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ABSTRACT
Docetaxel is the chemotherapeutic choice for metastatic hormone-refractory 

prostate cancer, however, it only marginally improves the survival rate. The purpose 
of the present study was to examine if a peptide targeting the cellular scaffold 
protein PCNA could improve docetaxel’s efficacy. We found that docetaxel given in 
combination with a cell penetrating peptide containing the AlkB homolog 2 PCNA 
interacting motif (APIM-peptide), reduced the prostate volume and limited prostate 
cancer regrowth in vivo in the immunocompetent transgenic adenocarcinoma model 
of prostate cancer (TRAMP). In accordance with this, we found that the APIM-peptide 
enhanced the efficacy of docetaxel in vitro. Gene expression analysis on prostate 
cancer cell lines indicated that the combination of docetaxel and APIM-peptide alters 
expression of genes involved in cellular signaling, apoptosis, and prostate cancer 
development. These changes were not detected in single agent treated cells. Our 
results suggest that targeting PCNA and thereby affecting multiple cellular pathways 
simultaneously has the potential to improve docetaxel therapy of advanced prostate 
cancer.

INTRODUCTION

Prostate cancer (PCa) is the second most common 
form of cancer among men worldwide, and ranks as 
the fifth leading cause of cancer death [1]. Generally, 
chemotherapy treatment remains the last line of therapy 
for hormone-refractory and metastatic PCa, where 
docetaxel in combination with prednisone is the most 
common regimen [2]. Docetaxel’s primary mode of 

action is to inhibit microtubule disassembly by binding 
to β-tubulin, leading to inhibition of multiple cellular 
processes including vesicular transport, transcription factor 
trafficking, cellular signaling, and inhibition of mitotic 
cell cycle progression. PCa cells in vivo do not necessarily 
proliferate very rapidly, and promotion of apoptosis and 
inhibition of androgen receptor transcriptional activity are 
important non-mitotic effects suggested to be the main 
reasons why taxanes are the only class of cytotoxic agents 
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to prolong survival in PCa [3]. Still, docetaxel treatment 
is not curative because drug resistance develops; novel 
treatment options that improve outcome in advanced PCa 
are therefore in demand. Combining docetaxel with novel 
drugs that complement its mode of action could potentially 
delay the development of resistance. Inhibition of kinase 
pathways such as the PI3K/Akt/mTOR and mitogen-
activated protein kinase (MAPK) pathways, frequently 
found to be upregulated in PCa, are suggested strategies 
[4, 5].

PCNA (proliferating cell nuclear antigen), an 
essential scaffold protein best known for its roles in DNA 
replication and DNA repair, has emerged in the last decade 
as an interesting drug target (reviewed in [6, 7]). Recently, 
it has become evident that PCNA also functions as a 
scaffold outside the nucleus and is important for regulation 
of vital cellular mechanisms such as apoptosis [8, 9], 
immune invasion in cancer cells [10, 11], glycolysis [12], 
and cellular signaling involving the PI3K/Akt/mTOR and 
MAPK pathways [13]. These newly discovered functions 
of PCNA are cell cycle independent (for a recent review 
see [14]). 

PCNA may potentially interact with more than 
500 cellular proteins, as these contain either of the two 
identified PCNA-interacting motifs, the PCNA-interacting 
peptide (PIP)-box [15] and the AlkB homologue 2 
PCNA-interacting motif (APIM) [16]. The PIP-box 
is found in essential proteins involved in replication, 
while several proteins involved in DNA repair and DNA 
damage tolerance mechanisms contain APIM [16–20]. 
Additionally, multiple proteins including kinases and 
regulators of apoptosis, contain putative APIM or PIP-box 
motifs, which suggests that targeting PCNA may impair 
multiple cellular pathways simultaneously [16]. It has 
been shown that targeting PCNA with an APIM-peptide 
impaired cellular defense mechanisms and major signaling 
pathways, with the consequence of hypersensitivity of 
cancer cells to chemotherapies in vitro and in vivo [13, 21, 
22]. Interestingly, normal cells were much less affected, 
and the peptide had low overall cytotoxicity in vivo. 

Here, we raise the question as to whether targeting 
PCNA could improve the efficacy of docetaxel in the 
spontaneous mouse TRAMP PCa model. This model 
was selected because it recapitulates both the histological 
characteristics and the progressive development of human 
PCa towards androgen-insensitivity [23], and it is regarded 
as a clinically relevant in vivo model to evaluate novel 
therapeutic strategies. PCa growth in the TRAMP model 
was monitored using magnetic resonance imaging (MRI) 
in vivo. Interestingly, APIM-peptide in combination with 
docetaxel reduced the tumor regrowth rate compared with 
docetaxel only, and vehicle treated mice. The combination 
also reduced growth of four PCa cell lines, one established 
from a TRAMP-mouse, and three from human PCa. 
Microarray analysis of the three human cell lines treated 
with the combination of docetaxel and APIM-peptide 

showed that the response was different in an androgen-
insensitive (PC3 and Du145) compared with androgen-
sensitive (LNCaP) background. However, expression 
of multiple genes commonly dysregulated in PCa was 
changed in the androgen-insensitive cells, and several 
of these support the anti-cancer activity observed in the 
TRAMP mice.

RESULTS

APIM-peptide targeting PCNA reduces the 
regrowth rate of docetaxel treated prostate 
cancer in vivo

We investigated whether an increased anti-cancer 
effect could be observed in vivo in the TRAMP model 
of PCa by combining docetaxel with the PCNA targeting 
APIM-peptide. MRI was used to determine prostate 
volume immediately before the first treatment (day 0), 
and again at days 7, 21, and 28 (Figure 1A and B). A 
significant increase in the relative prostate volume was 
observed in vehicle treated mice at day 7, but not in the 
docetaxel or the combination treated groups, indicating an 
effect of both treatments (Figure 1A). On day 7, docetaxel 
and combination groups showed similar drug responses 
based on tumor volumes. By day 21 the combination 
group showed a trend towards slower tumor regrowth 
compared with both vehicle and docetaxel groups, 
and this trend was maintained at day 28. At day 21, a 
significant difference in prostate volume between vehicle 
and docetaxel, and between vehicle and combination 
groups was observed. Two mice in the vehicle group were 
terminated due to unacceptable tumor burden at day 21. 
By day 28 there was only a significant difference between 
combination and vehicle groups, suggesting that the 
docetaxel group experienced increased cancer regrowth 
compared to the combination group. Additionally, the 
combination treatment led to a more uniform response 
across the individual mice (Figure 1A), i.e. the spread of 
the data was greater for docetaxel treatment alone. Initial 
dose-response studies supported reduced relative prostate 
volume in combination groups compared to docetaxel 
groups (Supplementary Figure 1). As previous studies 
have indicated low or no single agent efficacy and low 
toxicity of the APIM-peptide in various murine cancer 
models [21, 22] (and unpublished), we did not include an 
APIM-peptide single agent group in this study. The low 
single agent activity of the APIM-peptide implies that the 
increased effect of the combination treatment compared 
with docetaxel alone is likely synergistic.

There was no significant difference between 
absolute prostate volumes between any of the groups 
at day 0, whereas by day 28, combination treated mice 
were significantly smaller than vehicle treated. Thus, 
response to therapy was not influenced by variations in 
starting prostate volume (Figure 1B, Supplementary 
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Figure 1B). Cell proliferation analysis with Ki67 staining 
on TRAMP prostate tissue at day 28 indicated slightly 
reduced proliferation in treated prostates compared to 
vehicle treated prostates, however, there was no significant 
difference between the groups (Supplementary Figure 2). 
The main prostate regrowth in the docetaxel group 
occurred from day 7 to day 21, and then stagnated from day 

21 to day 28, likely explaining why no difference between 
docetaxel and combination groups could be detected at 
the end point. The combination treated mice did not have 
higher weight loss than the docetaxel only treated mice 
(data not shown), suggesting that APIM-peptide increased 
the efficacy of docetaxel without reducing the well-being 
of the mice. This is in accordance with observations in 

Figure 1: Reduced regrowth rates of prostate cancers in mice when combining APIM-peptide with standard docetaxel 
treatment. (A) Prostate volumes at day 7, 21 and 28 after treatment relative to day 0 (day of treatment). Mice were treated on day 0 with 
vehicle (0.14% (V/V) ethanol in PBS (n = 7 on day 7 and 21, n = 5 day on day 28, grey symbols), docetaxel (3 mg/kg, 1 dose on day 0, 
n = 7, blue symbols) and docetaxel in combination with APIM-peptide (docetaxel (3 mg/kg) and APIM-peptide (6 mg/kg), 1 dose on day 
0, APIM-peptide (6 mg/kg) on days 2 and 3, n = 5, black symbols). Each individual mouse is represented by a different symbol and color 
denotes treatment group. The average ± S.E.M. are displayed with bars in each group. The red line represents the prostate volume before 
treatment at day 0. Statistical significance/p-values were calculated by an unpaired, two-tailed student t-test. Prostate volumes of the two 
sacrificed mice from the vehicle group on day 21 are included in the average weight on day 28 as they represent a minimum. p < 0.05, *p < 
0.005**. (B) Absolute prostate volumes of individual mice are shown for day 0, closed circles, and day 28 (day 21 for mice 2 and 7, vehicle 
group), open circles. Different colours denote the different treatment groups. The shaded area allows visualization of the absolute prostate 
growth across the group. Symbols corresponding to each individual mouse in 1A are shown below the individual mouse number.
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other in vivo studies with APIM-peptides in combination 
with DNA damaging chemotherapeutics [13, 21, 22]. 

