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Abstract: Gemcitabine is often recommended as a first-line treatment for patients with metastatic pancreatic can-
cer. However, gemcitabine resistance is a major challenge in the treatment of pancreatic ductal adenocarcinoma. 
Our group serendipitously identified the role of doxycycline as a potentiator of gemcitabine efficacy in pancreatic 
cancer cells. Doxycycline and gemcitabine co-treatment was significantly more cytotoxic to pancreatic cancer cells 
compared to gemcitabine alone. Interestingly, doxycycline only exerted synergistic effects when coupled with gem-
citabine as opposed to other conventional chemotherapeutics including nucleoside analogs. The anti-clonogenic ef-
fects of gemcitabine on pancreatic cancer cells were also enhanced by doxycycline. According to cell cycle analyses, 
doxycycline prolonged gemcitabine-mediated S phase cell cycle arrest. Further, gene expression profiling analyses 
indicated that a small set of genes involved in cell cycle regulation were uniquely modulated by gemcitabine and 
doxycycline co-treatment compared to gemcitabine alone. Western blot analyses indicated that several cell cycle-re-
lated proteins, including cyclin D1, p21, and DNA damage inducible transcript 4 (DDIT4), were further modulated by 
doxycycline and gemcitabine co-treatment. Taken together, our findings indicate that doxycycline enhances the ef-
fects of gemcitabine on cell cycle progression, thus rendering pancreatic cancer cells more sensitive to gemcitabine. 
However, additional studies are required to assess the mechanisms of doxycycline and gemcitabine synergism, 
which might lead to novel treatment options for pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is 
one of the most lethal diseases worldwide,  
with less than 5% five-year survival rates [1]. 
Current treatment options for PDAC largely 
encompass surgical and chemotherapy app- 
roaches. Surgical resection can improve the 
malignancy, however, only 10% of patients are 
eligible for this procedure [2, 3]. For most 
patients, chemotherapy agents such as gem-
citabine alone or in combination with other 
compounds can be applied as palliative mea-
sures [4]. Particularly, gemcitabine (2’-deoxy-
2’,2’-difluorocytinide), a cytidine analog, has 
become a standard PDAC treatment [5, 6]. 
However, the benefits of gemcitabine mono-
therapy or in combination with other drugs are 

limited due to chemoresistance. Chemotherapy 
resistance can be attributed to intrinsic (prima-
ry) or acquired (secondary) factors, which are 
mediated by multiple mechanisms [6-10].

To circumvent gemcitabine resistance, many 
studies have assessed the efficacy of gem-
citabine co-treatment with other chemothera-
peutic agents [11]. However, only gefitinib [i.e., 
an epidermal growth factor receptor (EGFR) 
inhibitor] rendered meaningful clinical out-
comes, as it increased overall survival [12]. 
Gemcitabine and nab-paclitaxel co-treatment  
is often used as neoadjuvant therapy, resulting 
in superior tumor objective response and dis-
ease control rates compared with gemcitabine 
alone [13, 14]. We previously demonstrated 
that several kinases including SRC family kinas-
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es, phosphoinositide 3-kinase (PI3K), mamma-
lian target of rapamycin (mTOR), AKT, trans-
forming growth factor beta receptor I (TβRI), 
and checkpoint kinase 2 (CHK2) can be target-
ed to prevent gemcitabine resistance in pan-
creatic cancer cells [15-21]. Aldehyde dehydro-
genases (ALDHs), one of several cancer stem 
cell (CSC) markers, also reportedly confer drug 
resistance in pancreatic cancer cells [22, 23]. 
Nuclear factor (erythroid-derived 2)-like-2 
(NRF2), a master regulator of detoxification 
genes [24, 25], also plays a role in regulating 
drug resistance in pancreatic cancers [26]. 
Interestingly, knockdown of NRF2 suppressed 
the expression of ALDH1A1 and ALDH3A1 in 
pancreatic cancer cells, leading to sensitization 
of pancreatic cancer cells to 5-fluorouracil [23].

Our group has investigated the mechanisms of 
drug resistance in pancreatic and breast can-
cer cells for several years [15-32]. Recently, we 
identified a gene that strongly modulates gem-
citabine resistance in pancreatic cancer cells 
(unpublished observation). While characteriz-
ing the function of this gene via Tet-On induc-
ible system-based conditional knockdown, we 
serendipitously found that doxycycline, the  
antibiotic inducer of the Tet-On system, affects 
the viability of pancreatic cancer cells in the 
presence of gemcitabine. Therefore, the pres-
ent study sought to evaluate the synergistic 
effects of doxycycline and gemcitabine co-
treatment in pancreatic cancer cells, as well as 
to provide preliminary insights into the poten-
tial molecular mechanisms that mediate this 
synergism.

