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Abstract. Pancreatic ductal adenocarcinoma (PDAC) remains 
a particularly lethal disease that is resistant to targeted 
therapies. Tyrosine kinase inhibitors (TKIs), including erlotinib 
and gefitinib, which block the action of the human epidermal 
growth factor receptor type 1 receptor, provide small increases 
in patient survival when administered with gemcitabine. The 
retinoblastoma (Rb) tumor suppressor protein is an additional 
target in pancreatic cancer, due to its documented inactivation 
in PDAC. The present study, using cell number, apoptosis 
and immunoblotting assays, aimed to evaluate the effects of 
activation of the Rb tumor suppressor via dephosphorylation by 
small interfering RNA‑mediated phosphatase activation. In the 
Panc1, MIAPaCa‑2 and Capan‑2 pancreatic cancer cell lines, 
and in normal H6c7 cells, the effects of phosphatase activation 
on Rb were revealed to be dependent on expression of the 
p16 tumor suppressor, which regulates Rb phosphorylation. 
Phosphatase activation had no effect on non‑transformed 
pancreatic epithelial cells. When comparing kinase inhibition 
with phosphatase activation, it was demonstrated that kinase 
inhibition reduced proliferation, whereas phosphatase activation 
induced apoptosis. Both treatments together resulted in a greater 
reduction of pancreatic cancer cells than either treatment alone. 
In addition, the effects of combination treatment of phosphatase 
activation with TKIs on cell number and activation of the signal 
transducer and activator of transcription 3 (STAT3) resistance 
pathway were determined. The combination of Rb phosphatase 
activation with TKIs resulted in a greater reduction in cell 
number compared with either treatment alone, without STAT3 
pathway activation. These data suggested that targeting Rb 
phosphorylation by activating phosphatase may be a rational 
strategy to inhibit pancreatic tumor cell growth, without 
activation of acquired resistance.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is associated with 
a high mortality rate, as it is often diagnosed at an advanced 
stage and is resistant to current therapies (1,2). Current treat-
ment strategies largely comprise surgical and chemotherapy 
regimens, which have yielded only modest improvements in 
survival. Notably, survival of patients with PDAC has shown 
little improvement in the last four decades (3). Therefore, novel 
targeted therapies are urgently required for the treatment of 
patients with these conditions. Metastatic disease is often 
treated with the chemotherapeutic DNA synthesis inhibitor 
gemcitabine, in combination with the small molecule inhibitor 
tyrosine kinase inhibitor (TKI) erlotinib (4,5). Erlotinib acts 
as an inhibitor of the human epidermal growth factor (EGF) 
receptor type 1 receptor (EGFR), which is overexpressed in 
several types of cancer, including PDAC (6). EGFR activa-
tion stimulates downstream signaling pathways that promote 
proliferation and metastasis  (3). Clinically, erlotinib plus 
gemcitabine treatment provides a modest increase in patient 
outcome over gemcitabine alone (5). However, further preclin-
ical and clinical studies are required to address the significant 
problem of resistance that develops in response to several 
targeted therapies, also known as acquired resistance (7). One 
such drug‑resistance mechanism activated during erlotinib 
treatment is the signal transducer and activator of transcrip-
tion 3  (STAT3) pathway, which promotes proliferation, as 
well as differentiation, survival, inflammation and angiogen-
esis (8). Previous studies on lung and pancreatic cancer cells 
combining STAT3 inhibition with EGFR‑targeted therapy 
exhibit increased efficacy (9,10).

