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Abstract
Plk2 is a target of p53. Our previous studies demonstrated that with wild-type p53, Plk2 impacts mTOR signaling in the
samemanner as TSC1, and Plk2-deficient tumors grew larger than control. Other investigators have demonstrated that
Plk2 phosphorylates mutant p53 in a positive feedback loop. We investigated Plk2’s tumor suppressor functions in
relationship to mTOR signaling. Archival specimens from 12 colorectal adenocarcinomas were stained for markers
including Plk2, phosphorylatedmTOR (serine 2448) and ribosomal S6 (Serine 235/236).We show that Plk2 is expressed
in normal colon, with a punctate staining pattern in supranuclear cytoplasm. In colorectal adenocarcinoma, Plk2
demonstrates complete or partial loss of expression. Strong expression of phosphorylated mTOR is observed in the
invasive front. Phosphorylated S6 expression partially correlates with phosphorylated mTOR expression but appears
more diffuse in some cases. p53 and Ki67 expression is diffuse, in the subset of cases examined. In order to determine
whether Plk2 is lost prior to the development of invasive cancer, 8 colon polyps from 6 patients were evaluated for Plk2
expression. All polyps are positive for Plk2. A Cancer Genome Atlas search identified Plk2 mutations to be infrequent in
colorectal adenocarcinomas. Neither Plk2 methylation (in the gene body) nor copy number variations correlated with
changes in mRNA expression levels. Loss of Plk2 expression along with accentuated expression of phosphorylated
mTOR and phosphorylated S6 at the invasive front in some colorectal carcinomas is consistent with previous findings
that an interaction between Plk2 and TSC1 / mTOR signaling molecules plays a role in tumor suppression. Plk2 protein
expression is lost at the same stage in colorectal carcinogenesis as p53. The p53 dependence of Plk2 loss and tumor
suppressor function in relationship to mTOR signaling may have therapeutic implications.

Neoplasia (2018) 20, 244–255
troduction
ysregulated cell growth and proliferation can facilitate tumorigen-
is. Often activated in neoplasms, the mammalian target of
pamycin (mTOR), is a central promotor of cell growth.
ammalian target of rapamycin complex 1 (mTORC1) and
TORC2 are two multiprotein complexes formed by mTOR [1].
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ibosomal protein S6 kinase (p70S6K/S6K) and eukaryotic
anslation initiation factor 4E binding protein 1 (4E-BP1), are
wnstream targets of mTOR that regulate mRNA translation. A
terodimer formed from tuberous sclerosis complex 1 (TSC1) and
SC2 negatively regulates mTOR, preventing the phosphorylation of
K. Phosphorylation of ribosomal S6 protein, which is a S6K/
0S6K substrate is routinely utilized in both research laboratories
d clinics as a biomarker of mTOR activity. While upstream
gulators of TSC2 are well-characterized and less is known about the
nction and regulation of TSC1, mutations in either TSC1 or TSC2
use the same disease (tuberous sclerosis complex) [1,2]. TSC1 has
en demonstrated to interact with both Polo-like kinase 1 (Plk1) in
ll cycle regulated, phosphorylation-dependent manner [3] and Plk2
]. Polo-like Kinase 2 (Plk2/Snk) was identified in our laboratory as a
rect target for transcriptional regulation by the tumor suppressor
3 protein [5]. Evidence for multiple links between the p53 and
TOR pathways continue to emerge. The p21 accumulation that
llows genotoxic stress appears to be mTORC1-dependent [6].
enotoxic stress may inhibit mTOR activity through up-regulation
known negative regulators PTEN (phosphatase and tensin
molog), TSC2 and AMPKβ1 (AMP-responsive protein kinase)
and AMPKα in a p53-dependent manner [7,8]. Activation of