Materials and methods

Cell culture and reagents

Human pancreatic cancer cell lines (PANC1, 
Colo357, MiaPaCa2, and AsPC1) were obtained 
from the American Type Culture Collection 
(ATCC, Manassas, VA). MiaPaCa2 and PANC1 
cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 
2.5% horse serum and 10% fetal bovine  
serum (FBS) (for MiaPaCa2) or 5% FBS (for 
PANC1). AsPC1 and Colo357 were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 
media supplemented with FBS (20% for  
AsPC1 and 10% for Colo357) and 1% sodium 
pyruvate. Gemcitabine-resistant cell lines (Mia- 
PaCa2-GR and AsPC1-GR) were generated as 
described in a previous study [18, 22]. The cells 

were monitored via trypan blue dye exclusion-
based cell counting [33].

Except for cisplatin, all compounds were dis-
solved according to the manufacturer’s recom-
mendations, after which small aliquots were 
stored at -20°C. Cisplatin was dissolved in a 
0.9% NaCl solution and stored at 4°C [34].

Cell viability and drug combinations

To determine cell viability, the cells were plat- 
ed onto 96 well plates. After treating the cells 
for 72 h with gemcitabine or doxycycline, cell 
viability was measured using the MTT (3-(4,5- 
dimethyl) thiazole) assay [19]. After a 2 h incu-
bation with 20 ml of 5 mg/ml MTT solution  
per 100 ml of growth medium, the media were 
removed and MTT solvent (4 mM HCl and 0.1% 
Nonidet-40 in isopropanol or absolute DMSO) 
was added to dissolve the formazan. The absor-
bance of each well was measured using an 
ELx808 microplate reader (BioTek, Winooski, 
VT). Viable cells were calculated as a percent-
age of the control. The combination index at  
the half maximal effective concentration (CI50) 
of each drug combination was determined 
using the CompuSyn software (ComboSyn Inc., 
Paramus, NJ) [16].

Clonogenic colony forming assay

Cells were seeded onto 6-well plates and treat-
ed with drugs as indicated above. The colonies 
were then stained using 0.5% crystal violet in 
DPBS containing 25% methanol as previously 
described [35].

Cell cycle analysis

MiaPaCa2 cells cultured with gemcitabine or 
doxycycline for 24 h were harvested and fixed 
with 70% ethanol. Afterward, the cells were 
treated with a DNA staining solution [3.4 mM 
Tris-Cl (pH 7.4), propidium iodide, 0.1% Triton 
X-100 buffer, and 100 μg/ml RNase A] and ana-
lyzed with a FACSort system (Becton Dickson, 
San Jose, CA). Cell cycle distributions were 
determined using the ModFit software (Verity 
Softwarehouse, Topsham, ME). At least 20,000 
events were collected and analyzed for each 
measurement as previously described [36].

Western blot analysis

Standard western blot analyses were conduct-
ed to assess the effects of different treatments 
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and co-treatments on the protein expression 
levels of pancreatic cells. MiaPaCa2 cells treat-
ed with gemcitabine (2 μM) or doxycycline (2 
μg/ml) were harvested, after which the total 
proteins were loaded into SDS-PAGE gels and 
transferred onto PVDF membranes. The prima-
ry antibodies used in this study included anti-
phospho (p)-53-binding protein 1 (53BP1), anti-
DNA damage inducible transcript 4 (DDIT4) 
(Cell Signaling Technology, Inc., Boston, MA), 
anti-budding uninhibited benzimidazole-relat- 
ed 1 (BuBR1), anti-Cyclin B, anti-Cyclin E,  
anti-Cyclin D1, anti-p21, anti-p-RB1, anti-heat 
shock protein 90 (HSP90), and anti-β actin  
antibodies (Santa Cruz Biotechnology Inc., 
Santa Cruz, CA). Moreover, anti-mouse, anti-
goat, and anti-rabbit IgG–peroxidase antibod-
ies (Sigma, St. Louis, MO) were used as second-
ary antibodies and ECL solution (Santa Cruz 
Biotechnology, San Diego, CA) was used for 
detection.