Activating mutations of KRAS proto‑oncogene, GTPase 
(KRAS), and inactivating mutations of the tumor suppressor 
genes cyclin‑dependent kinase (CDK) inhibitor 2A (CDKN2A; 
also known as p16INK4a or p16), tumor protein p53 and SMAD 
family member 4 have been reported to promote carcinogenesis 
in PDAC  (2). In particular, CDKN2A is most commonly 
inactivated by a homozygous deletion that leads to p16INK4a 
loss of function in >90% of PDAC cases (11,12). Inactivation 
of CDKN2A/p16 is believed to be an early event in pancreatic 
cancer progression, since its inactivation is detected in 40% of 
precursor pancreatic intraepithelial neoplastic lesions (13,14). 
In addition, CDKN2A has been identified as a gatekeeper 
gene in PDAC, which indicates its importance in this cancer 
type (15). Furthermore, recent evidence has suggested that the 
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progression of PDAC may be due to high genomic instability in 
the form of chromothripsis, and CDKN2A has been identified 
as one of the genes lost by this mechanism (16). Finally, while 
KRAS mutation is thought to be the first and most frequent 
genetic disruption in PDAC, it has been reported that oncogenic 
KRAS function is controlled by the tumor suppressor function 
of p16INK4a (17). Therefore, downregulation of p16INK4a 
together with oncogenic activation of KRAS may cooperate 
to promote pancreatic tumorigenesis (18). p16INK4a blocks 
cell cycle progression by interacting with and inhibiting 
CDK4/6, thus resulting in reduced phosphorylation of 
the retinoblastoma  (Rb) protein. Unphosphorylated Rb 
associates with the E2F transcription factor to inhibit the G1 
to S transition (19). Treatments that target Rb phosphorylation 
in cancer cells have been developed and exhibit efficacy in 
Rb‑positive cells. For example, palbociclib is an orally active 
CDK4/6‑specific inhibitor that causes cell cycle arrest in 
PDAC and other cancer cell types (20‑23). Notably, palbociclib 
was the first CDK4/6 inhibitor approved by the United States 
Food and Drug Administration for the treatment of advanced 
breast cancer in women with estrogen receptor‑positive human 
epidermal growth factor receptor 2‑negative disease  (24). 
Notwithstanding the development of resistance that occurs 
in response to palbociclib, clinical trials testing CDK4/6 
inhibitors for efficacy in PDAC are underway.

A novel approach has been developed that targets the 
Rb hyperphosphorylation present in cancer cells. Protein 
phosphatase 1 (PP1) is the major Rb phosphatase (25), and 
specificity toward substrates is imparted onto PP1 by various 
interacting proteins  (26,27). In proliferating cells, PP1 is 
associated with a regulatory protein known as phosphatase 
nuclear targeting subunit  (PNUTS)  (28,29). Our previous 
study demonstrated that PNUTS inhibits PP1 activity toward 
Rb  (30). It was further revealed that PNUTS blocks Rb 
binding to PP1, thus identifying the PNUTS:PP1 complex 
as a putative cancer drug target (31,32). PNUTS dissociation 
from PP1, which permits Rb dephosphorylation, occurs due 
to alterations in protein kinase A‑mediated phosphorylation 
of PNUTS (33). Our previous study reported that when cells 
are exposed to stress, including hypoxia or treatment with 
chemotherapeutic drugs, PNUTS dissociates from PP1 and 
Rb is dephosphorylated (34). Furthermore, small interfering 
RNA (siRNA)‑mediated PNUTS depletion in breast and 
colon cancer cells leads to an increase in PP1 phosphatase 
activity towards Rb, Rb dephosphorylation on several sites, 
and a 3‑4‑fold increase in apoptosis  (35). Another study 
revealed that apoptosis induced by PNUTS depletion involved 
the phosphatase and tensin homolog tumor suppressor (36). 
However, in our previous studies the ability of PNUTS 
depletion to induce apoptosis was demonstrated to be 
dependent on Rb expression. For example, PNUTS knockdown 
has no effect on Rb‑null Saos2 cells; however, sensitivity is 
restored upon stable expression of Rb (35). That the effect 
of PNUTS knockdown requires phosphorylated (p)‑Rb has 
been revealed in studies of non‑transformed cells. In cells 
that do not express hyperphosphorylated Rb, for example 
in MCF10A breast and CCD‑18Co colon cells, PNUTS 
depletion has no effect on cell number  (35). Furthermore, 
in a study using non‑transformed epithelial breast or breast 
cancer cells grown in 3D culture, it was demonstrated that the 

effect of PNUTS knockdown is dependent on the expression 
of hyperphosphorylated Rb. PNUTS depletion reduces the 
number of MCF7 and MDA‑MB‑231 breast cancer cells 
(containing hyperphosphorylated Rb) but does not affect 
non‑transformed MCF10A cells that lack hyperphosphorylated 
Rb or MDA‑MB‑468 breast cancer cells that are Rb‑null (37). 
Therefore, our laboratory has developed a method to activate 
the Rb phosphatase targeting Rb phosphorylation in cells via 
knockdown of the PP1‑binding protein, PNUTS.