MPK, which phosphorylates TSC2 and stimulates its GAP activity
d subsequent mTOR inhibition [8] is mediated through the
oducts of two p53 target genes, Sestrin 1 and 2.
The polo-like kinases (Plks) comprise a family of serine/threonine
nases that regulate cell cycle progression, mitosis, centrosome
plication, cytokinesis, and the cellular response to DNA damage
,10]. The polo-like kinases are characterized by an N-terminal
rine/threonine kinase domain and a C-terminal polo-box domain,
hich regulates Plk localization, activity and function [9]. The five
ks that have been identified in vertebrate cells are Plk1, Plk2/Snk,
k3/Fnk/Prk, Plk4/Sak3 and Plk5. The best characterized of the
lo like kinases, Plk1, plays a role in multiple cell cycle processes
cluding mitosis [10]. Plk2, one of the least well-characterized of the
lo like kinases, has been shown to play a role in centrosome
plication [11], mitotic checkpoint [5], S-phase checkpoint [12]
d is involved in the modulation of synapses during normal neuronal
tivity [9]. Both the Plk2 and Plk3 genes were identified as
rum-inducible early growth response genes [13,14]. The primary
quence of Plk4 is divergent while Plk5 has an inactive
eudo-kinase domain [9]. Plk1 and Plk3 genes are over-expressed
Burkitt’s lymphoma cell lines lacking Plk2, consistent with possible
nctional degeneracy among the polo kinases [15]. The observation
at Plk2-null mice survive with phenotypic abnormalities such as
layed S-phase entry may be attributed to functional degeneracy
ong the polo like kinases [16].
Mouse brain, heart and lung, but not thymus, spleen, liver or kidney
e the organ sites where Plk2 was initially detected [17,18]. Plk2
RNA levels were found to be high in the testis, mammary gland, and
leen while intermediate in the brain, heart, uterus and trachea in a
ore comprehensive study [18,19]. In response to serum stimulation,
rious fibroblasts demonstrate transient increases in Plk2mRNA levels
hile NIH 3T3 cells demonstrated transient increases in Plk2 protein.
lthough expressed and catalytically active in the G1 phase of the cell
cle, with a short half-life of approximately 15 minutes [18,20] little is
own about the regulation of Plk2 protein stability. Ubiquitylation
d degradation of Plk2 by hVPS18, a RING-H2 type ubiquitin ligase
s been reported [21].
Cancer prognosis has been linked to alterations in the expression of
lo-like kinase family members, Plk1 and Plk3 in human tumors
2]. Plk1 has been demonstrated to be elevated in prostate and
arian cancer, and clearly linked to patient prognosis in prostate
3], ovarian [22], breast [24], lung, head-neck squamous cell [25],
ophageal and gastric carcinoma [26]. Plk2 expression is lost in B-cell
alignancies [15]. While Plk1 expression decreases following DNA
mage, Plk2, Plk3 and Plk5 are activated after DNA damage
8,27,28]. Plk2 loss as a result of methylation-dependent silencing of
e Plk2 gene has been discovered in patients with B-cell malignancies
5]. Methylation-dependent gene silencing has been reported in a
mber of cancers [15]. Differences in methylation patterns have
en associated with patient outcomes and used to identify novel
nes critical to the development of cancer [29,30]. Loss of Plk2
otein in tumors may result from p53 mutations or alterations in
k2 stability. The majority of p53 mutations are missense mutations
ading to the production of full-length p53. Possible outcomes of
3 mutations include loss of tumor suppressor activities, suppression
the functions of wild-type p53 by either a dominant-negative
echanism or by gain of oncogenic function independent of
ild-type p53. An inactive mutant p53 with an intact tetramerization
main may have a dominant-negative effect yielding the loss of the
ansactivation activity of wild-type p53 [31].
The Plk family members signal with p53. Polo-like Kinase 2 gene
lk2/Snk) is a direct target for transcriptional regulation by p53 [5].
e subsequently identified a novel connection between the p53
mor suppressor pathway and the oncogenic mTOR pathway
rough Plk2 [4]. These recent studies support a role for
3-regulated Plk2 as a candidate tumor suppressor gene whose
coded protein physically associates with TSC proteins to regulate
eckpoint signaling and tumor growth [4]. Our overall goal is to
rther evaluate the function of Plk2 as it relates to mTOR signaling.
ur specific objective is to evaluate alterations in Plk2 protein
pression and determine at what stage in colon cancer carcinogenesis
pression is altered in relationship to mTOR signaling. Archived
thology specimens from colorectal adenocarcinomas and colon
lyps were utilized in an IHC analysis to address these questions. In
der to guide future studies in the p53-dependence and mechanisms
Plk2 loss in colorectal adenocarcinomas, a TCGA search was
nducted to evaluate Plk2 mutations and Plk2 gene methylation in
lorectal adenocarcinomas.

aterials and Methods

munohistochemistry
Paraffin-embedded colon cancer samples sectioned with adjacent
rmal tissue were processed using standard protocols including antigen
masking with citric acid. Antibody was detected using a peroxidase
t with diaminobenzidine (DAB) as the chromogen and counter-
ained with hematoxylin. The primary antibodies are as follows: Rabbit
ti-Plk2 antibody (Abcam; 1:150; ab7133; manual), rabbit antibody
ti-mTOR phosphorylated at Serine 2448 (P~mTOR Ser 2448; Cell
gnaling #2976; 1:100; manual) and rabbit anti-ribosomal protein S6
osphorylated at Serine 235/236 (P~S6 Ser 235/236; Cell Signaling
858; 1:100; manual), Ki67 (Ventana, Clone 30-9; 1:20), and p53
ell Marque, Clone D07: 1:200) were utilized for IHC. p53 and
i67 staining was performed with a Ventana automated stainer. A
t-off of 5% was used for positive versus negative staining of Plk2
d a cut-off of 50% was used for partial versus complete / diffuse
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lk2 loss. When less than 5% of the cells were positive for Plk2
pression, the sample was scored as negative or loss of expression.
hen more than 5% of the cells but less than 50% of the cells were
sitive, the sample was scored as having partial loss of expression.
ne representative tumor section (with abundant tumor cells) was
amined for each case.