Gene expression analyses

Microarray gene expression analyses were  
conducted using MiaPaCa2 cells treated with 
gemcitabine (2 μM) or doxycycline (2 μg/ml) for 
48 h. Total RNA was extracted using the TRIzol 
reagent (Invitrogen Life Technologies, Carls- 
bad, USA), then purified using RNeasy columns 
(Qiagen, Hilden, Germany). To obtain biotinylat-
ed cRNA, the resulting total RNA was  
then amplified and purified using the Ambion 
Illumina RNA amplification kit (Ambion, Austin, 
TX) according to the manufacturer’s instruc-
tions. The labeled cRNA samples (750 ng)  
were then hybridized to human HT-12 expres-
sion v.4 bead arrays (Illumina, Inc., San Diego, 
CA) for 16-18 h at 58°C. Array signal detection 
was conducted using Amersham fluorolink 
streptavidin-Cy3 (GE Healthcare BioSciences, 
Little Chalfont, UK) and the arrays were scann- 
ed with an Illumina Bead Array Reader Confocal 
Scanner. Hybridization quality and overall chip 
performance were then assessed, after which 
raw data were extracted. Array data were fil-
tered based on a detection p-value < 0.05 (sim-
ilar to signal to noise). Afterward, the selected 
gene signal value was log-transformed and nor-
malized via the quantile method. Gene onto- 
logy (GO) analysis for significant probe lists  
was performed using PANTHER (http://www.
pantherdb.org/panther/ontologies.jsp) coupled 
with the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway database. The KEGG 

pathway map was kindly provided by Kanehisa 
Laboratories (Kyoto University, Kyoto, Japan).

Statistical analyses

The effects of single and combined treatments 
were assessed using two-tailed Student’s 
t-tests.

Results

Synergistic effects of doxycycline and gem-
citabine on the viability of pancreatic cancer 
cells

To evaluate the synergistic effects of doxycy-
cline and gemcitabine co-treatment, we mea-
sured drug sensitivity in four pancreatic cancer 
cell lines including Colo357, PANC1, AsPC1, 
and MiaPaCa2. Doxycycline exerted little to no 
cytotoxic effects on the tested cell lines com-
pared to gemcitabine (Figure 1). Further, the 
cytotoxicity of gemcitabine was more pro-
nounced in the Colo357 and MiaPaCa2 cells 
than in the PANC1 and AsPC1 cells. However, 
the addition of doxycycline significantly in- 
creased the cytotoxicity of gemcitabine in all 
cell lines. To further evaluate the synergistic 
effects of doxycycline and gemcitabine, we 
assessed cell viability in two gemcitabine-resis-
tant cell lines, AsPC1-GR and MiaPaCa2-GR 
[18, 22]. Doxycycline co-treatment also in- 
creased the sensitivity to gemcitabine in both 
gemcitabine-resistant cell lines. The combina-
tion index at half maximal effective concentra-
tion (CI50) of gemcitabine and doxycycline co-
treatment was substantially below 1 in four 
pancreatic cancer cell lines (Colo357, PANC1, 
MiaPaCa2, and MiaPaCa2-GR), thus confirm- 
ing the synergism of the drug combination. In 
contrast, CI50 values could not be determined 
for either the AsPC1 or AsPC1-GR cell lines, as 
the individual gemcitabine or doxycycline treat-
ments had no observable cytotoxic effects.

Gemcitabine-specific synergistic effects of 
doxycycline on pancreatic cancer cell viability 

Given that doxycycline increases the sensitivity 
of pancreatic cancer cells to gemcitabine, we 
assessed whether doxycycline could also sen-
sitize pancreatic cancer cells to other anti-
tumor agents. Interestingly, co-treatment of 
doxycycline with conventional chemotherapeu-
tics such as cisplatin, SN38 (7-ethyl-10-hy-
droxycamtothecin), and doxorubicin did not 
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show synergism in MiaPaCa2 cells compar- 
ed to the effects of each agent alone, although 
the CI50 index of doxorubicin co-treatment was 
< 1.0 (Figure 2A). Since these drugs have dif-
ferent cytotoxic mechanisms compared to  
gemcitabine, we next sought to assess  
whether doxycycline synergism was specifically 
elicited by nucleoside analogs. However, co-
treatment of doxycycline with other nucleoside 
analogs [5-fluorouracil (5FU), 6-mercaptopu-
rine (6MP), 6-thioguanine (6TG), fludarabine 
phosphate (FLU), and cladribine (CLA)] ren-
dered no significant synergistic effects on the 
CI50 values of neither MiaPaCa2 nor MiaPa- 
Ca2-GR cells (Figure 2B and 2C). Only azacyti-
dine exhibited a synergistic interaction with 
doxycycline in MiaPaCa2 and MiaPaCa2-GR 
cells (CI50 = 0.005 and 0.650, respectively), 
however, this synergism was far less potent 
than that of gemcitabine and doxycycline co-
treatment. Taken together, our findings suggest 
that the synergistic effects of doxycycline are 
gemcitabine-specific.