The present study aimed to determine the effects of 
activating phosphatase activity toward Rb in pancreatic cancer 
cells. The results demonstrated that PNUTS depletion caused 
apoptosis in p16‑deficient pancreatic cancer cells, but had 
no effect on p16‑positive pancreatic cancer cells or human 
pancreatic ductal epithelial cells. The effects of palbociclib 
treatment were compared with those of PNUTS depletion with 
regards to cell number, and an additive effect was detected for 
the two treatments, with palbociclib inhibiting proliferation 
and PNUTS depletion inducing apoptosis. Using the currently 
utilized clinical treatments for PDAC, TKIs erlotinib and 
gefitinib, cell proliferation was measured in response to these 
treatments in combination with PNUTS depletion, in order 
to evaluate the usefulness of targeting Rb phosphorylation in 
reducing pancreatic cancer cell proliferation. Finally, it was 
revealed that activation of phosphatase in combination with 
erlotinib does not stimulate drug resistance in pancreatic 
cancer cells.

Materials and methods

Cell culture. Cell culture materials were obtained from Gibco; 
Thermo Fisher Scientific, Inc. (Waltham, MA, USA), unless 
otherwise indicated. The Panc1, MIAPaCa‑2 and Capan‑2 
cell lines were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and were used within 
4 months of receipt. Panc1 and MIAPaCa‑2 cells were grown 
in Dulbecco's modified Eagle's medium supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml 
streptomycin and 2 mM glutamine (PSG). Capan‑2 cells were 
grown in McCoys 5A media (ATCC) supplemented with 
10% FBS and PSG. The H6c7 human pancreatic duct epithelial 
cell line was obtained from Kerafast, Inc. (Boston, MA, USA) 
and was used within 4 months of purchase. H6c7 cells were 
grown in keratinocyte serum‑free media containing EGF and 
bovine pituitary extract (cat. no. 17005042; Gibco; Thermo 
Fisher Scientific, Inc.). Cells were routinely maintained at 37˚C 
in a humidified atmosphere containing 5% CO, and were split 
2‑3 times weekly to maintain sub‑confluent cultures. Cultures 
were routinely tested for mycoplasma contamination using the 
MycoFluor™ Mycoplasma Detection kit (Invitrogen; Thermo 
Fisher Scientific, Inc.).

siRNA transfection and immunoblotting. PNUTS depletion was 
performed using Dharmafect II (GE Healthcare Dharmacon, 
Inc., Lafayette, CO, USA). The RNA oligonucleotides used were 
generated based on the human mRNA for PNUTS, and the 
sequences were as follows: PNUTS RNA interference (RNAi) 
sequence 5, 5'‑CAGCUAAACUGGUGAAGCA‑3'; PNUTS 
RNAi sequence 7, 5'‑CCUAAUGCCACCAAAGAGA‑3'; or 
nontargeting RNAi (siCONTROL non‑targeting siRNA #1; 
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GE Healthcare Dharmacon, Inc.). The nontargeting RNAi has at 
least four mismatches with all known human, mouse and rat 
genes, which is sufficient to eliminate nonspecific silencing of 
genes with similar sequences. Sequence 5 was used in all 
experiments shown. Rb depletion was performed using 
SignalSilence® Rb siRNA1 (cat. no. 6451) from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Transfection mixtures 
(final concentration, 100  nM RNA) were added to 
40‑60% confluent Panc1, MIA PaCa‑2, Capan‑2 or H6c7 cells. 
After 48 h, the transfection mixtures were removed from the 
cells and the cells underwent cell counting and immunoblotting. 
Cell extracts were prepared after washing in ice‑cold 
Tris‑buffered saline [TBS; 25  mM Tris‑HCl (pH  8.0) and 
150 mM NaCl] and were lysed for 15 min at 4˚C in EBC buffer 
[50 mM Tris‑HCl (pH 8.0), 120 mM NaCl and 0.5% Nonidet 
P‑40] containing 10 µg/ml protease inhibitors aprotinin and 
phenylmethylsulfonylfluoride. The lysates were cleared by 
centrifugation at 13,000  x  g for 10  min at 4˚C. Protein 
concentration was determined using the Bradford protein assay. 
Electrophoresis was performed using 4‑20% gradient 
SDS‑polyacrylamide gels containing 30 µg total cell protein in 
each sample lane. Following electrophoresis, the proteins were 
transferred to nitrocellulose membranes. Residual protein 
binding sites on the nitrocellulose membranes were blocked by 
incubation with TBS‑0.5% Tween‑20  (TBST) containing 
4% non‑fat dry milk for 30‑60 min at room temperature (RT). 
Subsequently, the nitrocellulose membranes were incubated in 
TBST containing 2% non‑fat dry milk and 1 µg/ml primary 
antibody overnight at 4˚C. Antibodies were all used at a 
concentration of 1  µg/ml. After three washes with TBST 
(10 min/wash), the nitrocellulose membranes were probed with 
horseradish peroxidase‑conjugated anti‑immunoglobulin G 
antibodies [1:2,000; cat. nos. 1031‑05 (anti‑mouse) and 4050‑05 
(anti‑rabbit); SouthernBiotech, Birmingham, AL, USA] for 
1.5 h at RT and developed using enhanced chemiluminescence 
detection (Pierce; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. The following primary antibodies 
were used in this study: p16 (cat. no. 554079), cyclin D3 (cat. 
no.  610279) and PNUTS (cat. no.  611060) (all from 
BD Biosciences, Franklin Lakes, NJ, USA); p‑Rb 807/811 (cat. 
no. 8516), cleaved poly(ADP‑ribose) polymerase (Parp; cat. 
no. 9541), c‑jun (cat. no. 9165), p‑c‑jun (cat. no. 2361), EGFR 
(cat. no. 4267), p‑EGFR (cat. no. 3777), STAT3 (cat. no. 4904), 
p‑STAT3 (cat. no.  9145), proliferating cell nuclear antigen 
(PCNA; cat. no. 13110) (all from Cell Signaling Technology, 
Inc.); β‑actin (cat. no. A1978; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany); Rb (cat. no. sc‑102) and minichromosome 
maintenance complex component 7 (mcm7; cat. no. sc‑9966) 
(both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA).