ancer Genome Atlas (TCGA) Data Analysis
Plk2 mutations were identified amongst 494 colorectal cancer cases
tained fromBroadGDACFirehose site (https://gdacbroadinstitute.org)
d TCGA data repository (https://gdc.cancer.gov). Similarly in the
se of methylation profiles, 312 colorectal cancer cases were identified
which 305 also had mRNA expression data. Of the 309 cases with
lk2 copy number variation (CNV) (GISTIC 2 values [32] data and
5 cases with Plk2 mRNA data (RSEM values; RSEM=RNA seq by
pectation-maximization), 302 cases over-lapped, containing both.
or methylation data, beta values for probes mapping to CpG islands
cated in transcription start sites (TSS), 5′UTR through to first exon
d gene body including 3′UTR were compared between tumor and
eir matching normal colon samples. These comparisons are
presented as box plots. All computations were done using
ateRmelon package [33] implemented in R Bioconductor environ-
ent. These samples were analysed in cbioportal (http://www.
ioportal.org) [34].
gure 1. Plk2 loss in colorectal adenocarcinomas. Plk2 expression is pu
cleus (arrows). A) Normal adjacent colon (patient 1), 400×), B) Colo
eatest Plk2 loss (stage IV, patient 1), 400×. Plk2 loss was more promi
tient 11). Panels A-B are from one patient with stage IV colorectal
tibody: brown color; Hematoxylin nuclear counterstain: blue.
esults

lk2ProteinExpression is Lost or Partially Lost inColorectal Tumors
Our previous studies demonstrated that in the wild-type p53 context,
man tumor cells deficient in Plk2 grew significantly larger than
ntrol tumor cells. If p53 target Plk2 has a tumor suppressor role, Plk2
otein expression may be lost during colon cancer progression. After a
cent screening of various commercially available Plk2 antibodies in
ncer cells and human tissue samples, optimization of the Abcam Plk2
tibody has yielded promising results in IHC analysis of colorectal
ncer specimens (Figure 1). Archived pathology specimens from 12
lorectal adenocarcinomas (5 early stage and 7 advanced stage) were
trieved, and IHC staining for Plk2was conducted. Plk2 is expressed in
jacent normal colon epithelium, with a punctate staining pattern in
e supranuclear region (Figure 1A & Figure S1). In colorectal
enocarcinoma, Plk2 demonstrates partial loss of expression or
mplete loss of expression (Figure 1, B–D; Table 1). Disrupted Plk2
pression manifested as irregular or abnormal localization was also
served. Loss of Plk2 expression is more pronounced in the invasive
ont in one case (Table 1; patient 12). In a stage IV colorectal cancer
tient’s tumor, significant loss of Plk2 protein was observed (Figure 1B
mpared to Figure 1A; Table 1, patient 1). A stage IIIB colorectal
ncer patient’s tumor demonstrating partial loss of Plk2 is shown in
igure 1, C–D & Table 1 (patient 11). Except for one patient with a
nctuated in distinct areas / intracellular structures adjacent to the
rectal adenocarcinoma: center of the tumor, the area with the
nent in C) some areas of the tumor than D) other areas (stage IIIB,
adenocarcinoma shown in Figure 2, A–D. Proteins detected by

https://gdacbroadinstitute.org
https://gdc.cancer.gov
http://www.cbioportal.org
http://www.cbioportal.org
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Table 1. Plk2 expression is frequently lost and mTOR activated in colorectal adenocarcinomas

Pt Stage K-Ras Plk2 P~mTOR P~S6 p53 Ki67

1 IV NT Loss IF IF Diffuse, S Diffuse
2 IIIB NT Partial Loss IF IF,L Diffuse, S Diffuse
3 I NT Partial Loss IF IF Diffuse, S Diffuse, S
4 I NT Pos (Muc. carc) IF Diffuse W Diffuse, S
5 IV NT Partial Loss IF IF Diffuse, S Diffuse
6 I NT Loss Neg Neg Diffuse, W Diffuse, S
7 IIIB G12D Loss IF, L IF, L NE NE
8 IIIB WT Loss IF,L Neg/L NE NE
9 IIB G12D Loss F/Neg Neg NE NE
10 IIIB WT Partial Loss IF Diffuse NE NE
11 IIIB WT Partial LossΨ IF L NE NE
12 I NT Partial Loss-IF IF Diffuse NE NE