Synergistic effects of doxycycline and gem-
citabine on MiaPaCa2 cell colony formation 
and cell proliferation

The combined effects of doxycycline and gem-
citabine were further evaluated via long-term 

clonogenic assays. Incubation of 0.1 μg/ml 
doxycycline and 10 nM gemcitabine for 10  
days almost completely blocked MiaPaCa2 cell 
colony formation compared to single treat- 
ment (Figure 3A). These data indicate that dox-
ycycline decreases the survival of MiaPaCa2 
cells in combination with gemcitabine. We also 
measured the effect of this combination on  
cell proliferation over time. Although doxycy-
cline itself did not affect cell proliferation, gem-
citabine-mediated anti-proliferation was signifi-
cantly augmented by the addition of doxycy-
cline (Figure 3B). Importantly, the proliferation 
of residual pancreatic cancer cells over time, 
which was monitored 72 h post-treatment, was 
effectively inhibited by doxycycline treatment. 
Taken together, our data suggest that doxycy-
cline treatment decreased the survival rates of 
MiaPaCa2 cells by inhibiting the proliferation of 
gemcitabine-resistant cells.

Disturbance of cell cycle progression by doxy-
cycline and gemcitabine co-treatment

Cell cycle analyses further demonstrated that 
doxycycline treatment prolonged gemcitabine-
mediated S phase arrest (Figure 4A). Doxy- 
cycline alone did not affect cell cycle progres-
sion, however, the cells exhibited a longer S/G2 
phase when treated with a high gemcitabine 

Figure 1. Synergistic effects of doxycycline and gemcitabine on pancreatic cancer cell viability. After exposure to 
doxycycline (DOXY), gemcitabine (GEM), or their combination for 72 h, pancreatic cancer cell viability was measured 
using the MTT assay. Combination index at half maximal effective concentration (CI50) of gemcitabine and doxycy-
cline was presented for each cell line. The effects of gemcitabine treatment alone and in combination with doxycy-
cline were assessed using Student’s t-test. *P < 0.05; **P < 0.01; and ***P < 0.001.
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Figure 2. Combined effects of doxycycline and other conventional chemotherapeutics on the viability of MiaPaCa2 
or MiaPaCa2-GR cells. A. MiaPaCa2 cells were treated with doxycycline (DOXY) and conventional anticancer drugs 
such as cisplatin (CDDP), SN38, and doxorubicin (DOXO). B. MiaPaCa2 cells were treated with doxycycline (DOXY) 
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dose (0.5 μM). Under these conditions, doxycy-
cline addition further increased the S phase 
rather than the G2 phase (Figure 4B). 
Furthermore, apoptotic cell death analysis 
revealed that doxycycline addition did not 
increase apoptosis; however, doxycycline and 
gemcitabine co-treatment slightly increased 
apoptotic cell death following S phase arrest 
(Figure 4C). Moreover, doxycycline did not sig-
nificantly increase gemcitabine-induced cas-
pase activity (Figure 4D). These results  
suggest that doxycycline-mediated sensitiza-
tion of cancer cells to gemcitabine might be 
due to cell cycle progression delays, which in 
turn increases apoptosis rates.

Effect of doxycycline and gemcitabine co-treat-
ment on cell cycle-related protein expression

As indicated by our gene expression analyses, 
doxycycline and gemcitabine co-treatment 
induced changes in the expression of several 

genes involved in multiple biological processes 
such as signal transduction, developmental 
processes, immunity and defense, cell prolifer-
ation and differentiation, and electron trans-
port (Figure 5A). However, doxycycline alone 
did not significantly affect the expression of 
genes in MiaPaCa2 cells, whereas gemcitabine 
upregulated genes involved in cell growth, 
detoxification, and cell cycle regulation (Figure 
5B). Further, a small set of signaling genes  
were downregulated by gemcitabine treatment. 
Interestingly, the effect of gemcitabine on  
gene expression was dominant, whereas doxy-
cycline exerted little to no effects (Figure 5B). 
Additionally, the gemcitabine-mediated down-
regulation of various cyclin genes (CCNA2, 
CCNB1, CCNB2, CCNC, and CCND1) was sus-
tained in the presence of doxycycline (Figure 
5C). Among the cyclin-dependent kinase inhibi-
tors (CDKIs) assessed in our microarray analy-
ses, only the CDKN1A gene (i.e., the gene that 
encodes the p21 protein) was upregulated by 

and nucleoside analogs including 5-fluorouracil (5FU), 6-mercaptopurine (6MP), 6-thioguanine (6TG), fludarabine 
phosphate (FLU), cladribine (CLA), and azacytidine (AZA). After 72 h of incubation with the drugs, cell viability was 
measured using the MTT assay. CI50 between each chemotherapeutic agent and doxycycline was presented. The 
effects of gemcitabine treatment (alone and combined) were compared via Student’s t-test. *P < 0.05. C. Combined 
effect of doxycycline with other nucleoside analogs in MiaPaCa2-GR cells. The cells were treated with doxycycline 
and other nucleoside analogs for 72 h, after which cell viability was measured using the standard MTT assay. CI50 of 
each chemotherapeutic agent and doxycycline at the half maximal effective concentration.