APIM-peptide potentiates the efficacy of 
docetaxel in prostate cancer cell lines and 
modifies the gene expression

Different cancer cell lines, from a variety of tissue 
origins, have different sensitivity against the APIM-
peptide [21, 22]. In general, cancer cell lines are more 
sensitive than normal cell lines, and primary cancer cells 
are more sensitive than primary normal cells. Here, we 
examined whether APIM-peptide could enhance the 
growth inhibitory efficacy of docetaxel in two androgen-
sensitive (LNCaP and TRAMP-C1) and two androgen-
insensitive (Du145 and PC3) PCa cell lines [24]. The 
murine cell line TRAMP-C1 (derived from a TRAMP 
tumor) was less sensitive than the human cell lines, both 
to docetaxel and APIM-peptide. However, an increased 

efficacy in the combination group compared to docetaxel 
alone was seen in all four cell lines (Figure 2). 

To further explore the molecular mechanisms of 
the APIM-peptide induced increase in docetaxel efficacy, 
we concentrated on the three human PCa cell lines, 
and analyzed changes in gene expression under similar 
treatment regimes. Principal component analysis (PCA) 
showed that the largest variation in gene expression 
patterns was attributed to differences between the three 
human cell lines, rather than differences between the 
treatments (Figure 3A). The androgen-sensitive LNCaP 
cell line was the main contributor to the variation, while 
the androgen-insensitive Du145 and PC3 cell lines 
had more similar expression patterns. While the data 
points were clustered for LNCaP cells, a larger spread 
was observed for Du145, and especially for PC3 cells. 
However, the largest variations within the cell lines 
were attributed to the different replicas. By correcting 
for replica variations, we looked for differences in gene 

Figure 2: APIM-peptide further reduces the growth of docetaxel-stressed prostate cancer cells. Percentage viable 
TRAMP-C1, PC3, Du145, and LNCaP cells relative to untreated cells (100%). Viability measured by MTT assay after continuous exposure 
from day 0 until day 4 to APIM-peptide (14 µg/mL and 24 µg/mL, green circles)), docetaxel (0.6 ng/mL, 1.3 ng/mL and 2.5 ng/mL, blue 
triangles or crosses) or the corresponding combinations of APIM-peptide and docetaxel (black squares). The doses shown were the lowest 
doses of each agent that had effect as single agents, or displayed an enhanced effect when combined. Mean ± S.E.M. from three independent 
biological replicas are plotted. Significant differences between the combination and docetaxel groups were calculated by a one sided non-
parametric Wilcoxon Sign Rank Test, and are marked with *. 
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expression between the treatment groups in Du145 and 
PC3 cells (Figure 3B). In Du145 cells, vehicle and APIM-
peptide treatments were separated from docetaxel and 
combination treatments, while in PC3 cells each treatment 
was grouped more separately, indicating differences 
between treatment groups on a gene expression level. 

No significant differentially expressed (DE) genes 
(relative to untreated control) were common across all 
three combination treated cell lines. By excluding LNCaP, 
however, several DE genes were shared between PC3 and 
Du145 cells. While the APIM-peptide as single drug did 
not alter gene expression, clear effects of the docetaxel and 
combination treatments could be detected (Figure 3C, left 
panel). However, looking at the changes in the PC3 and 
Du145 cell lines separately, it is clear that the PC3 cell line 
responded more to the APIM-peptide alone than Du145 
(Figure 3C). Viability of PC3 was also more affected than 
Du145 at 24 hours by the APIM-peptide single treatment 
(Figure 2). 

The APIM-peptide in combination with docetaxel 
affects the expression of multiple genes in both Du145 
and PC3 cells that are not influenced by docetaxel as a 
single agent. Interestingly, several of the affected genes 
are commonly dysregulated in PCa, a few selected 
genes are shown in Table 1, and a comprehensive list is 
shown in Supplementary Table 1. For example, the drug 
combination, but not single treatments, downregulated 
expression of RPS6KA2, LY6E, NUSAP1, NUAK2 
and PAICS, five genes reported to promote PCa 
development and progression [25–31]. Additionally, the 
drug combination upregulated PINK1, IRF1, PPP1R15A, 
CRABP2, SCRN1, LIMA1, and TGFBI; all genes 
associated with tumor suppression functions in PCa [32–
41]. These changes could be contributing factors to the 
increased anti-cancer effect observed when combining 
APIM-peptide with docetaxel in the TRAMP-model. 
Functional enrichment analysis of the DE genes by the 
combination treatment found in both cell lines (grey circle 
in Figure 3C) did not point towards one specific cellular 
response/pathway, but showed that genes involved in 
multiple cellular responses, including responses to stress 
and DNA repair, were affected (Supplementary Table 2).

Combining APIM-peptide with docetaxel alters 
cellular signaling and increases apoptosis in 
prostate cancer cell lines

Several proteins in the PI3K/Akt and MAPK 
pathways contain the APIM sequence and the APIM-
peptide affects the activation of these pathways during 
stress [13]. These signaling pathways are important 
regulators of cell proliferation and apoptosis, therefore 
we next examined whether APIM-peptide alone, or in 
combination with docetaxel, altered apoptosis, cell cycle, 
and central kinases. We detected an increased level of 
apoptotic (Annexin V-positive, A) cells in both PC3 and 

Du145 cultures treated with APIM-peptide as a single 
agent, while the fractions of necrotic (PI-positive, N) cells 
were unchanged (results from contour plots are given as 
numbers in Figure 4A). Combination of docetaxel and 
APIM-peptide increased the fraction of both apoptotic 
and necrotic cells compared to the single treatments. The 
cumulative percentage of dead cells (A + N) were 33% and 
41% in Du145 and PC3, respectively, thus approximately 
an increase of 10% relative to single agent treatments 
and 20% relative to untreated control. APIM-peptide 
treatments did not affect the cell cycle distribution in any 
of the cell lines tested, neither alone nor in combination 
with docetaxel. Docetaxel alone, on the other hand, 
strongly affected cell cycle distribution and/ or the cellular 
DNA content (G2/M peak increased) in accordance with 
its mode of action (Figure 4A). 

In general, the changes in kinases and apoptotic 
factors detected by western analysis were small and for 
the most part not significant, however some trends could 
be observed. APIM-peptide as a single agent did not affect 
the level or activation of the signaling proteins tested 
(Figure 4B), which is in accordance with small changes in 
gene expression after treatment with APIM-peptide alone 
(Figure 3C and ArrayExpress, E-MTAB-4858). When 
combined with docetaxel, however, an increase in ERK1 
and 2 phosphorylation was observed relative to untreated 
control. Also, a tendency towards reduced p38 levels in 
the combination treated cells compared to docetaxel alone, 
and reduced phosphorylation of S6K, acting downstream 
of Akt, was observed in two out of three biological replicas 
in both cell lines (Figure 4B). Flow cytometry analysis 
indicated that APIM-peptide treatment increased the levels 
of apoptosis, so we also examined the extracts for the 
apoptotic markers cleaved-PARP and caspase 3. Reduced 
full-length caspase 3 and increased levels of cleaved-
PARP were observed in most replicas of docetaxel and 
combination treated cells in both cell lines. In summary, 
these results identified some changes in proteins important 
for apoptosis and cellular signaling in the combination 
treated cells, not seen or seen at a lower level in the single 
agent treated cells. 