IF, Invasive front L, Luminal C, Center NT Not tested for K-ras mutation NE not evaluated
S, Strong/high levels Patients with high levels (strong) of p53ere predicted to have mutant p53
W, Weak/low levels Patients with low levels (weak) of p53 were predicted to likely have wi-typep53
F, Focal G12D Mutation in Codon 12 of K-ras
Neg Most or all pf the tumor is negative for expression of this protein

Ψ Plk2 expression: adjacent normal tissue/ staining did not allow for internal comparison with tumor.
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ucinous carcinoma, all patients had either loss (5 patients) or partial
ss (6 patients) of Plk2 protein expression.

he mTOR Pathway Activated and Plk2 Lost in Colorectal
denocarcinomas
Our previous studies demonstrated that in the wild-type p53
ntext, Plk2 restrains mTOR signaling in the same manner as TSC1.
order to identify a possible inverse relationship between Plk2

otein expression and mTOR signaling, an immunohistochemical
HC) analysis of colorectal adenocarcinomas was conducted.
ibosomal protein S6 is phosphorylated by p70S6 Kinase during
tivation of the mTOR pathway. In the same 12 archived pathology
gure 2. The mTOR pathway is activated in colorectal adenocarcinoma
ont (stage IIIB, patient 11), 400×. B) Lower power version of A, 100×
ont (stage IV, patient 1), 200×. D) P~S6 Ser 235/236 in the colorectal aden
wer version of D, 100×. F) P~S6 Ser 235/236 in the colorectal adenocarc
tected by antibody: reddish-brown color; Hematoxylin counterstain
ecimens of colorectal adenocarcinomas IHC staining for phos-
orylated mTOR (serine 2448) [35] and phosphorylated ribosomal
otein S6 (Serine 235/236) was performed. Given tumor heteroge-
ity, attention was paid to invasive front expression of these proteins
compared to expression closer to the surface.
We observed that in the majority of tumors, mTOR signaling is high
the colorectal invasive front, consistent with the literature [36]. This
exemplified by two representative cases colorectal adenocarcinoma
ses demonstrating elevation of phospho-mTOR Ser2448 in the tumor
vasive front (Figure 2, A and B, stage IIIB; Figure 2C, stage IV) and
evation of phospho-S6 Ser234/235 in the invasive front of the same stage
IB patient (Figure 2,D and E) and stage IV (Figure 2F) patients. This
s. A) P~mTOR Ser 2448 in the colorectal adenocarcinoma invasive
. C) P~mTOR Ser 2448 in the colorectal adenocarcinoma invasive
ocarcinoma invasive front (stage IIIB, patient 11), 400×. E) Lower
inoma invasive front (stage IV, patient 1), 200×. Phospho-protein
of nuclei: blue. Arrows point to invasive front.
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Figure 3. Ki67 and p53 expression are diffuse in colorectal adenocarcinomas. A) p53 protein expression, 200×, B) Ki67 protein expression (Ki67
proliferation index= 85%), 200×. Tissue sections are from the same representative stage IV colorectal adenocarcinoma tumor (patient 1).
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age IV patient was described above as having loss of Plk2 (Figure 1B;
able 1, patient 1) and this stage IIIB patient described as having partial
ss of Plk2 expression (Figure 1C andD; Table 1, patient 11). In 10 of
e 12 cases examined, invasive front phosphorylation (ser 2448) of
TOR was observed (Table 1). Phosphorylated S6 expression partially
rrelates with upstream phosphorylated mTOR expression [35] in
me cases but appears more diffuse in other cases (Table 1). The
ecificity of these high quality antibodies is further demonstrated by
e high expression of these phospho-proteins in the luminal cells as
mpared to the basal cells of normal breast ducts for phospho-mTOR
igure S2A) and in the breast ducts as compared to the surrounding
ssue for phospho-S6 (Figure S2B).

olorectal Adenocarcinomas Demonstrate Diffuse Expression
p53 and Ki67
In the same archived pathology specimens from 12 colorectal
enocarcinomas, IHC staining for p53 and Ki67 was performed.
3 and Ki67 expression is diffuse, rather than specific to the tumor
vasive front in the subset of cases examined (Figure 3; Table 1;
igures S3 & S4). The Ki67 proliferation index was 85% (Figure 3B),
%, 90%, 85% and 90% respectively (Figure S3, A–D). It should
noted that in wild-type p53 cells, p53 levels are expected to be low
baseline. As contrasted to the patient tumors shown in Figure S4, A
d B with low p53 protein expression, the tumors in the lower
nels (Figure S4, C and D) exhibiting robust p53 protein expression
e likely comprised of cells with mutant p53 (Table 1). Colorectal
enocarcinomas with the no p53 protein expression are expected to
p53 mutant, but were not encountered in this study.

