regulatory particles (RPs). The RPs are responsible for protein
capturing by ubiquitin recognition, followed by protein
unfolding and translocation to the proteolytic channel of the
CP. The CP is made up of four stacked rings, each containing
seven α- (α1-7, PSMA1-7) or β-subunits (β1-7, PSMB1-7) in
an α−β−β−α configuration (Figure 4A). The outer α-subunits
act as a physical barrier to the active β-subunits and create a
docking site for the RP, while the inner β-rings are responsible
for protein cleavage through caspase-like, trypsin-like, and
chymotrypsin-like activities by the catalytically active subunits
β1, β2, and β5, respectively.48

In our comparative proteomics analysis, we found that BI
6727 treatment results in significant downregulation of multiple
20S subunits in human melanoma cells. Following our IPA
analysis, we initially identified subunits α3 and β2 as being 2.20-
and 7.41-fold downregulated, respectively. Broadening our IPA

Table 1. Proteins Quantified with Greater than Two-Fold Changes with Unique Peptides, Frames, Hits, and Normalized Ratio
Listeda

proteins of interest

gene
Swiss-Prot

ID protein description peptides frames hits
normalized

ratio
fold

change

LDHB P07195 lactate dehydrogenase B chain - LDHB_HUMAN 2 2 18 0.058 −17.24
PPP6R2 O75170 serine/threonine_protein phosphatase 6 regulatory subunit 2 - PP6R2_HUMAN 2 2 17 0.129 −7.75
PSMA3 P25788 proteasome subunit alpha type_3 - PSA3_HUMAN 3 4 17 0.135 −7.41
FBL P22087 rRNA 2_O_methyltransferase fibrillarin - FBRL_HUMAN 3 4 21 4.862 4.862

SNRPD3 P62318 small nuclear ribonucleoprotein Sm D3 - SMD3_HUMAN 3 3 19 0.22 −4.55
TKT P29401 transketolase - TKT_HUMAN 12 22 179 0.238 −4.20
GOT2 P00505 aspartate aminotransferase_mitochondrial - AATM_HUMAN 4 4 19 0.318 −3.14
HNRNPC P07910 heterogeneous nuclear ribonucleoproteins C1/C2 - HNRPC_HUMAN 2 2 26 2.978 2.978

LDHA P00338 lactate dehydrogenase A chain - LDHA_HUMAN 7 11 145 0.352 −2.84
AHCY P23526 adenosylhomocysteinase - SAHH_HUMAN 2 3 9 2.531 2.531

RPL10A P62906 60S ribosomal protein L10a - RL10A_HUMAN 2 3 15 0.398 −2.51
MDH1 P40925 malate dehydrogenase_cytoplasmic - MDHC_HUMAN 10 15 181 0.428 −2.34
GPI P06744 glucose_6_phosphate isomerase - G6PI_HUMAN 2 2 7 0.439 −2.28
PSMB2 P49721 proteasome subunit beta type_2 - PSB2_HUMAN 5 10 80 0.455 −2.20
JAKMIP2 Q96AA8 Janus kinase and microtubule_interacting protein 2 - JKIP2_HUMAN 6 10 61 0.457 −2.19
HSPA9 P38646 stress_70 protein_ mitochondrial - GRP75_HUMAN 2 1 12 2.158 2.158

PHC1 P78364 polyhomeotic_like protein 1 - PHC1_HUMAN 2 3 21 0.482 −2.07
polo-like kinase-1-associated genes

gene Swiss-Prot ID description peptides frames hits normalized ratio fold change

PSMB6 P28072 proteasome subunit beta type_6 - PSB6_HUMAN 1 1 7 0.18 −5.56
PSMA7 O14818 proteasome subunit alpha type_7 - PSA7_HUMAN 1 3 8 0.406 −2.46
MCM6 Q14566 DNA replication licensing factor MCM6 - MCM6_HUMAN 1 1 4 2.315 2.315