DISCUSSION

There are limited treatment options available for 
patients with PCa progressing after docetaxel treatment. 
Prednisone in combination with carbazitaxel may be the 
most promising option and is suggested to slightly increase 
the survival of these patients; it is however, associated with 
increased toxicities [42–44]. To address new treatment 
options we monitored PCa regrowth in the TRAMP model 
following treatment with a combination of docetaxel and 
a peptide targeting PCNA. TRAMP mice as young as 10 
weeks of age display androgen-insensitive characteristics 
[23], and the mice used in this study (25–28 weeks old) 
are therefore representative of androgen-insensitive PCa. 
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Analysis of two human androgen-insensitive cell lines 
revealed initial changes in gene expression, apoptosis, 
and cellular signaling that supported the reduced regrowth 
detected in combination treated mice.

Development of drug resistance to both 
chemotherapeutics and targeted therapies are a major 
problem; combining targeted drugs with chemotherapy 
or targeting multiple signaling pathways simultaneously, 
have been suggested to combat this problem [45]. 

Given PCNA’s role as a scaffold protein affecting 
multiple signaling pathways involved in regulation of 
metabolism, apoptosis, DNA repair and cell cycle, and its 
overexpression in several cancers, PCNA has emerged as 
a potential target in cancer therapy [6, 7]. PCNA interacts 
with numerous proteins via its two PCNA interacting 
motifs, the PIP-box and APIM, which have overlapping 
binding sites on PCNA [17, 21]. Multilayered regulatory 
mechanisms determine which proteins interact with PCNA 

Figure 3: Response to drug treatment is cell-line specific, and combination of APIM-peptide with docetaxel modifies 
gene expression. Microarray analysis on PC3, Du145 and LNCaP human prostate cancer cells treated with APIM-peptide (14 µg/
mL APIM-peptide, green), docetaxel (1.3 ng/mL (Du145 and LNCaP) or 2.5 ng/mL (PC3), blue) or the combination of these (black) for 
24h (n = 3 for each treatment of each cell line). Principal component analysis (PCA) identifies the most pronounced variation modes in 
the data by combining the original data variables (here genes) into more condensed variables, termed principal components. PCA plots 
of differentially expressed (DE) genes from all treatments relative to untreated (n = 9 for all cell lines: 3 biological replicas, 3 treatment 
groups). PCA displaying general differences between (A) PC3 (brown), Du145 (purple) and LNCaP (orange) cell lines, (B) treatment 
groups in Du145 and PC3 cells after correction of replica variations. (C) Venn diagram of number of DE genes significantly upregulated 
(red) or downregulated (blue) in each treatment group relative to untreated control common in both PC3 and Du145 cells (left panel) or 
separately in Du145 cells (middle panel) and PC3 cells (right panel) (n = 6, 3 biological replicas for each cell line).
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at a given time. This includes affinity driven competition, 
posttranslational modifications (PTMs) on PCNA or the 
PCNA binding proteins, half-life/ stability of proteins 
and the context of the PCNA complexes, e.g. repair vs. 
replication, nuclear vs. cytosolic and normal growth vs. 
stress situations. Different PIP-box variants have up to 700 
fold different affinity for unmodified PCNA in absence 
of DNA (reviewed in [7, 46, 47]). Affinity differences 
between APIM consensus variants are also likely, but 
APIM variants have low affinity towards PCNA involved 
in replication, as stable cells overexpressing APIM-
peptide are viable and proliferate normally, while PIP-box 
expressing cells die. APIM-peptide overexpressing cells 
are however, hypersensitive to cellular stress [16, 48]. 
Normal cells are largely unaffected by the peptide both in 
vitro and in vivo [13, 21]. In agreement with low affinity 
for PCNA involved in replication we see no/ low effects 
on the cell cycle for APIM-treated cells in Figure 4A. 
The APIM-peptide therefore seems to mainly impair 
PCNA scaffold functions important for cellular stress 
mechanisms. 

Enhancing the efficacy of docetaxel if combined 
with the APIM-peptide could reduce the dose needed, 
reducing the discomfort for the patients and potentially 
extending the duration of chemotherapy. It is challenging 
to pinpoint the most prominent pathway that is impaired 
by the combination treatment in TRAMP-mice as it 

is likely that a multitude of pathways are affected. In 
addition, because these tumors occur spontaneously, 
one explanation does not necessarily fit for all of the 
mice, or even for all the tumor cells within one tumor. 
Nevertheless, gene expression data from the two 
androgen-insensitive cell lines gave some indications 
as to why the combination therapy had an increased 
anti-cancer effect in the TRAMP model. RPS6KA2, 
one of the genes found to be downregulated only in 
combination treated cells, encodes a serine/threonine 
kinase acting downstream of MAPK and Akt. Previous 
studies have described RPS6KA2 as a diagnostic PCa 
marker [25] and it contains one out of eleven single 
nucleotide polymorphisms (SNPs) associated with PCa 
risk [49]. Furthermore, RPS6KA2 displayed increased 
expression in PCa tissue compared to normal tissue, 
and inhibition lead to decreased proliferation of PCa 
cells [25]. Synthetic lethality between RPS6KA2 and 
erlotinib (EGFR inhibitor) is shown in PCa, supporting 
extensive crosstalk between MAPK and Akt pathways 
in PCa, and illustrates the clinical potential for 
combinatory treatments affecting these pathways [50]; 
these pathways are also affected by the APIM-peptide. 
Interestingly, a recent publication on PCa progression 
has pinpointed the importance of NUSAP1, one of the 
genes downregulated by the combination treatment [29]. 
NUSAP1 is an important microtubule-associated protein 

Table 1: APIM-peptide in combination with docetaxel affects gene expression of genes commonly 
dysregulated in prostate cancer
Downregulated 

PC3 Du145

Gene Reference to 
prostate cancer Rank Log2

(FC) P-val Rank Log2
(FC) P-val

Ribosomal Protein S6 Kinase 90 kDa Polypeptide 2 (RPS6KA2) [25, 49] 219 -0.2 0.016 489 - 0.2 0.020 

Nucleolar And Spindle Associated Protein 1 (NUSAP1) [29] 57 -0.2 0,0018 390 -0.2 0.0150

Lymphocyte Antigen 6 Complex, Locus E (LY6E) [27] 83 - 0.2 0.004 684 - 0.2 0.028 

NUAK Family, SNF1-like Kinase 2 (NUAK2) [28] 410 - 0.1 0.032 777 - 0.1 0.034 

Phosphoribosylaminoimidazole Carboxylase And 
Phosphoribosylaminoimidazolesuccinocarboxamide Synthase 
(PAICS)

[31] 94 -0.1 0.0049 949 -0,2 0.0481

Upregulated 

PTEN Induced Putative Kinase 1 (PINK1) [32, 61] 141 0.2 0.009 162 0.2 0.003 

Interferon Regulatory Factor (IRF1) [33, 62] 331 0.2 0.027 301 0.2 0.010 

Protein Phosphatase 1, Regulatory Subunit 15A (PPP1R15A) [36, 63] 74 0.3 0.003 103 0.3 0.001 

Cellular Retinoic Acid Binding Protein 2 (CRABP2) [37] 188 0.2 0.014 343 0.2 0.013

Secernin 1 (SCRN1) [35] 12 0.2 0.0002 217 0.2 0.006

LIM Domain and Actin Binding 1 (LIMA1) [41] 98 0.2 0.005 214 0.2 0.006
*Transforming Growth Factor Beta Induced 68 kDa (TGFBI) [39] 10 0.5 0.00005 101 0.4 0.001