re-Malignant Colorectal Lesions and Adjacent Normal Tissue
emonstrate Robust Plk2 Expression
In the eight different pre-malignant lesions (4 tubular adenomas, 1
bulovillous adenoma, 2 sessile serrated polyp and 1 hyperplastic
lyp) from six patients, Plk2 was present (Figure 4, Table 2 and Figure
). Robust cytoplasmic Plk2 expression was observed in the
terocytes and goblet cells of the tubular adenomas and the adjacent
rmal tissue. Plk2 was observed in the basal portion of all goblet cells.

re-Malignant Colon Lesions Express Plk2 but mTOR
emains Inactivated
A possible inverse relationship between Plk2 and mTOR signaling
ring progression to colon carcinoma was evaluated in the
e-malignant lesions described above. It was determined that the
lk2 expression coincided with absence of mTOR activation as
monstrated by the absent or very low phosphorylation of mTOR at
rine 2448 in the evaluated pre-malignant lesions (Table 2). This is
emplified by a representative tubular adenoma with Plk2 expression
igure 5A), but no P~mTOR Ser2448 in the same tumor area (Figure 5B).
he increased stain at the luminal edge of the section is most likely due to
ge effect and thus considered non-specific.

lk2 Gene Body Methylation is Present in Both Colon Cancer
umors and Normal Colon
Many important tumor suppressors are suppressed bymethylation of
omotor CpG islands [30]. Plk2 has been demonstrated to be
ethylation silenced in Burkitt’s lymphoma and other B-cell and
matological malignancies [37] as well as ovarian cancer [15]. We
nducted a Cancer Genome Atlas (TCGA) search of Plk2methylation
colorectal adenocarcinomas (312 cases with methylation data) as
mpared to normal. The Plk2 gene body is methylated in both colon
ncer and normal (Figure 6C; beta value above 0.4) with median beta
lues above 0.7. No methylation was reported in the regulatory region
pG islands (CGIs) and shores of the Plk2 gene as shown in the 5′UTR
first exon CGI and the transcription start site (TSS) CGI (Figure 6,A
d B). CpG islands promotor methylation is associated with gene
pression whereas exonic and genic methylation is associated with
tive gene expression [38]. Median Plk2 mRNA expression in normal
rsus colorectal cancer were similar (Figure 6D). Neither Plk2
gulatory site methylation nor copy number variations (CNV)
rrelated (Spearman rank correlations 0.3) with mRNA expression
anges (Figure 7) and were independent of p53 status. Of the 610
CGA colorectal cancer samples for which stage information is
ailable, there are 109 stage I, 230 stage II, 181 stage III and 90 stage
cases.

lk2 Mutations Occur Infrequently in Colorectal Cancer
Based on a TCGA/Broad Firehose analysis Plk2 mutations occur
frequently in colorectal cancer. Amongst the 494 colorectal cancer
tients, 13 patients had Plk2 mutations in their tumors of which five
so contained p53 mutation(s). One rectal cancer patient had 3
fferent mutations and one colon cancer patient had two different
utations to equal 16 individual mutations among the 13 patients.
hese 16 included 9 missense, 3 frame shift deletions, 1 frameshift
sertion, 2 nonsense mutations and 1 silent mutation (Table 3).
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Adjacent normal and D) Tubular Adenoma of a different patient than panels A & B (patient F), 400×. Center top panel: Adjacent normal
(patient F), 200×; Center bottom panel: zoom section of Panel B.
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utation assessor and polyphen predictions of the impact of these
utations (Table S1) are provided for comparison with our own
dings/predictions.
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We analyzed the sequence and structures of PLK2 domains in
der to understand the possible effects of mutations on protein
nction for variants found in colorectal cancers in TCGA (Table 3).
schematic of the domains and linkers of PLK2 is shown in Figure
. The IUPred server [39] predicts two regions of intrinsic disorder
PLK2, residues 1-70 and 382-436 (see red regions, and disorder
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ble 2. Plk2 expression is preserved and mTOR inactive: polyps and tubular adenomas