Figure 3. Synergistic effect of doxycycline (DOXY) and gemcitabine (GEM) on the colony-forming ability and prolifera-
tion of pancreatic cancer cells. A. Clonogenic assays were performed to demonstrate the long-term synergistic effect 
of doxycycline and gemcitabine. MiaPaCa2 cells (200 cells per well) were seeded onto 6-well plates and incubated 
for 24 h, then treated with the indicated drugs in triplicate for 10 days. The colonies were visualized by staining 
with 5% crystal violet, then washed with distilled water. B. Effect of doxycycline on cell proliferation. MiaPaCa2 cells 
(1 × 104 cells per well) were incubated with 0.5 μg/ml of doxycycline (DOXY) or 0.5 μM of gemcitabine (GEM). Cell 
proliferation was determined by direct cell counting over time. 
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Figure 4. Effects of doxycycline and gemcitabine on cell cycle distribution. MiaPaCa2 cells were incubated with the indicated drugs for 24 or 48 h, after which cell 
cycle distribution was analyzed. (A) Representative results of flow cytometric analysis of cell cycle distribution. (B) Proportional analysis of cell cycle distribution. (C) 
Proportion of apoptotic cells obtained from (A). (D) Relative caspase activity in cells treated as described in (A).
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Figure 5. Effect of doxycycline and gemcitabine on gene and protein expression levels. A. MiaPaCa2 cells were incu-
bated with doxycycline (2 μg/ml) or gemcitabine (2 μM) for 48 h, after which gene expression profiles were analyzed 
using microarrays. Gene ontology (GO) analysis was then conducted for the genes whose expression changed more 
than 1.5-fold upon gemcitabine treatment. B and C. Dysregulation of cell cycle-related genes (over 1.5-fold change) 
by gemcitabine compared to the control; the heatmap was generated using the MORPHEUS analysis software 
(https://software.broadinstitute.org/morpheus/). D. MiaPaCa2 cells were incubated with doxycycline (2 μg/ml) or 
gemcitabine (2 μM) for 24 h, after which protein expression levels were analyzed by western blot analysis using 
protein-specific antibodies. 
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both gemcitabine and doxycycline co-treatment 
and gemcitabine alone. However, no distinct 
synergistic effects of doxycycline and gem-
citabine co-treatment on MiaPaCa2 cell gene 
expression were observed.

To further characterize the anti-proliferative 
effect of doxycycline and gemcitabine co-treat-
ment, we monitored the levels of cell cycle-
related proteins via western blot analysis. 
Doxycycline alone did not induce any changes 
in the expression levels of the tested proteins, 
whereas gemcitabine treatment increased the 
expression of DNA damage-related proteins 
including p-53BP1, p-ATR, γ-H2AX, p-Chk2, and 
p-Src (Figure 5D). Consistent with our gene 
expression analyses, the expression levels of 
the cyclin D1 and cyclin B proteins were down-
regulated by gemcitabine. In contrast, gem-
citabine upregulated cyclin E and p21 protein 
expression. Further, gemcitabine reduced the 
expression of heat shock protein 90 (HSP90), 
DNA-damage induced transcript 4 (DDIT4), and 
phospho (p)-signal transducer and activator of 
transcription 3 (STAT3). On the other hand, the 
gemcitabine-induced upregulation of p-53BP1, 
p-ATR, γ-H2AX, p-Chk2, cyclin E, p21, and p- 
Src was preserved or enhanced after doxycy-
cline treatment. More importantly, doxycycline 
accentuated the downregulation of cyclin D1, 
DDIT4, and p-STAT3.