Selection of significant (p < 0.05) differentially expressed (DE) genes from microarray analysis found in both Du145 and PC3 cells (n = 6) treated with 
the combination of APIM-peptide (14 µg/mL) and docetaxel (1.3 ng/mL (Du145) or 2.5 ng/mL (PC3)). The selected genes listed were only found in the 
combination treatment, and are commonly dysregulated in human prostate cancer. The downregulated genes listed are reported to be tumor promoting and 
the upregulated genes listed are reported to be tumor suppressing in given publications. The complete list of all DE genes is presented in Supplementary 
Table 1. FC = Fold change. *More enhanced (as described by p-value and rank) in combination than docetaxel treatment.
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Figure 4: APIM-peptide increases the effects of docetaxel on apoptosis and cellular signaling. (A) Cell cycle analysis and 
fraction of apoptotic (A) vs necrotic (N) cells (values from contour plots are given). (B) Relative expression of phosphorylated Akt, ERK1, 
ERK2, S6K, and p38, cleaved-PARP, and caspase 3. For all experiments, PC3 and Du145 cells were treated with APIM-peptide (14 µg/
mL, green), docetaxel (2.5 ng/mL: PC3; 1.3 ng/mL: Du145; 5 ng/mL, blue) and the combination of these (black) for 24 hours prior to the 
analysis. The protein levels (B) were adjusted for loading differences (β-tubulin) and normalized against untreated cells, and additionally 
for total protein levels for the phosphorylated proteins. Data are from three biological replicas (different symbols represents extracts 
acquired on different days). Statistically significant differences (*p < 0.05) were calculated by a Kruskal-Wallis H test, and a post-hoc 
Dunn’s test was used to determine which groups this applied to.
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[51]; its role in PCa is suggested to be via induction of 
FAM101B that modulates cell shape and is involved in 
the TGF-β pathway promoting tumor invasion. NUSAP1 
knockout resulted in reduced migration in PCa cell lines, 
reduced tumor volume in PCa xenografts, and a NUSAP1 
knockdown gene expression signature correlated with 
better outcome in patient PCa samples [29]. Moreover, 
NUSAP1 is the only gene that appears in two out of 
the three commercially available gene expression 
signatures currently used for assessing aggressive PCa 
[52, 53] and (Rye et al, unpublished). Another frequently 
overexpressed gene in PCa, LY6E, was revealed as 
downregulated by microarray analysis in combination 
treated cells [27]. Increased expression of LY6E, an 
interferon inducible gene, is shown to be linked to poor 
survival in multiple cancers. LY6E promotes signaling via 
the TGF-β pathway leading to increased drug resistance, 
PDL1 and CTLA4 expression, and immune escape in 
breast cancer [54]. The APIM-peptide is shown to affect 
several of the downstream mediators of TGF-β such as the 
ERKs, p38, TNF-α and PI3K/Akt, as well as interferon 
which act upstream of LY6E [13, 55]. Microarray analysis 
also revealed a downregulation of two other frequently 
overexpressed genes in PCa, NUAK2 and PAICS  
[28, 31]. NUAK2 (SNARK) is a NF-kappaB-regulated 
anti-apoptotic gene [56], while PAICS is a de novo purine 
biosynthetic enzyme. A recent study identified PAICS 
as essential for PCa cell growth and progression; its 
knockdown caused reduced PCa growth both in vitro and 
in vivo, thus PAICS was indicated as an important target 
in PCa treatment [31]. The downregulation of these genes 
could be related to the APIM-peptide’s ability to modulate 
members of the upstream pathways, such as MAPKs and 
PI3Ks.

Several interesting genes were also found to be 
upregulated by the combination treatment. The exact 
molecular mechanism behind the increased expression 
is not known, but cellular signaling networks are highly 
dynamic and the ripple effects extensive. In any case, 
a reduced expression of these genes is reported to be 
associated with increased cancer cell growth and/or 
invasiveness (see references in Table 1). Therefore, an 
increased expression of these genes may support the 
reduced re-growth observed in the TRAMP model.

In summary, the effects observed in growth assays, 
western, flow cytometry, and gene expression analysis 
support the increased efficacy seen in the TRAMP mouse 
model when docetaxel is given in combination with the 
APIM-peptide. Multiple proteins involved in cellular 
signaling, including kinases, phosphatases, and ubiquitin 
ligases, contain the APIM or the PIP-box PCNA binding 
sequence, thus indicating a central role for PCNA as 
a cytosolic scaffold [16]. Small changes in multiple 
pathways are expected when inhibiting the abilities of 
PCNA-interacting proteins to bind to their scaffold, 
which is likely to be the reason for the modified docetaxel 

response observed in combination with the APIM-peptide. 
Even with modest changes, if the combination of the 
APIM-peptide and docetaxel could result in the same 
clinical outcome using a lower docetaxel dose, then there 
could be noticeable improvements to patient quality of life 
from reduced docetaxel-induced side effects. In support 
of this, in a pilot study in the TRAMP model using a low 
dose of docetaxel (0.5 mg/kg versus 3 mg/kg in the main 
study) a significant increase in initial response in the 
combination treated group compared to docetaxel single 
treated group was observed (Supplementary Figure 1). 
In all our experiments, we treated the mice for only one 
week; in future experiments, however, it would be of 
interest to administer repeated weekly treatments with low 
dose docetaxel in combination with the APIM-peptide to 
look at long-term effects.

Our results suggest that APIM-peptide in 
combination with docetaxel downregulated several genes 
considered to be therapeutic targets, and upregulated 
several genes with a protective role against PCa. 
Signaling and gene expression regulation, however, 
are dynamic processes; the western, flow, and gene 
expression analysis were only performed 24 hours 
after treatment, thus limiting our study to a snapshot. 
Nevertheless, the results clearly demonstrate altered 
cellular processes, which could explain the regrowth 
characteristics that we observed in the TRAMP model. 
For a more complete understanding of the mechanisms 
underlying the increased anti-cancer efficacy observed 
by combining APIM-peptide with docetaxel, additional 
studies and verifications are needed. 

In conclusion, our preclinical data supports that 
APIM-peptide targeting PCNA has the potential to 
improve the non-mitotic effects of docetaxel. Despite 
the intrinsic heterogeneity within the TRAMP model, 
as within PCa patients, APIM-peptide in combination 
with docetaxel had a marked effect in vivo. Thus, this 
combination has a potential for clinical translation.

MATERIALS AND METHODS

Animals and ethics

Animal care and experiments were carried out in 
accordance with Norwegian and EU guidelines for care 
and use of laboratory animals, and were approved by the 
Norwegian National Animal Research Authority and the 
Norwegian Food Safety Authority (FOTS application 
6681). The colony of TRAMP mice used as model 
organism in all animal experiments, were genetically 
modified from C57BL/6 mice (Jackson Labs, USA) and 
established in-house (NTNU, Norway). Genotyping 
was performed by PCR. The animals were kept in a 
standardized environment, and monitored for general 
health status and body weight for the duration of the 
experiments.



Oncotarget10www.impactjournals.com/oncotarget

In vivo study design 

The mice were recruited to the study at 25–28 
weeks old, and mice exhibiting poorly-differentiated 
tumors on the first magnetic resonance imaging (MRI) 
exam were excluded from the study [57]. The animals 
were randomly distributed into three treatment groups: 
(a) vehicle (0.14% (V/V) ethanol in PBS, day 0, 1, and 
2, n = 7), (b) docetaxel (3 mg/kg, one dose, day 0, n = 7) 
and (c) docetaxel (3 mg/kg, one dose, day 0) + APIM-
peptide (6 mg/kg, three doses, day 0, 1, and 2, n = 5). 
In accordance with the reduction principle of the 3Rs 
(reduce, refine, replace), we reduced the number of mice 
in the combination treatment group; we anticipated a 
higher tumor burden in the vehicle and docetaxel groups, 
thus increasing the likelihood of earlier termination and 
the requirement of more animals. An APIM-peptide 
single drug treatment group was not included in the 
study because previous studies have demonstrated that 
APIM-peptide as a single agent did not reduce tumor 
growth in vivo [21, 22]. Treatments were performed by 
intraperitoneal injections. Prostate growth was assessed 
by MRI at day 7, 21 and 28 after treatment. The animals 
were terminated at day 28 after treatment, or when MRI 
revealed an unacceptable tumor burden. 

MRI

MRI was performed on a 7T scanner (Biospec 
70/20 Avance III, Bruker Biospin MRI, Ettlingen, 
Germany) with a volume resonator (86 mm diameter) 
for RF transmission and a phased array mouse heart 
surface coil for reception. Mice were anesthetised (~2% 
isoflurane in medical air with 36% O2) for the duration 
of the MRI scan and positioned on the scanner bed in a 
prone position. Breathing motion in the pelvic region was 
reduced by firmly securing the mouse to the scanner bed 
with adhesive tape across its lower back. The respiration 
rate was monitored (SA Instruments, USA) and the body 
temperature was kept (37°C) by circulating warm water 
through the bed. For full details on the MRI imaging 
sequences and parameters, see [57], in brief, the following 
imaging sequences were performed: Low-resolution T2 
weighted (LR-T2W) images were acquired in axial and 
coronal planes using a RARE spin echo sequence to 
check correct positioning of the mouse. High-resolution 
T2W (HR-T2W) images were acquired in the axial plane 
using a RARE spin echo sequence. Diffusion weighted 
(DW-MRI) images were acquired using a Stejskal-Tanner 
prepared multi-shot EPI sequence with b-values = 0, 100, 
200, 400, 800 along three orthogonal gradient directions 
over the same region of the mouse as HR-T2W images to 
allow for image registration. ADC maps were calculated in 
MatLab (MathWorks, Natick, MA) by voxelwise fitting of 
the signal (S) averaged over all gradient directions using 
a monoexponential model for all b-values according to 

S(b)=S0exp(–b ADC), where S0 is the signal intensity for 
b0.