NPM1 P06748 nucleophosmin - NPM_HUMAN 1 3 78 2.277 2.277

TUBB3 Q13509 tubulin beta_3 chain - TBB3_HUMAN 1 1 7 2.118 2.118

CLSPN Q9HAW4 claspin - CLSPN_HUMAN 1 1 4 2.044 2.044
aProteins identified as having greater than a two-fold change and triggering no less than four separate MS/MS fragmentation scans (hits) of at least
two uniquely identified amino acid sequences (peptides) for proteins with no known association to Plk1 or one unique peptide for proteins with a
Plk1 association, as identified by ingenuity pathway analysis (IPA). Also included is the number of LC peaks within a well-defined rectangular region
in the M/Z versus retention time plane (frames), where each unique peptide was identified.
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analysis to include Plk1-associated proteins with only one
unique peptide but still having a greater than a two-fold change
and no fewer than four hits, we further identified the 20S
subunits α7 and β6 as being downregulated by 2.46 and 5.56
fold, respectively (Figure 4B). Because these data suggest that
Plk1 inhibition has an effect on a wide range of subunits, we
performed a Western blot analysis of the catalytically active
subunits β1, β2, and β5 following inhibition of Plk1 by BI 6727
(Figure 4C). We confirmed a decrease in β2, as reported by our
proteomics analysis, and additionally observed a modest
decrease in β5, while there was no apparent effect on β1. To
assess if the decreased subunit expression reflected on
proteasome cleavage, we measured 20S proteasome activity
using a fluorophore-labeled proteasome substrate. This assay
demonstrated a significant reduction in 20S activity in BI 6727-
treated cells when compared with control (Figure 4D). These
data suggest that Plk1 activity influences proteasome cleavage
and is potentially upstream of multiple proteasome subunits in
a signaling pathway that has yet to be defined. However, there
is evidence of Plk1 indirectly associating with the proteasome
through the transcription factors forkhead box M1 (FoxM1)
and p53.49−56

Similar to Plk1, FoxM1 is overexpressed in numerous human
carcinomas and is correlated to poor disease prognosis.55 Plk1
is involved in a positive feedback loop with FoxM1, where Plk1-
dependent phosphorylation is required for efficient FoxM1
activation, which in turn is required for expression of multiple
mitotic regulators, including Plk1.52 Interestingly, proteasome
inhibitors have been shown to suppress FoxM1 transcriptional
activity, suggesting that proteasome-dependent degradation
may confer a level of indirect regulation to Plk1 overexpression
in human carcinomas.50 In addition to FoxM1, the classical
tumor suppressor p53 also intersects with both Plk1 and the
proteasome. Studies have revealed that Plk1 contributes to p53
repression by directly binding to p53 in addition to
phosphorylating GTSE1 and Topors, negative regulators of
p53.42,49,56 Furthermore, Plk1 has also been shown to stabilize
the oncoprotein MDM2, an E3 ubiquitin ligase and the
principal cellular antagonist of p53.51 MDM2 mediates p53
protein turnover through constant monoubiquitination, a
critical step in the polyubiquitnation of p53 and targeted
degradation by the 26S proteasome.54 Because p53 negatively
regulates Plk1, a negative feedback loop exists in the Plk1-p53
axis.53,57 Considering the findings presented in this study and
given the relationships among Plk1, FoxM1, and p53, these data
suggest that increased proteasome activity would be conducive
to Plk1 overexpression.
Heterogeneous Ribonucleoprotein C1/C2 Is Up-Regulated
Following BI 6727 Treatment

The heterogeneous ribonucleoprotein C1/C2 (hnRNPC) is a
ubiquitous RNA-binding protein that is expressed in two main
isoforms, hnRNPC1 and hnRNPC2.58 Studies have shown
hnRNPC’s biological functions to include mRNA transcript
packaging, splicing, nuclear retention, and mRNA stability.59 In
this study, we report a significant up-regulation of hnRNPC
following Plk1 inhibition, which was confirmed at the protein
level by Western blot analysis (Figure 5A). Interestingly, a
recent study has shown that hnRNPC overexpression induces
micronucleation through the repression of the mitotic protein
aurora kinase B (AurkB) in hepatocellular carcinoma (HCC)
cells.60 Using an immunofluorescent nuclear stain, we were able