Modulation of gemcitabine-mediated gene 
pathway modifications by doxycycline

To investigate the effects of doxycycline addi-
tion on the gemcitabine-induced modification 
of multiple gene pathways, pathway analysis 
was conducted using the gene expression anal-
ysis results. KEGG pathway maps were con-
structed as described in the Materials and 
Methods. The key pathways modified by the 
gemcitabine-only treatment were those associ-
ated with cancer, PI3K signaling, and necropto-
sis. Specifically, several components of the 
cancer pathway were modulated by gem-
citabine treatment in MiaPaCa2 cells compar- 
ed to the control. Doxycycline addition affected 
the gemcitabine-mediated modulation of sev-
eral components of the aforementioned path-
way. Specifically, doxycycline upregulated the 
expression of AML1, AML1-ETO, AML1-EV1, 
CBL, GMCSFR, integrin beta (ITGB), and TRAFs, 
whereas it downregulated Grb2, inhibitor of κB 

(IκB), and STAT2/4/6, compared to gemcitabine 
alone (Figure 6). In the PI3K pathway, PI3K, 
RTK, and TCL1 were upregulated by doxycycline 
co-administration, whereas ITGA and PKCs 
were downregulated compared to gemcitabine 
treatment alone (Figure 7). One component of 
the necroptosis pathway, PGAM5, was distinct-
ly regulated by doxycycline (Figure 8). These 
results suggest that doxycycline fine-tunes the 
effects of gemcitabine on MiaPaCa2 cells at 
the gene expression level.

Discussion

In the present study, we serendipitously discov-
ered that the anti-proliferative effects of gem-
citabine on pancreatic cancer cells can be fur-
ther enhanced by doxycycline co-treatment. 
Doxycycline alone did not affect the viability, 
long-term survival, cell cycle progression, and 
protein and gene expression of pancreatic  
cancer cells. However, doxycycline co-treat-
ment enhanced the anti-proliferation effects of 
gemcitabine, as well as its cell cycle arrest-, 
and apoptosis-inducing effects. These two 
compounds also exhibited synergistic effects 
on the viability of gemcitabine-resistant pan-
creatic cancer cell lines. Intriguingly, doxycy-
cline did not exhibit synergistic interactions 
with other conventional chemotherapeutic 
drugs such as SN38, cisplatin, and doxoru- 
bicin, as well as other nucleoside analogs. 
Therefore, our results suggest that doxycycline 
specifically augments the cytotoxicity of gem-
citabine. In target cells, gemcitabine is known 
to be converted into various nucleotides that 
inhibit enzymes involved in nucleotide metabo-
lism such as DNA polymerase (by difluorodeox-
ycytidine triphosphate; dFdCTP), ribonucleotide 
reductase (by difluorodeoxycytidine diphos-
phate; dFdCDP), and thymidylate synthase (by 
difluorodeoxyuridine monophosphate; dFdUMP) 
[37-41]. In contrast, doxycycline is not known to 
affect any of these enzymes.

Chemoresistance in cancer cells may have mul-
tiple mechanisms including the avoidance of 
intracellular accumulation of anticancer drugs, 
enhanced detoxification mechanisms, enhanc- 
ed DNA repair capacity, and activation of sur-
vival pathways [42, 43]. Gemcitabine can dis-
rupt DNA replication and activate the S phase 
checkpoint [44, 45]. However, alterations in 
certain pathways such as deoxycytidine kinase 
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Figure 6. Changes in the cancer pathway analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps of relevant differentially-expressed genes. 
(A) Changes in the cancer pathway induced by gemcitabine alone and (B) in combination with doxycycline compared to the vehicle control. 
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Figure 7. Changes in the PI3K pathway analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps of relevant differentially-expressed genes. (A) 
Changes in the PI3K pathway induced by gemcitabine alone and (B) in combination with doxycycline compared to the vehicle control. 
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Figure 8. Changes in the Necroptosis pathway analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps of relevant differentially-expressed 
genes. (A) Changes in the necroptosis pathway induced by gemcitabine alone and (B) in combination with doxycycline compared to the vehicle control.
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and ribonucleotide reductase M1 or M2 may 
confer gemcitabine resistance [46, 47]. Ad- 
ditionally, overexpression of ATP-binding cas-
sette (ABC) transporters can lower the intracel-
lular availability of gemcitabine in pancreatic 
cancer cells [48, 49]. Further, the induction of 
several crucial signaling proteins such as NF-κB 
and AKT can also confer gemcitabine resis-
tance, thereby increasing cell viability or apop-
tosis in response to gemcitabine cytotoxicity 
[17, 18, 50, 51]. Recent studies have also 
linked gemcitabine resistance to the reactiva-
tion of several pathways such as Hedgehog, 
Wnt, and Notch [52].