Type Plk2 P~mTOR

1 TA / SSP Pos Neg
2 SSP Pos Neg

HP Pos Neg
TA Pos Neg
TVA Pos Neg
TA Pos NE
TA Pos Neg

s, Most or all of the section is positive for this protein; Neg, Most or all of the section is negative
this protein; TA, Tubular adenoma; TVA, Tubulovillous adenoma; SSP, Sessile serrated polyp;
, Hyperplastic polyp; NE, Not evaluated.
aph below the protein domain diagram). Experimental X-ray
ystallographic structures are available for the kinase domain and the
lo-box domains of PLK2 in the Protein Data Bank (PDB). The
ructure of the kinase domain (PDB entries: 4I5P, 4I5M, 4I6B,
6F, 4I6H) [40] reveal a typical kinase fold in an active DFG-in state
mprising residues 71 to 335 (see cyan domain) followed by an
dered C-terminal tail that is folded against the kinase domain
esidues 336-355, see dark blue segment). Residues 57 to 70 are
esent in the crystals but disordered and absent from the coordinates,
nsistent with the disorder predictions.
The crystal structures of the Polo-box domains of PLK2 contain
ordinates for residues 469-682 [PDB: 4RS6 [41], 4XB0 [42]. In
ese structures, an N-terminal helix (residues 469-485, see yellow
gment) folds against the second Polo-box domain followed by a
ker (residues 486-502) and the first Polo-box domain (residues
3-582, see orange domains), a linker between the two Polo-box
mains (residues 583-602), and the second Polo-box domain
esidues 603-682). To determine if any structure was available for
lo-box domains in complex with a kinase domain, we utilized the
otein Common Interface Database (ProtCID, http://dunbrack2.
cc.edu/protcid) [43] which helped us to identify a structure of
brafish PLK1 containing a complex of the kinase domain and the
lo-box domains expressed as two separate proteins (PDB: 4J7B
4)). This structure is in an autoinhibited state, which can be
lieved by phosphorylation within the kinase domain or by binding
phosphopeptides to the Polo-box domains [44]. We superimposed

http://dunbrack2.fccc.edu/protcid
http://dunbrack2.fccc.edu/protcid
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Figure 5. Plk2 presence in tubular adenomas coincides with the absence of activated mTOR. A) Plk2 expression in tubular adenoma
(patient C), 200×, B) Phosphorylated mTOR ser2448 is negative in the same tumor area as panel A, 200×.
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e experimental structures of the kinase domain and the Polo-box
mains of PLK2 as well as a phosphopeptide-bound structure of
man PLK1 onto the zebrafish PLK1 complex structure in order to
gure 6. Plk2 gene body methylation and mRNA expression remain un
ene methylation normal versus colorectal tumors: A) 5′UTR to the Firs
ody (Pb0.001, and D) Plk2 mRNA expression (RSEM values) in norm
pectation-maximization (RSEM). Beta-values above 0.4 were conside
lorectal cancers with methylation data of which 305 cases also had
oduce a model of full-length human PLK2 (excluding the
sordered regions) bound to a phosphopeptide. This complex is
own in Figure 8B.
altered in colorectal cancer as compared to normal: TCGA. Plk2
t Exon (P=0.2), B) Transcription Start Site (TSS)(P=0.9), C) Gene
al versus colorectal tumors (P=0.003). Panels A-C: RNA seq by
red methylated. Cancer Genome Atlas (TCGA) search yielded 312
mRNA data.
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Figure 7. Plk2 mRNA expression does not correlate with Plk2 gene methylation or copy number variation: TCGA. A) Plk2 mRNA
expression (RSEM values) versus 5′UTRmethylation (Beta values), B) Plk2 mRNA expression (RSEM values) versus transcription start site
(TSS) methylation and C) Plk2 mRNA expression (RSEM values) versus gene body methylation. D) Plk2 mRNA expression versus copy
number variation (CNV). Top panels: normal; Bottom panels: colorectal cancer. Cancer Genome Atlas (TCGA) search identified 312
colorectal cancers with methylation data of which 305 cases also had mRNA expression data. Of the 309 cases with copy number
variation (CNV) data and 305 cases with mRNA data, 302 cases over-lapped. A-C: 309 patients. D: 302 patients. RNA seq by
expectation-maximization (RSEM); Gene methylation expressed as Beta-values.
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The TCGA mutations can be interpreted in terms of their
acement on the modeled structure of full-length PLK2. The L335fs
ameshift mutation truncates the protein at the end of the kinase
main, prior to a C-terminal tail that is folded against the kinase
main. It is possible that such a construct is thermodynamically
stable and leads to degradation of the resulting protein.
lternatively, such a kinase domain might be constitutively active,
nce it lacks the C-terminal autoinhibitory Polo-box domains.
milarly, the E391* truncation mutation produces a full-length
nase domain which may be more stable since it includes the
-terminal tail (residues 336-355) plus a portion of the linker
tween the kinase and Polo-box domains. Sample TCGA-AG-A002
ntains a frameshift at residue 672, which truncates the protein by
moving the last 14 residues of the full length protein (residues
2-685). Residues 672-682 form the C-terminal helix (see
ange-red helix in Figure 8B) of the second Polo-box domain and
eir removal may result in an unstable protein subject to
gradation. The same sample contains two missense mutations,
63L and R446W, in the linker between the kinase domain and the
lo-box domains. While these are in a flexible region of the protein
here it is difficult to predict their effect, it is an interesting possibility
at inactivation of both alleles may play a role in progression.
Several of the remaining samples contain missense mutations that
n be mapped to the modeled three-dimensional structure of PLK2.
he G92C mutation is in the Gly-rich loop of the N-terminal
main of the kinase, which is critical to the activity of protein
nases. The mutation is likely to change the conformation of the
ckbone of this loop, resulting in an inactive kinase. S116R is in the
-helix, a short helix that precedes the C-helix of the N-terminal
main of the kinase. The functional effects of such a mutation are
fficult to predict, although the mutation is very near the activation
op and may adversely affect kinase activity. S567G and G619V are
the Polo-box domains. The first mutation, S567G, is on the surface
the first Polo-box domain and is not in contact with either the
nase domain or phosphopeptides bound to the Polo-box domains.
his mutation may therefore be functionally neutral. The G619V
utation is in a β turn in the β sheet of the second Polo-box domain
d sits adjacent to the kinase domain. The mutation may be
sruptive to the fold of the second Polo-box domain since it is likely
disturb the structure of the β turn.