Cell number and apoptosis assays. Erlotinib, gefitinib and 
palbociclib were obtained from Selleck Chemicals (Houston, 
TX, USA), and were used within 3 months of receipt. Erlotinib 
and gefitinib were dissolved in dimethyl sulfoxide (DMSO), 
palbociclib was dissolved in water. Dose‑response curves 
were generated that identified the concentration of each 
drug required to reduce cell numbers between 20 and 60% 
after a 24‑h treatment: 40 µM erlotinib, 4 µM gefitinib and 
20  µM palbociclib. These concentrations are within the 
range of half maximal inhibitory concentrations reported to 

inhibit proliferation of pancreatic cancer cells in previous 
studies (21,38‑40). Panc1 or MIAPaCa‑2 cells were plated 
(3,000/well) in 96‑well plates and allowed to proliferate 
for 24 h. Treated cells were subjected to PNUTS depletion 
for 48 h and control cells were treated with nontargeting 
control (NTC) RNA. After 2 days, cells were treated with 
erlotinib, gefitinib or palbociclib for 24 h, or with a vehicle 
control (DMSO for erlotinib/gefitinib, water for palbociclib). 
Cell number was measured using the CellTiter Glo‑2 assay 
(Promega Corporation, Madison, WI, USA). Apoptosis 
was measured using the Cell Death Detection ELISA (cat. 
no. 11544675001; Roche Diagnostics, Indianapolis, IN, USA), 
which detects degraded DNA released from the nucleus into 
the cytoplasm. Both assays were performed according to 
the manufacturers' protocols. Briefly, in the apoptosis assay, 
104 cells from each condition were lysed and subjected to a 
slow‑spin centrifugation (300 x g for 5 min at 4˚C) to pellet 
nuclei. Extracts from the cytoplasmic fraction were used to 
detect fragmented DNA and quantified on a microplate reader 
at 405 nm (Promega Corporation).

Statistical analysis. All experiments performed in this study 
were conducted at least three times. Numerical data are 
presented as the means ± standard deviation. All data from 
each experiment were analyzed by Student's t‑test or one‑way 
analysis of variance with Tukey's post hoc test for multiple 
comparisons using SPSS  19.0 (IBM Corp., Armonk, NY 
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