Figure 3. Plk1 inhibition alters cellular metabolism in melanoma cells.
(A) Lactate dehydrogenase A (LDHA) protein expression was
significantly reduced following Plk1 inhibition in both proteomics
(top) and Western blot (bottom) analyses. (B) qPCR analysis suggests
a dose-dependent decrease in polo-like kinase 1 (Plk1), lactate
dehydrogenase B (LDHB), and glucose-6-phosphate isomerase (GPI)
transcript levels following BI 6727 treatment (25 nM, 100 nM). (C)
BI 6727 treatment significantly reduces extracellular lactate levels (p <
0.001). (D) Plk1 inhibition significantly reduces reduced nicotinamide
adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NADPH) levels (p < 0.001). (E) NAD and NADH levels
are significantly reduced in BI 6727-treated cells when compared with
control (p < 0.001). (F) NAD/NADH ratio decreases in a BI 6727
dose-dependent manner (** p < 0.01, *** p < 0.001).

Figure 4. Plk1 inhibition significantly alters 20S proteasome
expression and activity. (A) Basic structure of the 20S proteasome.
(B) Proteomics analysis identified four 20S proteasome subunits as
being down-regulated. (C) Western blot analysis of the catalytically
active 20S proteasome subunits, proteasome subunits β2, β5, and β1
(PSMB2, PSMB5, and PSMB1) following Plk1 inhibition. (D) BI
6727-treated cells have significantly decreased 20S proteasome activity
(p < 0.001).
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to observe a similar micronucleation phenotype in melanoma
cells following Plk1 inhibition (Figure 5B). Next, we wanted to
determine if there was also a repression of AurkB. Despite a
significant G2/M arrest (Figure 5C), we did not observe any
significant changes to AurkB expression at the protein level;
however, we did observe a significant reduction in AurkB
mRNA (Figure 5D). With the understanding that an
accumulation of cells in G2/M would result in increased
mitotic proteins such as AurkB and given the consistent protein
expression we observed at 24 h, it is possible that we are seeing
early evidence of AurkB protein degradation and the reduced
transcript levels may be a better indicator of AurkB repression.
This evidence suggests that inhibition of Plk1 activity may
negatively affect AurkB expression and the mitotic catastrophe
associated with Plk1 inhibition may in part be mediated
through hnRNPC and AurkB.9

Although we have already discussed numerous connections
between Plk1 and p53, an additional association exists through
hnRNPC. hnRNPC has been shown to enhance p53 translation
by directly binding to a cis-element in the 5′ coding region of

p53 mRNA.61 In accordance with these findings, we did find a
corresponding increase in p53 protein expression and activity as
determined by Western blot and transcriptional analysis of p21,
respectively (Figure 5E). These data provide compelling
evidence of a novel pathway in Plk1-mediated p53 expression
through regulation of hnRNPC. However, the Plk1−p53 axis is
a complex signaling network, and extensive studies will be
required to determine the role of hnRNPC.

■ CONCLUSIONS
Inhibition of Plk1 by small-molecule inhibitors has become an
extremely active area of research based on the preclinical
success of Plk1 inhibition in a wide variety of cancers. While it
has been shown in multiple studies that Plk1 inhibition
selectively targets cancerous cells over that of their normal
counterparts, the molecular mechanisms that contribute to
Plk1’s selectivity remains poorly understood. Our proteomics
study of Plk1 inhibition by BI 6727 in human melanoma A375
cells has revealed the altered expression of multiple proteins
that have yet to be identified as part of the Plk1 signaling
network. Our proteomics analysis provides evidence of a novel
relationship between Plk1 and hnRNPC and that Plk1
inhibition has considerable effect on anaerobic glycolysis and
proteasome activity, two pathways that are essential in cancer
cell survival. Further studies are needed to determine the
significance of these protein interactions, but overall these data
provide a solid foundation for novel Plk1 signaling pathways
and potential candidates for future targeted therapies.
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