MRI assessment of prostate volume

Whole prostate volumes (including ventral, lateral 
and dorsal lobes) from each mouse were calculated by 
manually-drawn ROIs based on HR-T2W images using 
OsiriX (Pixmeo SARL, Switzerland), employing b800 
DW-MR images as a reference to discriminate prostate 
from seminal vesicle (SV), according to the method 
described in [57]. Data are reported as mean ± S.E.M. 
and statistical significance between groups was calculated 
using an unpaired, two-tailed Student’s t-test (p < 0.05).

Treatment agents

APIM-peptide (ATX-101), a 25 amino acid cell 
penetrating peptide containing the APIM sequence (APIM 
Therapeutics, Norway) [21] and docetaxel (Actavis, 
Iceland).

Cell lines

One PCa cell line isolated from TRAMP mice 
(TRAMP-C1, ATCC-CRL-2730) and three human PCa 
cell lines, PC3 (ATCC CRL-1435, androgen-insensitive, 
high metastatic potential) Du145 (ATCC HTB-81, 
androgen-insensitive, moderate metastatic potential), and 
LNCaP (androgen-sensitive, low metastatic potential) 
were used for the in vitro studies. LNCaP cells were kindly 
provided by Senior Engineer Berit Størdal, Department of 
Molecular Medicine, Norwegian University of Science 
and Technology, Norway. All cell lines were grown in 
DMEM or RPMI-1640 medium (Sigma-Aldrich, UK) 
supplemented with fetal bovine serum (10%, Sigma-
Aldrich, Norway), amphotericin B (2.5 µg/mL, Sigma-
Aldrich, MO, USA), L-glutamine (2 mM, Sigma-Aldrich, 
MO, USA) and penicillin (100 units/mL)-streptomycin 
(0.1 mg/mL) (Gibco, NY, USA). Cells were cultivated in 
a humidified atmosphere (95% air, 5% CO2, 37ºC). 

Cell viability assay 

Cell growth over time was measured using the 
3-(4.5-Dimethylthiazol-2-yl)-2.5 diphenyl-tetrazolium 
bromide (MTT, Sigma-Aldrich, MO, USA) assay similarly 
as in [16]. Cells were seeded in 96-well plates (3,000 
cells/well) and continuously exposed to APIM-peptide 
(14 µg/mL APIM-peptide for Du145, PC3 and LNCaP, or 
24 µg/mL for TRAMP-C1 and docetaxel (0.6 ng/mL for 
Du145 and LNCaP, 1.3 ng/mL for PC3, or 2.5 ng/mL for 
TRAMP-C1) until harvest at day one, three, and four. The 
ratio of viable cells in individual replicas of docetaxel and 
APIM-peptide + docetaxel treated cells versus untreated 
cells were log transformed with base 2. The resulting 
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values reflecting the change of docetaxel + APIM-peptide 
relative to docetaxel only were subjected to one sided non-
parametric Wilcoxon Signed Rank Test as implemented in 
MATLAB R2015a (MathWorks Inc.), in order to check 
if the combination treatment further reduced the viability 
compared to docetaxel alone.

Cell treatments for flow cytometry analysis, 
western blot and microarray

Cells were seeded in plates (3 million cells/15 cm 
plate) the day before treatment; APIM-peptide (14 µg/mL 
for Du145, PC3 and LNCaP, or 24 µg/mL for TRAMP-C1) 
(same dose as in the MTT assay) and docetaxel (1.3 ng/
mL for Du145 and LNCaP, 2.5 ng/mL for PC3, or 5.0 ng/
mL for TRAMP-C1) (2× doses compared to MTT assay, 
see below) were given as single agents or in combination 
(three treatment groups and one untreated control group 
per cell line). Twice as many cells/ area were used 
compared to the MTT assay and experiments showed 
that twice as high docetaxel dose was needed to obtain 
the same effect with respect to viability, while the same 
APIM-peptide dose gave similar effects. The cells were 
exposed continuously for 24 hours before harvest. Three 
biological replicas started on different days (n = 3) were 
prepared for all groups of each cell line.

Cell extracts

Cell extracts were prepared as previously described 
[13]. Briefly, cells were collected, resuspended and 
incubated in lysis buffer (1.5 h, 4ºC), followed by 
sonication (2 min, 2.5 output control, 20% duty cycle) 
and centrifugation (10 min, 4ºC, 13 600 rpm). The 
supernatants were collected as total cell extract. 

Flow cytometry analysis 

The fraction of apoptotic cells and the cell cycle 
distribution were analyzed. 1 million live cells were 
labeled with the Dead Cell Apoptosis Kit (Molecular 
Probes) according to the manufacturer’s protocol. Briefly, 
the cells were resuspended in 100 µl annexin-binding 
buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, 
pH 7.4), supplied with 5 µl of Annexin V Alexa Fluor® 488 
and 1 µl of Propidium Iodide (PI; 0,1 mg/ml), incubated 
for 15 minutes at room temperature and analyzed on a 
BD FACS Canto flowcytometer (BD Biosciences). Cells 
stained with Annexin V Alexa Fluor® 488 and PI were 
excited with a blue laser (488 nm), and the Annexin V 
Alexa Fluor® 488 fluorescence and the PI fluorescence 
were detected in the FITC (530/30; 502LP) and the PE 
(585/42; 556LP) channel, respectively. The fraction of 
apoptotic (A) and necrotic (N) cells was determined by 
using the FlowJo, LLC software (USA), and the numbers 
are given in the histograms showing DNA contents 

(described below). Parallel samples of cells were fixed in 
ice-cold 100 % methanol and stored at 4ºC until cell cycle 
analysis. The cells were washed with cold phosphate-
buffered saline (PBS) and incubated with 200 μl of DNase-
free RNAse A (Sigma) in PBS (100 μg/ml) for 30 min 
at 37ºC before DNA staining with 200 μl of PI (Sigma) 
(50 μg/ml) at 37ºC for 30 min. Cell cycle analyses were 
performed by using a BD FACS Canto flowcytometer (BD 
Biosciences). PI stained cells were excited with the blue 
laser (488nm), and the PI fluorescence was detected in the 
PE channel. Cell cycle fractions were determined by using 
the FlowJo, LLC software.

Western blot analysis

Cell extracts (50 µg) were added to LDS loading 
buffer (1×) and DTT (0.1 M) and incubated (10 min, 
70ºC) to reverse cross-links. Proteins were separated by 
electrophoresis (10% Bis-Tris gels, NuPAGE, Invitrogen, 
CA, USA) and subsequently transferred to polyvinylidene 
fluoride membranes (Immobilon, Millipore, Ireland). The 
membranes were blocked in blocking buffer (5% dry 
milk in PBS) before incubation with primary antibodies 
against Akt (Cell Signaling Technology, #4691, MA, 
USA), Phospo-Akt (P-Akt, Ser473, Cell Signaling 
Technology, #4060, MA, USA), ERK1/2 (ERK, Santa 
Cruz Biotechnology, sc-93-G, TX, USA), Phospho-
ERK1/2 (P-ERK, Thr202/Tyr204, #4370, Cell Signaling 
Technology, MA, USA), p70 S6 Kinase (S6K, Cell 
Signaling Technology, #2708, MA, USA), Phospho-
S6K (P-S6K, Thr389, Cell Signaling Technology, 
#9206, MA, USA), p38 (Abcam, ab31828, UK), cleaved 
PARP (Abcam, ab4830, UK), Caspase 3 (Cell Signaling 
Technology, #9662, MA, USA), β-tubulin (Abcam, 
ab6046, UK) and β-actin (Abcam, ab8226, UK). The 
fluorescently labelled secondary antibodies goat α-rabbit 
680RD, goat α-mouse 800CW and donkey α-goat 800 
CW (all Li-Cor Biosciences, UK) were used for protein 
detection. All antibodies were diluted in blocking buffer 
(5% dry milk in PBS with 0.1% Tween 20). The proteins 
were visualized in Odyssey infrared imaging system (LI-
COR Biosciences, UK) and quantified in Odyssey Image 
Studio (V2.0). Protein levels were normalized against 
β-tubulin or β-actin and compared to untreated control. 
Phosphorylated proteins were additionally compared 
to the total protein levels. Data are reported as mean ± 
S.E.M. Significant differences (p <0 .05) between groups 
were calculated using a Kruskal-Wallis H test in Matlab 
(MathWorks, Natick, MA, USA) and a post-hoc Dunn’s 
test [58] was used to determine which groups were 
significantly different.