PNUTS depletion in pancreatic cancer cells reduces cell 
number by activation of apoptosis. Hyperphosphorylation of 
Rb is a hallmark of most types of human cancer; therefore, we 
devised a method to target Rb phosphorylation by phosphatase 
activation. Our previous studies revealed that activation of 
phosphatase by PNUTS depletion is dependent on Rb (35,37). 
The function of p16 is disrupted in the majority of pancreatic 
carcinoma cases (11); in the present study it was demonstrated 
that the effects of PNUTS depletion on cell number were 
dependent on p16 expression in pancreatic cancer cells. Three 
pancreatic cancer cell types were used in this study: MIAPaCa‑2 
and Panc1 cells, which carry a homozygous deletion of the p16 
gene; and Capan‑2 cells, which are p16‑positive (41‑43). These 
cells have been extensively used to model pancreatic cancer. 
For comparison, experiments were also performed using the 
human pancreatic duct epithelial cell line H6c7 (44). As shown 
in Fig. 1A, Capan‑2 and non‑transformed H6c7 cells expressed 
p16, whereas MIAPaCa‑2 and Panc1 cells were p16‑deficient. 
p‑Rb was also detected in the three cancer cell types, but was 
absent in the non‑transformed cell line. As shown in Fig. 1B, 
Rb dephosphorylation initiated by PNUTS knockdown 
reduced cell number by  55% in MIAPaCa‑2 and by  30% 
in Panc‑1 cancer cells that contain hyperphosphorylated 
Rb; however, it had no effect on cell number in p16‑positive 
Capan‑2 cancer cells and in non‑transformed H6c7 cells that 
lack hyperphosphorylated Rb. As shown in Fig. 1C, Rb was 
dephosphorylated in response to PNUTS depletion, and as 
shown in Fig. 1D, Rb depletion partially reversed the reduction 
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in cell number induced by PNUTS depletion, indicating that 
the reduction in cell number due to PNUTS depletion may be 
Rb‑dependent. Transfection with Rb siRNA alone was also 
confirmed to be successful (data not shown). The reduction in 
cell number observed may be due to cell proliferation arrest 
or an increase in apoptotic cell death. Assays using Panc1 and 
MIAPaCa‑2 pancreatic cancer cells revealed that apoptosis 
was increased by ~4‑fold due to PNUTS depletion in Panc1 
cells and by ~7‑fold in MIAPaCa‑2 cells. Furthermore, the 
appearance of cleaved Parp in response to PNUTS depletion 
confirmed that apoptosis was induced (Fig. 2).

Comparison of CDK inhibition with PNUTS depletion in 
pancreatic cancer cells. Since Rb is phosphorylated on 
16 amino acid sites in vivo, it is difficult to elucidate the effects 

of phosphatases and kinases on the phosphorylation of Rb. 
To the best of our knowledge, the specific CDK responsible 
for each modification has only been partially elucidated to 
date (45). Furthermore, there appear to be overlapping functions 
of CDKs with regards to specific Rb sites. Our previous 
study demonstrated that activation of phosphatase toward 
Rb causes dephosphorylation of Rb at certain sites, and that 
these are distinct from those affected by the CDK2/5 inhibitor 
roscovitine (46). To compare the effects of CDK4/6 inhibition 
with that of PNUTS depletion on cell number in pancreatic 
cancer cells, it was first determined that 20 µM (24‑h treatment) 
of palbociclib was an appropriate concentration to cause a 
30‑50% drop in cell number, and immunoblotting confirmed 
that Rb was dephosphorylated using this concentration (data 
not shown). The efficacy of palbociclib to reduce Panc1 

Figure 1. (A) Immunoblotting was performed on whole cell lysates from MIAPaCa‑2, Panc1, Capan‑2 and H6c7 cell lines. Antibodies against p‑Rb (S807/811), 
total Rb and p16 were used; β‑actin was used as a loading control. Results shown are representative of three separate experiments. (B) MIAPaCa‑2, Panc‑1 
and Capan‑2 pancreatic cancer cells, and H6c7 normal pancreatic duct epithelial cells were subjected to PNUTS depletion for 48 h. Cell number was measured 
using the CellTiter Glo assay, with RLU proportional to cell number. Data shown are representative of three separate experiments. Results are expressed as the 
means ± standard deviation, n=8 replicates/experiment. *P<0.05, Student’s t‑test. (C) Panc1, MIAPaCa‑2 and Capan‑2 cells were analyzed by immunoblotting 
with antibodies against p‑Rb (Rb‑807/811) or total Rb (Rb). (D) MIAPaCa‑2 cells were transfected with PNUTS siRNA, or PNUTS and Rb siRNA. Cell 
number was measured using the CellTiter Glo assay. Data shown are representative of three separate experiments. *P<0.05, one‑way analysis of variance and 
Tukey honestly significant difference test. KD, knockdown; NTC, nontargeting control; p, phosphorylated; PNUTs, phosphatase nuclear targeting subunit; Rb, 
retinoblastoma; RLU, relative light units; siRNA, small interfering RNA.
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cell number was comparable to the efficacy of PNUTS 
depletion (Fig. 3). To examine the combination of palbociclib 
and PNUTS knockdown, 48 h following PNUTS depletion (or 
NTC transfection), the medium was replaced with either 20 µM 
palbociclib or fresh medium (control). Finally, after 24 h, cells 
were counted using the CellTiter Glo assay. PNUTS depletion 
or palbociclib treatment each reduced cell number relative 
to controls by 30% in Panc1 cells; a higher efficiency was 
observed in response to PNUTS depletion in MIAPaCa‑2 cells. 
However, when combining the two treatments, cell number 
was reduced by 75‑90% in the two cell lines. In addition, while 
PNUTS depletion induced Parp cleavage, palbociclib treatment 
did not. These results suggested that the inhibition of CDK 
activity towards Rb and activation of phosphatase activity 
towards Rb are not functionally equivalent, and may influence 
Rb phosphorylation at distinct sites.