iscussion
k2 is a target of p53. Our previous studies demonstrated that in the
ntext of wild-type p53, Plk2 restrains mTOR signaling in the same
anner as TSC1, and human tumor cells deficient in Plk2 grew
gnificantly larger than control tumor cells. Other investigators have
monstrated that Plk2 phosphorylates mutant p53 in a positive
edback loop [45]; Plk2 expression may therefore be transcriptionally
gulated by either wild-type [5] or mutant p53 [45]. During this
udy, it was determined that Plk2 protein expression is completely or
rtially lost in all colorectal tumors examined with the exception of a
ucinous carcinoma. Intriguingly, Plk2 loss was found to occur at
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Table 3. Plk2 gene mutations occur infrequently in colorectal cancer

Patient Organ Site Variation Type cDNA Protein p53-Mutation

I Colon Missense Mutation c.A1699G p.S567G
II Rectal Nonsense Mutation c.C2014T p.R672*

Missense Mutation c.C1336T p.R446W
Missense Mutation c.C1089A p.F363L

III Colon Nonsense Mutation c.1171GNT p.E391*
IV Colon Missense Mutation c.274GNT p.G92C p.D186G;p.R1 75H;p.S95P
V Colon Missense Mutation c.346ANC p.S116R p.I255T;p.V218A

Colon Missense Mutation c.274GNT p.G92C
VI Colon Missense Mutation c.274GNT p.G92C
VII Colon Silent c.276CNT p.G92G p.R1 75H
VIII Colon Frame Shift Insertion c.1004_1005insT p.L335fs
IX Colon Frame Shift Deletion c.1005delG p.L335fs p.P3 01fs
X Colon Missense Mutation c.G1856T p.G619V p.R273C
XI Rectal Missense Mutation c.C1089A p.F363L
XII Colon Frame Shift Deletion c.1004delT p.L335fs
XIII Colon Frame Shift Deletion c.1004delT p.L335fs

Total Number of Colorectal Cancer Patients = 494 cases The Plk2 gene is on chromosome 5.
Patients I t o III I are common to Broad Firehose an d TCGA.
Patients IX to XIII are not in Broad Firehose but present in TCGA.
Five patients unique to Broad Firehose.
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e same stage in carcinogenesis as p53 mutational loss, between
enoma and carcinoma. Specifically, all colon polyps and adjacent
rmal colon evaluated demonstrated robust Plk2 expression.
Activation of the mTOR pathway leads to increased protein
anslation, cell proliferation and growth. Components of the mTOR
thway including phospho-mTOR Ser 2448 and phospho-p70S6KThr389