Gene expression profiles were also analyzed to 
assess the molecular mechanisms that medi-
ate doxycycline and gemcitabine synergism. 
Our findings indicated that gemcitabine treat-
ment reduced cyclin D1 expression both at the 
protein and mRNA levels. Additionally, doxycy-
cline treatment further reduced cyclin D1 lev-
els. Cyclin D1 is involved in the G1-S progres-
sion and its overexpression is often observed 
in human cancer cells [53]. Therefore, cyclin D1 
downregulation induces G1 cell cycle arrest 
[54]. Further, gemcitabine treatment increased 
p21 levels and this effect was further accentu-
ated by doxycycline co-administration. p21  
negatively controls cell-cycle progression into 
the S phase. The downregulation of cyclin D1 
coupled with the upregulation of p21 observed 
herein might synergistically inhibit cell cycle 
progression. It is well known that gemcitabine 
treatment induces G2/S phase arrest [55, 56]. 
In the present study, we also observed that 
gemcitabine treatment for 24 h effectively pro-
longed the S phase in MiaPaCa2 cells. When 
combined with doxycycline, however, the dura-
tion of this gemcitabine-mediated S phase 
arrest was further increased. Therefore, doxy-
cycline likely enhances pancreatic cancer cell 
sensitization to gemcitabine by downregulating 
cyclin D1 and upregulating p21.

Although our gene expression analyses failed 
to provide a concrete molecular basis for the 
synergistic interaction between doxycycline 
and gemcitabine, some of the affected genes 
may play important roles in the anticancer 
effects of gemcitabine in MiaPaCa2 cells. 
Junction plakoglobin (JUP; also known as 
γ-catenin) has been associated with tumor/
metastasis suppressor activity. JUP activates 

the expression of the tumor suppressor 14-3-
3δ by binding its promoter in association with 
p53 [57]. Additionally, it interacts and restores 
the tumor/metastasis suppressor activity of 
mutant p53R175H and promotes the protea-
somal degradation of β-catenin [58]. JUP also 
inhibits the oncogenic activity of β-catenin by 
sequestering it from the cadherin-β-catenin-α-
catenin complex or by inhibiting TCF-mediated 
β-catenin transactivation [59].

Interestingly, the expression of jagged-1 (JAG1) 
was downregulated by both gemcitabine alone 
and in combination with doxycycline (Figure 
5B). The JAG1 protein is a ligand of the Notch 
receptor and has been reported to be highly 
expressed in pancreatic cancer cells at both 
the mRNA and protein levels [60]. Additionally, 
silencing JAG1 reportedly confers anticancer 
effects in vitro and in vivo and enhances the 
anticancer activity of gemcitabine in pancreatic 
cancer cells. Consistent with these observa-
tions, gemcitabine resistance has been linked 
to the activation of the Notch pathway [52].

In contrast to our gene expression analysis 
results, another study indicated that many pro-
teins that are reportedly upregulated in MCF7 
human breast cancer cells are downregulated 
by doxycycline treatment [61]. This discrepancy 
suggests that doxycycline mainly affects post-
translational modifications (PTMs) rather than 
transcriptional regulation. In fact, both doxycy-
cline and gemcitabine contribute PTM of pro-
teins in pancreatic cancer cells: 1) doxycycline 
has been reported to induce the caspase-
dependent apoptosis in pancreatic cancer  
cells with concordant increase of phosphoryla-
tion in p38, mitogen-activated protein kinase 
kinase 3/6 (MKK3/6), and MAP kinase-activat-
ed protein kinase 2 (MAPKAPK2) [62]; and 2) 
gemcitabine is also reported to induce PTM  
by ubiquitin and ubiquitin-like proteins through 
the canonical and noncanonical WNT and  
PI3K/AKT/mTORC1 pathways [63]. However, to 
the best of our knowledge there is no report on 
proteomic profiling in the gemcitabine and dox-
ycycline co-treated pancreatic cancer cells. 
Proteomic analyses of specific gene-knock-
down in pancreatic cancer cells are also of 
importance to understand the mechanism of 
this combination. These studies can provide 
novel knowledge on the mechanism of conven-
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tional drug combination and alternative strate-
gy for treating pancreatic cancer.

The upregulation of p-53BP1, p-ATR, and 
γ-H2AX was somewhat expected, as gem-
citabine is known to induce DNA damage [64-
67]. Interestingly, the addition of doxycyc- 
line marginally upregulated the gemcitabine-
induced p-ATR and γ-H2AX (Figure 5D). Ataxia 
telangiectasia and Rad3-related protein (ATR) 
is a serine/threonine protein kinase that acts 
as a DNA damage sensor [68]. Given that the 
phosphorylation and subsequent activation of 
ATR are induced by DNA damage [69-71], the 
synergistic increase of p-ATR induced by both 
doxycycline and gemcitabine (Figure 5D) sug-
gested that ATR kinase activity was further acti-
vated under these conditions. Notably, ATR 
inhibition is known to potentiate gemcitabine 
cytotoxicity in pancreatic cancer cells [72, 73].