Differential phosphorylation of Rb may impart distinctive 
consequences in cells. Using Panc1 cells, the effects of 20 µM 
palbociclib and PNUTS depletion on proteins that control the 
processes of proliferation and apoptosis were determined. 
As shown in Fig. 4, palbociclib treatment induced a decrease 
in proteins involved in proliferation (cyclin D3, mcm7 and 
PCNA), but did not increase the expression of proteins 
involved in apoptosis (cleaved Parp, c‑jun and p‑c‑jun), thus 
suggesting that palbociclib inhibited proliferation but had no 
effect on cell death. Conversely, PNUTS depletion led to an 
increase in apoptosis‑associated proteins but did not affect 
proliferation‑associated proteins.

Effects of PNUTS depletion combined with erlotinib or 
gefitinib. It was speculated that erlotinib, acting as an inhibitor 

of EGFR, blocked proliferation of cancer cells; therefore, the 
combination of erlotinib with PNUTS depletion, which induced 
apoptosis, may be an efficacious method to reduce pancreatic 
cancer cell numbers. For these experiments, gefitinib was also 
employed, which is an additional clinical treatment that blocks 
proliferation by inhibiting EGFR (47). Although MIAPaCa‑2 
and Panc1 cells are considered erlotinib‑insensitive compared 
with other cancer cell lines, with the concentrations of 
erlotinib and gefitinib used, activation of EGFR was inhibited, 
as demonstrated by reduced phosphorylation  (Fig.  5A). 
Subsequently, MIAPaCa‑2 and Panc1 cells were subjected to 
48 h of PNUTS depletion, followed by 24‑h treatment with 
either DMSO, erlotinib or gefitinib. In both cell lines, when 
compared to each treatment alone, the combination of PNUTS 
depletion plus EGFR inhibition resulted in a significant 
decrease in cell number relative to the control (Fig. 5B and C). 
Concomitantly, increased apoptosis was indicated by Parp 
cleavage, thus suggesting that targeting the Rb tumor 
suppressor protein in combination with EGFR inhibition may 
be a rational strategy to reduce pancreatic cancer cell growth.

Effects of PNUTS depletion and erlotinib or gefitinib on the 
STAT3 pathway. Because STAT3 pathway activation is often 
present in cancer cells, and since erlotinib has been reported 
to induce resistance in lung and pancreatic cancer via STAT3 
activation, which leads to increased cell survival (9,10), the 
present study determined the effects of a combination of 
erlotinib and PNUTS depletion on STAT3 activation by 
immunoblotting. As shown in Fig. 6, erlotinib in Panc1 and 
MIAPaCa‑2 cells reduced phosphorylation of EGFR, as 
expected. STAT3 appeared to be constitutively activated 
in Panc1 and MIAPaCa‑2 cells (DMSO and NTC groups), 

Figure 2. Panc1 and MIAPaCa‑2 cells were subjected to PNUTS knockdown; 
after 48 h, apoptosis was measured using the Cell Death ELISA assay. Fold 
increase in apoptosis in treated cells relative to controls was shown. Data 
shown are representative of three separate experiments. Results are expressed 
as the means ±  standard deviation, n=6 replicates/experiment. *P<0.05, 
Student’s t‑test. Immunoblotting of PNUTS confirmed PNUTS depletion, 
whereas immunoblotting of cleaved Parp confirmed induction of apoptosis. 
KD, knockdown; NTC, nontargeting control; Parp, poly(ADP‑ribose) poly-
merase; PNUTs, phosphatase nuclear targeting subunit.