Microarray

Cells were harvested (2.5 × 106 cells) and total 
RNA extracted using the RNeasy mini kit (QIAGEN, 
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Germany). Genome-wide gene expression profiling was 
performed by using Illumina HumanHT-12 v4 Expression 
BeadChip (Illumina Inc. CA, USA), providing a coverage 
of more than 24,000 annotated genes (47,231 probes 
corresponding to 1 to 3 probes per gene) including well 
characterized genes and splice variants. Using the Illumina 
TotalPrep RNA Amplification Kit from Ambion (Thermo 
Fisher Scientific Inc. MA, USA), extracted total RNAs 
(500 ng) were converted to cDNAs and subsequent biotin 
labeled single-stranded cRNAs. Prior to cRNA synthesis 
the integrity of the total RNA was analyzed using the 
Agilent 2100 bioanalyzer with the Agilent RNA 6000 
Nano Kit. The concentration of cRNA was measured with 
NanoDrop 8000 UV-Vis Spectrophotometer instrument 
(Thermo Scientific, DE, USA) and normalized (150 ng/
µl). Biotin labeled cRNAs (1.5 µg) were hybridized 
overnight to the HumanHT-12 Expression BeadChips. 
Subsequent steps included washing, streptavidin-Cy3 
staining and scanning of the arrays were performed on 
an Illumina HiScan instrument. Probe and intensity data 
were exported from Illumina’s proprietary software. The 
microarray experiments are minimum information about 
a microarray experiment (MIAME) compliant and have 
been deposited in the ArrayExpress database (http://
www.ebi.ac.uk/arrayexpress/) under accession number 
E-MTAB-4858.

Gene expression analysis

Prior to differential expression analysis, probes 
with low detection (p < 0.1) were filtered, data log2- 
transformed, and quantile normalized. Log2-transformed 
expression values for all samples (n = 36 (four groups: 
Docetaxel, APIM-peptide, combination, untreated), 
three biological replicas conducted on separate days for 
three cell lines) were subjected to principal component 
analysis (PCA) [59]. PCA identifies the most pronounced 
variation modes in the data by combining the original 
data variables (here genes) into more condensed variables 
termed principal components. To emphasize differences 
between the different groups, baseline expression level 
differences due to variation between cell-lines and 
biological replicates were minimized by subtracting the 
mean expression value from each subset of replicates 
in each cell line (nine subsets in total), which was done 
for each gene. Differentially expressed (DE) genes were 
calculated by the limma package in R, and identified 
p-values were adjusted for multiple hypothesis testing 
using Benjamini and Hochberg false discovery rate 
(FDR) [60]. Gene changes specific to the combination 
treatment were defined as those DE (p < 0.05) in the 
combination treatment of both Du145 and PC3, but not 
DE when treated with docetaxel in neither Du145 nor 
PC3. In addition, genes with increased rank (by p-value) 
and fold-change (FC) in the combination treatment of both 
Du145 and PC3 compared to docetaxel were identified by 

manual inspection of the ranked gene lists, and defined as 
enhanced by the combination treatment. 

Author contributions

Study design: CDS, MBR, SAM, MO, DKH; data 
collection: CDS, NBL, SB, SAM, JK, AN, DKH; data 
analysis: CDS, MBR, DKH; interpretation of data: CDS, 
MBR, DKH, MO, SAM, TFB; writing of manuscript: 
CDS, MBR, TFB, MO, SAM, DKH.

ACKNOWLEDGMENTS

MRI was performed at the MR Core Facility, 
Norwegian University of Science and Technology 
(NTNU), animal care was maintained at the Comparative 
Medicine Core Facility (CoMed), NTNU, microarray 
work/service was provided by the Genomics Core Facility 
(GCF), NTNU. CoMed, CMIC and GCF are funded by 
the Faculty of Medicine at NTNU and Central Norway 
Regional Health Authority. We thank Nils Hagen for 
maintenance of the TRAMP colony.

CONFLICTS OF INTEREST

APIM Therapeutics is a spin-off company of the 
Norwegian University of Science and Technology, and 
has co-funded this study. Professor Marit Otterlei is an 
inventor, minority shareholder and CSO of this company. 
Patent application no: PCT/GB2009/000489 “New PCNA 
interacting motif”, filed on February 20, 2009. There are no 
further patents, products or development or marked products 
to declare. The other authors declare no conflicts of interest.

FUNDING

We acknowledge support from The liaison 
Committee for education, research and innovation in 
Central Norway, the Norwegian University of Science and 
Technology (NTNU), the Norwegian Research Council 
(Grant number: 239940), APIM Therapeutics (financing a 
50% PhD position for 1 year) and the Norwegian Cancer 
Society (Grant number 2209215-2011).

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin. 
2015; 65:87–108. https://doi.org/10.3322/caac.21262.

2. Heidenreich A, Aus G, Bolla M, Joniau S, Matveev VB, 
Schmid HP, Zattoni F, and European Association of Urology. 
EAU guidelines on prostate cancer. Eur Urol. 2008; 53:68–
80. https://doi.org/10.1016/j.eururo.2007.09.002.

3. Fitzpatrick JM, de Wit R. Taxane mechanisms of action: 
potential implications for treatment sequencing in metastatic 



Oncotarget13www.impactjournals.com/oncotarget

castration-resistant prostate cancer. Eur Urol. 2014; 
65:1198–204. https://doi.org/10.1016/j.eururo.2013.07.022.

 4. Liu Z, Zhu G, Getzenberg RH, Veltri RW. The upregulation 
of PI3K/Akt and MAP kinase pathways is associated 
with resistance of microtubule-targeting drugs in prostate 
cancer. J Cell Biochem. 2015; 116:1341–49. https://doi.
org/10.1002/jcb.25091.

 5. Yasumizu Y, Miyajima A, Kosaka T, Miyazaki Y, Kikuchi E, 
Oya M. Dual PI3K/mTOR inhibitor NVP-BEZ235 sensitizes 
docetaxel in castration resistant prostate cancer. J Urol. 2014; 
191:227–34. https://doi.org/10.1016/j.juro.2013.07.101.

 6. Wang SC. PCNA: a silent housekeeper or a potential 
therapeutic target? Trends Pharmacol Sci. 2014; 35:178–86. 
https://doi.org/10.1016/j.tips.2014.02.004.

 7. Choe KN, Moldovan GL. Forging ahead through darkness: 
PCNA, still the principal conductor at the replication fork. 
Mol Cell. 2017; 65:380–92. https://doi.org/10.1016/j.
molcel.2016.12.020.

 8. Witko-Sarsat V, Mocek J, Bouayad D, Tamassia N, Ribeil 
JA, Candalh C, Davezac N, Reuter N, Mouthon L, Hermine 
O, Pederzoli-Ribeil M, Cassatella MA. Proliferating cell 
nuclear antigen acts as a cytoplasmic platform controlling 
human neutrophil survival. J Exp Med. 2010; 207:2631–45. 
https://doi.org/10.1084/jem.20092241.

 9. Yin L, Xie Y, Yin S, Lv X, Zhang J, Gu Z, Sun H, Liu S. The 
S-nitrosylation status of PCNA localized in cytosol impacts 
the apoptotic pathway in a Parkinson’s disease paradigm. 
PLoS One. 2015; 10:e0117546. https://doi.org/10.1371/
journal.pone.0117546.

10. Horton NC, Mathew SO, Mathew PA. Novel interaction 
between proliferating cell nuclear antigen and HLA I 
on the surface of tumor cells inhibits NK cell function 
through NKp44. PLoS One. 2013; 8:e59552. https://doi.
org/10.1371/journal.pone.0059552.

11. Rosental B, Brusilovsky M, Hadad U, Oz D, Appel MY, 
Afergan F, Yossef R, Rosenberg LA, Aharoni A, Cerwenka 
A, Campbell KS, Braiman A, Porgador A. Proliferating cell 
nuclear antigen is a novel inhibitory ligand for the natural 
cytotoxicity receptor NKp44. J Immunol. 2011; 187:5693–
702. https://doi.org/10.4049/jimmunol.1102267.

12. Naryzhny SN, Lee H. Proliferating cell nuclear antigen 
in the cytoplasm interacts with components of glycolysis 
and cancer. FEBS Lett. 2010; 584:4292–98. https://doi.
org/10.1016/j.febslet.2010.09.021.