ve been demonstrated to be highly over-expressed in colorectal cancer
6]. In this study, activation of the mTOR pathway as demonstrated by
osphorylation of both mTOR (serine 2448) [47] and down-stream
bosomal S6 (serines 234/235) was observed in the colorectal carcinomas
ith various types / degrees of Plk2 loss. The tumor invasive front of
rcinomas is an important area for tumor prognosis, which is
aracterized by increased proliferation, increased gain and loss of
hesion molecules, secretion of proteolytic enzymes, and initiation of
giogenesis [48]. Phosphorylation of mTOR at the invasive front was
served in a large percentage (10 out of 12; Table 1) of the colon
rcinomas. In some tumors, Plk2 loss was significant in the invasive
ont. Through IHC of the same tumor area from individual patients, we
termined that as with the loss of Plk2, phosphorylation of mTOR
er2448) increased between adenoma and carcinoma. These findings
ise the possibility that the corresponding loss of putative tumor
ppressor Plk2 and activation of oncogenic mTOR play a role in
ogression to invasive colorectal carcinoma.
A role for mTOR in colon carcinogenesis has been previously
ggested [36,49]. The appearance of mTOR ser 2448 phosphoryation
colorectal adenomas with high compared to low intra-epithelial
oplasias (HIN vs LIN) has been reported. These investigators found
TOR signaling in CRC to be stronger than in noncancerous mucosa
d LIN [50]. Other studies have reported increased mTOR signaling
colorectal carcinomas compared to matched normal [51]. mTORC1
osphorylates and activates p70S6K at T389 to activate the ribosomal
otein S6 via phosphorylation at S235/236 and S240/244. An analysis
S6 phosphorylation demonstrates p70S6K and mTORC1 kinase
tivity whereas phospho-AKT S475 indicates mTORC2 kinase
tivity. The mTOR serine 2448 site is a target of phosphorylation
both AKT and after mitogen and nutrient-derived stimuli by p70 S6
nase (S6K) [35]. As seen in renal clear cell carcinoma, we expected
creased phospho-mTOR Ser 2448 at the invasive front to correlate with
ospho-S6 at the invasive front. In some of the advanced colon cancer
ecimens, the increased phospho-mTOR was not accompanied by
creased phospho-S6 indicating that a factor other than p70S6K may
regulating S6 phosphorylation in colon cancer. All the colorectal
enocarcinomas demonstrated high proliferation index based on
tensive expression of Ki67 throughout the tumors. There have been
ports of regional differences in Ki67 expression in different tumor
pes [52–55].
Epigenetic alterations are one of the early events in colon tumorigenesis
0,56,57]. In normal cells, promotor CpG islands commonly remain
methylated and during differentiation are associated with active gene
pression. However, methylated CpG islands are associated with gene
pression and many important tumor suppressors are suppressed by
ethylation of promotor CpG islands [30]. Exonic or genic CpG
ethylation is typically associated with active gene expression [30].
lthough Plk2 is methylation silenced in B-cell malignancies and ovarian
ncer, our TCGA analysis determined that this is not the case in colon
ncer and would therefore not explain the Plk2 protein loss we observed
the colorectal cancer cases evaluated. TCGA analysis further identified
k2 mutations to be infrequent in colorectal adenocarcinomas. Some of
ese Plk2 mutations may lead to the Plk2 protein loss in some cases
rough decreased Plk2 protein stability. Nevertheless, the mechanism
hind the vast majority of cases of Plk2 loss in colorectal cancer we
served remains to be elucidated.

onclusions
hibitors of mTOR are currently in use (renal and other cancer
pes) with new clinical trials being conducted. Plk1 inhibitors are
w in the clinic [58]. Promising Plk1 inhibitors such as Volasertib
e currently in clinical trials. A Plk4 inhibitor is in early phase trials
r advanced cancers. Understanding Plk2 function in the mTOR
thway is important for the design of treatments targeting mTOR
d other Plk family members. As a result of the similarity in catalytic
main between Plk1-3, Plk2 and Plk3 are in the range of inhibition
Plk1 inhibitors [58]. Inhibition of tumor suppressors Plk2 and

lk3 decreases the effectiveness of Plk1 inhibitors and spotlights the
portance of a better understanding these less well-characterized
mily members. Plk1 inhibitors that instead target the polo-box
main and thereby inhibit Plk1 protein interactions are being
plored as an alternative approach. This study demonstrates Plk2 loss
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Figure 8. Structural analysis of human Polo-like kinase 2. A). Domain schematic of PLK2. Experimental structures are denoted covering
the kinase domain (residues 71-335) and its ordered C-terminal tail (dark blue, residues 336-355) and the Polo-box domains and adjacent
ordered N-terminal tail and linkers (residues 469-682). The graph shows the prediction of disordered regions with the program IUPred.
Values over 0.5 are predicted to be disordered and are marked in red in the domain schematic. Mutations in TCGA colorectal tumors are
marked. B). Modeled structure of full length PLK2 based on structural superposition of the kinase domain (PDB: 4I6H) and the Polo-box
domains (PDB: 4R6S) onto the experimental structure of zebrafish PLK1 (PDB: 4J7B). The zebrafish structure provides the relative
orientation of the kinase and Polo-box domains of Polo-like kinases. In addition, the structure of the phosphopeptide bound Polo-box
domains of human PLK1 (PDB: 1Q4K) was superimposed in order to locate the likely position of phosphopeptides bound to the Polo-box
domains of human PLK2. The phosphopeptide is shown in green spheres. The N and C-terminal helices of the Polo-box region are
indicated in yellow and dark-red respectively, adjacent to the second Polo-box domain.
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colorectal carcinomas but not adenomas. Moreover, a reciprocal
lationship between Plk2 expression and mTOR signaling was
served during progression from adenomas to carcinomas. An
aluation of data from a large set of colorectal carcinomas demonstrates
at the Plk2 gene is not methylated in regions associated with gene
pression and Plk2 mutations are infrequent indicating a different
echanism of Plk2 loss in the vast majority of colorectal carcinomas. In
e future we will investigate the mechanism of Plk2 loss in the context
p53 status, including changes in mRNA and protein stability and
rrelate these changes with changes in mTOR signaling. Plk2 loss is a
tential marker of progression to invasive colorectal cancer.
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