Figure 3. Panc1 or MIAPaCa‑2 cells were subjected to either NTC or 
PNUTS knockdown for 48 h and/or treatment with Palb (20 µM) for 24 h. 
Combination treatments were conducted by performing KD first, fol-
lowed by Palb or control treatment. Cells were counted using the CellTiter 
Glo assay. The percentage reduction in cell number is relative to controls 
(NTC‑transfected cells not treated with Palb). Data shown are representative 
of three separate experiments. Results are expressed as the means ± standard 
deviation, n=8 replicates/experiment. **P<0.01, one‑way analysis of variance 
and Tukey honestly significant difference test. Immunoblotting of cleaved 
Parp was also conducted. KD, knockdown; NTC, nontargeting control; 
Palb, palbociclib; Parp, poly(ADP‑ribose) polymerase; PNUTs, phosphatase 
nuclear targeting subunit.
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Figure 4. Panc1 cells were treated with Palb (20 µM) for 24 h, or were transfected with NTC or PNUTS siRNA for 48 h. Subsequently, immunoblotting was 
conducted to analyze the expression of markers of proliferation and apoptosis. Rb phosphorylation (S807/S811), total Rb, β‑actin and PNUTS expression was 
also detected. Data shown are representative of three independent experiments. CT, control; KD, knockdown; mcm7, minichromosome maintenance complex 
component 7; NTC, nontargeting control; Palb, palbociclib; p, phosphorylated; Parp, poly(ADP‑ribose) polymerase; PCNA, proliferating cell nuclear antigen; 
PNUTs, phosphatase nuclear targeting subunit; Rb, retinoblastoma.

Figure 5. (A) MIAPACa‑2 and Panc1 cells were treated with Erlot (40 µM), Gef (4 µM) or DMSO (control). After 24 h, immunoblotting was performed on 
cell lysates obtained from cells. EGFR, p‑EGFR and β‑actin expression is shown. Results are representative of two separate experiments. (B) Panc1 and 
(C) MIAPaCa‑2 cells were subjected to PNUTS depletion for 48 h and/or Erlot or Gef treatment, and cell counting assays were performed using CellTiter Glo. 
The percentage reduction in cell number is shown relative to nontargeting control/DMSO controls. Results are expressed as the means ± standard deviation, n=8 
replicates/experiment. **P<0.01, one‑way analysis of variance and Tukey honestly significant difference test. Data shown are representative of three independent 
experiments. Cleaved Parp and β‑actin expression was determined by immunoblotting. DMSO, dimethyl sulfoxide; EGFR, human epidermal growth factor 
receptor type 1 receptor; Erlot, erlotinib; Gef, gefitinib; p, phosphorylated; Parp, poly(ADP‑ribose) polymerase; PNUTs, phosphatase nuclear targeting subunit.
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and stimulated to various extents by erlotinib, palbociclib 
and PNUTS depletion, as evidenced by phosphorylation of 
STAT3. Although the various treatments affected STAT3 
phosphorylation to different degrees, the combination of 
erlotinib with palbociclib resulted in STAT3 pathway activation, 
whereas the combination of erlotinib with PNUTS depletion 
did not activate STAT3, thus suggesting that this strategy may 
be an effective method to target EGFR and Rb phosphorylation 
without the development of resistance in pancreatic cancer 
cells.

Discussion

Resistance to targeted therapy is a major issue in cancer, 
and resistance to the small molecule EGFR TKIs erlotinib 
and gefitinib has been investigated thoroughly in non‑small 
cell lung cancer (NSCLC)  (48). In NSCLC, marked initial 
responses to TKIs are attenuated by 6‑12 months when patients 
experience tumor progression due to acquired resistance (49,50). 
Approximately 50% of the acquired resistance to erlotinib 
and gefitinib is due to mutations of the TKI‑binding site of 
EGFR; however, resistance may also be due to compensatory 
growth promoting pathways that are activated by treatment. For 
example, activation of STAT3 in NSCLC occurs in response 
to erlotinib treatment and promotes resistance (9). In human 
pancreatic cancer tumors, STAT3 activation is exhibited in the 
majority of cases (51,52). STAT3 is activated by phosphorylation 
by Janus‑activated kinases, interleukin‑6, EGFRs and Src 
kinases. Upon phosphorylation, STAT3 dimerization stimulates 
gene transcription. STAT3 activation consequently promotes 
pancreatic tumorigenesis, cell invasion and metastatic 
potential (53,54). Notably, high expression of active STAT3 is 
correlated with poor prognosis (55,56). The importance of the 
STAT3 pathway in treatment resistance has been confirmed by 
the fact that acquired resistance of pancreatic cancer cells to 
EGFR TKIs, including erlotinib, can be abrogated by STAT3 
inhibition (10).