13. Olaisen C, Müller R, Nedal A, Otterlei M. PCNA-
interacting peptides reduce Akt phosphorylation and TLR-
mediated cytokine secretion suggesting a role of PCNA in 
cellular signaling. Cell Signal. 2015; 27:1478–87. https://
doi.org/10.1016/j.cellsig.2015.03.009.

14. Witko-Sarsat V, Ohayon D. Proliferating cell nuclear 
antigen in neutrophil fate. Immunol Rev. 2016; 273:344–56. 
https://doi.org/10.1111/imr.12449.

15. Warbrick E. PCNA binding through a conserved 
motif. BioEssays. 1998; 20:195–99. https://doi.

org/10.1002/(SICI)1521-1878(199803)20:3<195::AID-
BIES2>3.0.CO;2-R.

16. Gilljam KM, Feyzi E, Aas PA, Sousa MM, Müller R, 
Vågbø CB, Catterall TC, Liabakk NB, Slupphaug G, 
Drabløs F, Krokan HE, Otterlei M. Identification of a 
novel, widespread, and functionally important PCNA-
binding motif. J Cell Biol. 2009; 186:645–54. https://doi.
org/10.1083/jcb.200903138.

17. Bacquin A, Pouvelle C, Siaud N, Perderiset M, Salomé-
Desnoulez S, Tellier-Lebegue C, Lopez B, Charbonnier 
JB, Kannouche PL. The helicase FBH1 is tightly regulated 
by PCNA via CRL4(Cdt2)-mediated proteolysis in human 
cells. Nucleic Acids Res. 2013; 41:6501–13. https://doi.
org/10.1093/nar/gkt397.

18. Ciccia A, Nimonkar AV, Hu Y, Hajdu I, Achar YJ, Izhar 
L, Petit SA, Adamson B, Yoon JC, Kowalczykowski SC, 
Livingston DM, Haracska L, Elledge SJ. Polyubiquitinated 
PCNA recruits the ZRANB3 translocase to maintain 
genomic integrity after replication stress. Mol Cell. 2012; 
47:396–409. https://doi.org/10.1016/j.molcel.2012.05.024.

19. Fattah FJ, Hara K, Fattah KR, Yang C, Wu N, Warrington 
R, Chen DJ, Zhou P, Boothman DA, Yu H. The transcription 
factor TFII-I promotes DNA translesion synthesis and 
genomic stability. PLoS Genet. 2014; 10:e1004419. https://
doi.org/10.1371/journal.pgen.1004419.

20. Gilljam KM, Müller R, Liabakk NB, Otterlei M. Nucleotide 
excision repair is associated with the replisome and its 
efficiency depends on a direct interaction between XPA and 
PCNA. PLoS One. 2012; 7:e49199. https://doi.org/10.1371/
journal.pone.0049199.

21. Müller R, Misund K, Holien T, Bachke S, Gilljam KM, 
Våtsveen TK, Rø TB, Bellacchio E, Sundan A, Otterlei M. 
Targeting proliferating cell nuclear antigen and its protein 
interactions induces apoptosis in multiple myeloma cells. 
PLoS One. 2013; 8:e70430. https://doi.org/10.1371/journal.
pone.0070430.

22. Gederaas OA, Søgaard CD, Viset T, Bachke S, Bruheim 
P, Arum CJ, Otterlei M. Increased anticancer efficacy of 
intravesical mitomycin C therapy when combined with a 
PCNA targeting peptide. Transl Oncol. 2014; 7:812–23. 
https://doi.org/10.1016/j.tranon.2014.10.005.

23. Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley 
WD, Aspinall JO, Cunha GR, Donjacour AA, Matusik RJ, 
Rosen JM. Prostate cancer in a transgenic mouse. Proc Natl 
Acad Sci USA. 1995; 92:3439–43. https://doi.org/10.1073/
pnas.92.8.3439.

24. Sobel RE, Sadar MD. Cell lines used in prostate cancer 
research: a compendium of old and new lines—part 1. 
J Urol. 2005; 173:342–59. https://doi.org/10.1097/01.
ju.0000141580.30910.57.

25. Clark DE, Errington TM, Smith JA, Frierson HF Jr, Weber 
MJ, Lannigan DA. The serine/threonine protein kinase, p90 
ribosomal S6 kinase, is an important regulator of prostate 
cancer cell proliferation. Cancer Res. 2005; 65:3108–16. 
https://doi.org/10.1158/0008-5472.CAN-04-3151.



Oncotarget14www.impactjournals.com/oncotarget

26. Fujita A, Gomes LR, Sato JR, Yamaguchi R, Thomaz CE, 
Sogayar MC, Miyano S. Multivariate gene expression 
analysis reveals functional connectivity changes between 
normal/tumoral prostates. BMC Syst Biol. 2008; 2:106. 
https://doi.org/10.1186/1752-0509-2-106.

27. Luo L, McGarvey P, Madhavan S, Kumar R, Gusev Y, 
Upadhyay G. Distinct lymphocyte antigens 6 (Ly6) family 
members Ly6D, Ly6E, Ly6K and Ly6H drive tumorigenesis 
and clinical outcome. Oncotarget. 2016; 7:11165–93. 
https://doi.org/10.18632/oncotarget.7163.

28. Monteverde T, Muthalagu N, Port J, Murphy DJ. Evidence 
of cancer-promoting roles for AMPK and related kinases. 
FEBS J. 2015; 282:4658–71. https://doi.org/10.1111/
febs.13534.

29. Gordon CA, Gong X, Ganesh D, Brooks JD. NUSAP1 
promotes invasion and metastasis of prostate cancer. 
Oncotarget. 2017; 8:29935–50. https://doi.org/10.18632/
oncotarget.15604.

30. Gordon CA, Gulzar ZG, Brooks JD. NUSAP1 expression is 
upregulated by loss of RB1 in prostate cancer cells. Prostate. 
2015; 75:517–26. https://doi.org/10.1002/pros.22938.

31. Chakravarthi BV, Goswami MT, Pathi SS, Dodson 
M, Chandrashekar DS, Agarwal S, Nepal S, Hodigere 
Balasubramanya SA, Siddiqui J, Lonigro RJ, Chinnaiyan 
AM, Kunju LP, Palanisamy N, Varambally S. Expression 
and role of PAICS, a de novo purine biosynthetic gene in 
prostate cancer. Prostate. 2017; 77:10–21. https://doi.org/
https://doi.org/10.1002/pros.23243.

32. Bacac M, Provero P, Mayran N, Stehle JC, Fusco C, 
Stamenkovic I. A mouse stromal response to tumor 
invasion predicts prostate and breast cancer patient survival. 
PLoS One. 2006; 1:e32. https://doi.org/10.1371/journal.
pone.0000032.

33. Bachmann SB, Frommel SC, Camicia R, Winkler HC, 
Santoro R, Hassa PO. DTX3L and ARTD9 inhibit IRF1 
expression and mediate in cooperation with ARTD8 
survival and proliferation of metastatic prostate cancer cells. 
Mol Cancer. 2014; 13:125. https://doi.org/10.1186/1476-
4598-13-125.

34. Brodin G, ten Dijke P, Funa K, Heldin CH, Landström M. 
Increased smad expression and activation are associated 
with apoptosis in normal and malignant prostate after 
castration. Cancer Res. 1999; 59:2731–38.

35. Geisler C, Gaisa NT, Pfister D, Fuessel S, Kristiansen G, 
Braunschweig T, Gostek S, Beine B, Diehl HC, Jackson 
AM, Borchers CH, Heidenreich A, Meyer HE, et al. 
Identification and validation of potential new biomarkers 
for prostate cancer diagnosis and prognosis using 2D-DIGE 
and MS. BioMed Res Int. 2015; 2015:454256. https://doi.
org/10.1155/2015/454256.

36. Lin HP, Jiang SS, Chuu CP. Caffeic acid phenethyl ester 
causes p21 induction, Akt signaling reduction, and growth 
inhibition in PC-3 human prostate cancer cells. PLoS 
One. 2012; 7:e31286. https://doi.org/10.1371/journal.
pone.0031286.

37. Okuducu AF, Janzen V, Ko Y, Hahne JC, Lu H, Ma ZL, 
Albers P, Sahin A, Wellmann A, Scheinert P, Wernert N. 
Cellular retinoic acid-binding protein 2 is down-regulated 
in prostate cancer. Int J Oncol. 2005; 27:1273–82.

38. Park SY, Park JW, Chun YS. Jumonji histone demethylases 
as emerging therapeutic targets. Pharmacol Res. 2016; 
105:146–51. https://doi.org/10.1016/j.phrs.2016.01.026.