γ-H2AX is a phosphorylated H2AX at S139 and 
a hallmark of DNA double-strand breaks [74]. 
Consistent with the prolongation of the S phase 
by gemcitabine treatment (both alone or in 
combination with doxycycline combination), 
γ-H2AX has been associated with the gem-
citabine-induced inhibition of DNA synthesis, S 
phase prolongation, and checkpoint activation 
[64].

High doxycycline doses (50 μM) reportedly 
downregulate (i.e., >90% reduction) the expres-
sion of DNA-dependent protein kinase ca- 
talytic subunit (DNA-PKcs) [61]. A previous 
study using a chemical proteomics approach 
identified doxycycline as the first FDA-approv- 
ed DNA-PKcs inhibitor, thus demonstrating the 
interaction between gemcitabine and DNA-
PKcs [66]. Upon gemcitabine treatment, DNA-
PKcs and p53 form a protein complex that 
interacts with the gemcitabine-containing DNA, 
thus inhibiting DNA synthesis. Therefore, the 
effect of doxycycline on the interaction be- 
tween DNA-PKcs and gemcitabine would be an 
interesting research topic for future studies. 
Additionally, high doxycycline doses (50 μM) 
have been reported to reduce the NRF1/2 anti-
oxidant response, as well as STAT1/3, sonic 
hedgehog (Shh), Notch, WNT, and TGF-β signal-
ing [61]. In our study, doxycycline treatment 
alone did not affect p-STAT3 expression; how-
ever, doxycycline and gemcitabine co-adminis-
tration accentuated the gemcitabine-mediated 
downregulation of p-STAT3. These results sug-

gest that the low doses of doxycycline used in 
this study (2 μg/ml = ~4.5 μM) fine-tuned  
the gemcitabine-induced downregulation of 
p-STAT3.

DNA damage-inducible transcript 4 (DDIT4) is  
a negative regulator of the mammalian target 
of rapamycin complex 1 (mTORC1) [75], thus 
promoting tumorigenesis and conferring drug 
resistance [76-79]. DDIT4 is also known as 
RTP801 or regulated in development and DNA 
damage responses 1 (REDD1) [80, 81]. DDIT4, 
a p53 target gene, was previously found to be 
upregulated by gemcitabine in wild-type p53 
breast cancer cells (MCF7) [82]. To the best of 
our knowledge, our study is the first to demon-
strate the downregulation of DDIT4 at the pro-
tein level by gemcitabine in the MiaPaCa2 pan-
creatic cancer cell line. More importantly, 
DDIT4 protein expression was further downreg-
ulated by the synergistic interaction between 
gemcitabine and doxycycline. DDIT4 is a mito-
chondrial and tumor-related protein that plays 
an important role in drug resistance, as well as 
cancer cell proliferation and invasion [83]. 
Although the role of DDIT4 in tumorigenesis 
remains to be further confirmed, its expression 
has been reported to be induced by various 
stressors such as chemotherapy, hypoxia, reac-
tive oxygen species (ROS), exercise, and DNA 
damage [80, 81, 84, 85]. Overexpression of 
DDIT4 has been associated with poor progno-
sis in pancreatic adenocarcinoma, acute 
myeloid leukemia, breast cancer, colon cancer, 
lung cancer, multiple glioblastoma, and skin 
cancer cases [83]. DDIT4 is also known as a 
convergence node of the hypoxia-inducible  
factor-1 (HIF-1) and phosphatidylinositol 
3-kinase (PI3K), leading to invasive tumor 
growth in prostate cancer cells [86]. Further, 
mitochondria are known to accumulate DDIT4 
to suppress tumorigenesis. In contrast, DDIT4 
depletion increases mitochondrial ROS levels, 
which upregulates HIF-1 and its target gene in 
vitro and promotes tumorigenesis in vivo in a 
ROS-dependent manner [87]. A recent report 
demonstrated that doxycycline primes cancer 
cells for gemcitabine-induced apoptosis via 
inhibition of mitochondrial protein synthesis, 
which decreases mitochondrial ATP generation 
[86]. Moreover, doxycycline decreased the 
inner mitochondrial membrane potential result-
ing in oxidative stress. However, the role of 
DDIT4 in the synergistic interaction between 
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doxycycline and gemcitabine remains to be 
characterized.

The FDA approved doxycycline in 1967 as a 
once-a-day broad-spectrum antibiotic, and 
therefore the safety of this compound has  
been established for more than half a century 
[88]. However, additional studies are required 
to assess the interactions of doxycycline with 
anticancer agents in vivo, as this might lead to 
the development of novel pancreatic cancer 
therapies.
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