In p16‑negative cancer, hyperphosphorylated Rb is the 
target of CDK4/6 inhibitors; however, acquired resistance 

often develops in response to CDK4/6 inhibition. Several 
mechanisms have been proposed to be involved in CDK 
inhibition resistance; for example, biomarkers of treatment 
resistance include loss of Rb function, hyperactivity of the 
cyclin E‑CDK2 axis and increased CDK6 activity (57‑59). 
In addition, two recent studies demonstrated a role for the 
mechanistic target of rapamycin (mTOR) pathway in acquired 
resistance to CDK4/6 inhibition. Dysregulation of mTOR 
is a hallmark of adaptive resistance to several targeted 
therapies (60). In experiments using pancreatic cancer cells, 
CDK4/6 inhibition leads to mTOR complex 1 activation and 
metabolic alterations, including increased mitochondrial mass, 
and upregulation of glycolysis and oxidative metabolism (61). In 
other studies, it has been reported that CDK4/6 inhibition leads 
to activation of the pro‑survival kinase protein kinase B (62). 
Finally, promotion of epithelial to mesenchymal transition by 
CDK4/6 inhibition has been demonstrated to contribute to 
drug resistance in pancreatic cancer (22,63).

Dysregulation of the tumor suppressor protein Rb is 
commonly found in human cancer. Hyperphosphorylation of Rb, 
rather than mutation of Rb, is thought to promote tumorigenesis. 
The CDKs that accomplish Rb phosphorylation are regulated 
by cyclin binding and by the association of endogenous 
CDK inhibitors, such as p16INK4a. Overexpression of 
cyclin D1/CDK4 or the loss of p16INK4a proteins are common 
genetic alterations in cancer that result in hyperphosphorylation 
of Rb (64,65). It has been reported that phosphorylation of 
Rb stimulates proliferation, blocks apoptosis and promotes 
invasion  (37,66‑69). By targeting PNUTS, an inhibitor of 
phosphatase activity toward Rb, dephosphorylation of Rb in 
cancer cells can be achieved. The present study demonstrated 
that PNUTS depletion in p16‑negative pancreatic cancer cells 
reduced cell numbers, due to stimulation of apoptosis. In 
addition, non‑transformed pancreatic duct epithelial cells that 
express p16 remained impervious to PNUTS depletion. When 
PNUTS depletion was compared with palbociclib‑induced 
CDK4/6 inhibition, it was revealed that the combination of 
these treatments reduced cell numbers more effectively than 
either treatment alone. These results suggested that activation 

Figure 6. Panc1 or MIAPaCa‑2 cells were treated with DMSO, erlotinib, NTC, PNUTS KD, palbociclib, or combinations of erlotinib + palbociclib or erlo-
tinib + PNUTS knockdown. STAT3, p‑STAT3, EGFR, p‑EGFR and β‑actin expression was determined by immunoblotting. Data shown are representative 
of three separate experiments. DMSO, dimethyl sulfoxide; EGFR, human epidermal growth factor receptor type 1 receptor; Erlot, erlotinib; KD, knockdown; 
NTC, nontargeting control; Palb, palbociclib; p, phosphorylated; PNUTs, phosphatase nuclear targeting subunit; STAT3, signal transducer and activator of 
transcription 3.
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of phosphatase compared with inhibition of kinase are not 
functionally equivalent, perhaps by affecting different subsets 
of Rb phosphorylation sites, and thus Rb activity. Specific 
patterns of Rb phosphorylation may lead to distinctive Rb 
protein‑binding abilities that lead to functional consequences 
in the cell. The present study demonstrated that, in Panc1 
pancreatic cancer cells, CDK4/6 inhibition with palbociclib 
reduced proliferation; however, PNUTS depletion‑mediated 
phosphatase activation resulted in apoptosis. It may be the case 
that in response to these two treatments the Rb phosphorylation 
pattern is altered such that in one case proliferation is inhibited, 
whereas in the other apoptosis is stimulated. This may be due 
to Rb interaction with transcriptional regulators that promote 
either proliferation arrest or apoptosis.

Because the TKIs (erlotinib and gefitinib) that block EGFR 
in pancreatic cancer cells inhibit proliferation and are used in 
the clinic, the present study tested how a combination of these 
TKIs with PNUTS depletion‑mediated Rb phosphatase activation 
would affect p16‑positive pancreatic cancer cells. It was revealed 
that in MIAPaCa‑2 and Panc1 cells, which are considered 
erlotinib‑resistant, targeting Rb phosphorylation by this method 
alongside EGFR inhibition resulted in a greater reduction in cell 
number than either treatment alone. Furthermore, whereas activa-
tion of the STAT3 pathway was constitutive in these pancreatic 
cancer cells, the combination of erlotinib with PNUTS depletion 
abrogated activation of this pathway, thus suggesting that targeting 
Rb phosphatase activity may be a strategy that circumvents erlo-
tinib‑induced acquired resistance. Additional studies may further 
elucidate the usefulness of this strategy in the clinical setting.
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