39. Shah JN, Shao G, Hei TK, Zhao Y. Methylation screening 
of the TGFBI promoter in human lung and prostate cancer 
by methylation-specific PCR. BMC Cancer. 2008; 8:284. 
https://doi.org/10.1186/1471-2407-8-284.

40. Zhang M, Siedow M, Saia G, Chakravarti A. Inhibition of 
p21-activated kinase 6 (PAK6) increases radiosensitivity of 
prostate cancer cells. Prostate. 2010; 70:807–16.

41. Zhang S, Wang X, Osunkoya AO, Iqbal S, Wang Y, Chen 
Z, Müller S, Josson S, Coleman IM, Nelson PS, Wang 
YA, Wang R, et al. EPLIN downregulation promotes 
epithelial–mesenchymal transition in prostate cancer 
cells and correlates with clinical lymph node metastasis. 
Oncogene. 2011; 30:4941–52. Dec 15;30:4941–52.  https://
doi.org/10.1038/onc.2011.199.

42. de Bono JS, Oudard S, Ozguroglu M, Hansen S, 
Machiels JP, Kocak I, Gravis G, Bodrogi I, Mackenzie 
MJ, Shen L, Roessner M, Gupta S, Sartor AO, and 
TROPIC Investigators. Prednisone plus cabazitaxel or 
mitoxantrone for metastatic castration-resistant prostate 
cancer progressing after docetaxel treatment: a randomised 
open-label trial. Lancet. 2010; 376:1147–54. https://doi.
org/10.1016/S0140-6736(10)61389-X.

43. Pezaro CJ, Omlin AG, Altavilla A, Lorente D, Ferraldeschi 
R, Bianchini D, Dearnaley D, Parker C, de Bono JS, Attard 
G. Activity of cabazitaxel in castration-resistant prostate 
cancer progressing after docetaxel and next-generation 
endocrine agents. Eur Urol. 2014; 66:459–65. https://doi.
org/10.1016/j.eururo.2013.11.044.

44. Heidenreich A, Bastian PJ, Bellmunt J, Bolla M, Joniau 
S, van der Kwast T, Mason M, Matveev V, Wiegel T, 
Zattoni F, Mottet N, and European Association of Urology. 
EAU guidelines on prostate cancer. Part II: treatment of 
advanced, relapsing, and castration-resistant prostate cancer. 
Eur Urol. 2014; 65:467–79. https://doi.org/10.1016/j.
eururo.2013.11.002.

45. Giordano S, Petrelli A. From single- to multi-target 
drugs in cancer therapy: when aspecificity becomes an 
advantage. Curr Med Chem. 2008; 15:422–32. https://doi.
org/10.2174/092986708783503212.

46. Mailand N, Gibbs-Seymour I, Bekker-Jensen S. Regulation 
of PCNA-protein interactions for genome stability. Nat Rev 
Mol Cell Biol. 2013; 14:269–82. https://doi.org/10.1038/
nrm3562.

47. Moldovan GL, Pfander B, Jentsch S. PCNA, the maestro 
of the replication fork. Cell. 2007; 129:665–79. https://doi.
org/10.1016/j.cell.2007.05.003.

48. Warbrick E. A functional analysis of PCNA-binding 
peptides derived from protein sequence, interaction 



Oncotarget15www.impactjournals.com/oncotarget

screening and rational design. Oncogene. 2006; 25:2850–
59. https://doi.org/10.1038/sj.onc.1209320.

49. Campa D, Hüsing A, Stein A, Dostal L, Boeing H, Pischon 
T, Tjønneland A, Roswall N, Overvad K, Østergaard JN, 
Rodríguez L, Sala N, Sánchez MJ, et al. Genetic variability 
of the mTOR pathway and prostate cancer risk in the 
European Prospective Investigation on Cancer (EPIC). 
PLoS One. 2011; 6:e16914. https://doi.org/10.1371/journal.
pone.0016914.

50. Milosevic N, Kühnemuth B, Mühlberg L, Ripka S, 
Griesmann H, Lölkes C, Buchholz M, Aust D, Pilarsky 
C, Krug S, Gress T, Michl P. Synthetic lethality screen 
identifies RPS6KA2 as modifier of epidermal growth factor 
receptor activity in pancreatic cancer. Neoplasia. 2013; 
15:1354–62. https://doi.org/10.1593/neo.131660.

51. Raemaekers T, Ribbeck K, Beaudouin J, Annaert W, Van 
Camp M, Stockmans I, Smets N, Bouillon R, Ellenberg 
J, Carmeliet G. NuSAP, a novel microtubule-associated 
protein involved in mitotic spindle organization. J Cell Biol. 
2003; 162:1017–29. https://doi.org/10.1083/jcb.200302129.

52. Sharma P, Zargar-Shoshtari K, Pow-Sang JM. Biomarkers 
for prostate cancer: present challenges and future 
opportunities. Future Sci OA. 2015; 2:FSO72.  https://doi.
org/10.4155/fso.15.72.

53. Stoyanova R, Pollack A, Takhar M, Lynne C, Parra N, 
Lam LL, Alshalalfa M, Buerki C, Castillo R, Jorda M, 
Ashab HA, Kryvenko ON, Punnen S, et al. Association of 
multiparametric MRI quantitative imaging features with 
prostate cancer gene expression in MRI-targeted prostate 
biopsies. Oncotarget. 2016; 7:53362–76. https://doi.
org/10.18632/oncotarget.10523.

54. AlHossiny M, Luo L, Frazier WR, Steiner N, Gusev Y, 
Kallakury B, Glasgow E, Creswell K, Madhavan S, Kumar 
R, Upadhyay G. Ly6E/K signaling to TGFβ promotes 
breast cancer progression, immune escape, and drug 
resistance. Cancer Res. 2016; 76:3376–86. https://doi.
org/10.1158/0008-5472.CAN-15-2654.

55. Ma Y, Zou H, Zhu XX, Pang J, Xu Q, Jin QY, Ding YH, 
Zhou B, Huang DS. Transforming growth factor β: A 

potential biomarker and therapeutic target of ventricular 
remodeling. Oncotarget. 2017; 8:53780–90. https://doi.
org/10.18632/oncotarget.17255.

56. Legembre P, Schickel R, Barnhart BC, Peter ME. 
Identification of SNF1/AMP kinase-related kinase as an NF-
kappaB-regulated anti-apoptotic kinase involved in CD95-
induced motility and invasiveness. J Biol Chem. 2004; 
279:46742–47. https://doi.org/10.1074/jbc.M404334200.

57. Hill DK, Kim E, Teruel JR, Jamin Y, Widerøe M, Søgaard 
CD, Størkersen Ø, Rodrigues DN, Heindl A, Yuan Y, 
Bathen TF, Moestue SA. Diffusion-weighted MRI for early 
detection and characterization of prostate cancer in the 
transgenic adenocarcinoma of the mouse prostate model. 
J Magn Reson Imaging. 2016; 43:1207-17. https://doi.
org/10.1002/jmri.25087.

58. Cardillo G. Dunn Test: a procedure for multiple not 
parametric comparisons. http://www.mathworks.com/
matlabcentral/fileexchange/12827. 

59. Martens H, Næs T. Multivariate Calibration. John Wiley & 
Sons, Chichester 1989, ISBN-10 0471909793. 

60. Benjamini Y, Hochberg Y. Controlling the false discovery 
rate: a practical and powerful approach to multiple testing. 
J R Stat Soc Ser B. 1995; 57:289–300.

61. Rauhala HE, Porkka KP, Saramäki OR, Tammela TL, 
Visakorpi T. Clusterin is epigenetically regulated in 
prostate cancer. Int J Cancer. 2008; 123:1601–09. https://
doi.org/10.1002/ijc.23658.

62. Park SY, Seol JW, Lee YJ, Cho JH, Kang HS, Kim IS, Park 
SH, Kim TH, Yim JH, Kim M, Billiar TR, Seol DW. IFN-γ 
enhances TRAIL-induced apoptosis through IRF-1. Eur 
J Biochem. 2004; 271:4222–28. https://doi.org/10.1111/
j.1432-1033.2004.04362.x.

63. Yagi A, Hasegawa Y, Xiao H, Haneda M, Kojima E, 
Nishikimi A, Hasegawa T, Shimokata K, Isobe K. GADD34 
induces p53 phosphorylation and p21/WAF1 transcription. 
J Cell Biochem. 2003; 90:1242–49. https://doi.org/10.1002/
jcb.10711.


