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Abstract: Doxorubicin (DOX) is one of the most commonly used chemotherapeutic treatments for 

a wide range of cancers. N-benzyladriamycin-14-valerate (AD198) is a lipophilic anthracycline that 

has been shown to target conventional and novel isoforms of protein kinase C (PKC) in cytoplasm 

of cells. Because of the adverse effects of DOX, including hair loss, nausea, vomiting, liver dys-

function, and cardiotoxicity, novel derivatives of DOX have been synthesized and validated. In this 

study, we evaluated the effects of DOX and its derivative, AD198, on cell viability of three canine 

transitional cell carcinoma (K9TCC) (K9TCC#1-Lillie, K9TCC#2-Dakota, K9TCC#4-Molly) 

and three canine osteosarcoma (K9OSA) (K9OSA#1-Zoe, K9OSA#2-Nashville, K9OSA#3-JJ) 

primary cancer cell lines. DOX and AD198 significantly inhibited cell proliferation in all tested 

K9TCC and K9OSA cell lines in a dose-dependent manner. AD198 inhibited cell viability of 

tested K9TCC and K9OSA cell lines more efficiently as compared to DOX at the same concen-

tration using MTS (3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-

tetrazolium) assay. AD198 had lower IC
50

 values as compared to DOX for all tested K9TCC and 

K9OSA cell lines. In addition, AD198 increased apoptosis in all tested K9TCC and K9OSA cell 

lines. AD198 increased the caspase activity in tested K9TCC and K9OSA cell lines, which was 

confirmed by caspase-3/7 assay, and cleavage of poly (ADP-ribose) polymerase (PARP) was 

confirmed by Western blotting analysis. In addition, AD198 cleaved PKC-δ, which subsequently 

activated the p38 signaling pathway, resulting in the apoptosis of tested K9TCC and K9OSA cell 

lines. Inhibition of the p38 signaling pathway by SB203580 rescued DOX- and AD198-induced 

apoptosis in tested K9TCC and K9OSA cell lines. Our in vitro results suggest that AD198 might 

be considered as a new treatment option for K9TCC and K9OSA cell lines cancers in vivo.
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Introduction
Doxorubicin (DOX, Adriamycin) is an anthracycline antibiotic that intercalates to DNA 

molecules causing inhibition of the topoisomerase II enzyme1 during replication of 

DNA. DOX stabilizes the topoisomerase II and prevents the DNA double helix from 

being resealed, causing inhibition of replication2 with cytotoxic effects.3 DOX is one 

of the most commonly used chemotherapeutic treatments for a wide range of cancers, 

including leukemia, lymphoma, bladder, breast, stomach, lung, ovary, thyroid, soft 

tissue sarcomas, and multiple myeloma.3 DOX has been extensively used in treatments 

of bladder transitional cell carcinoma (TCC)4,5 and osteosarcoma (OSA).6,7 Patients 

treated with DOX might suffer adverse events, including hair loss, nausea, vomiting, 

liver dysfunction, and most importantly, cardiotoxicity.8,9

N-benzyladriamycin-14-valerate (AD198) is a structural congener of DOX. AD198 is 

a lipophilic anthracycline analog that is therapeutically superior to DOX in murine tumor 
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systems10 and has novel biochemical and pharmacological 

properties as compared to its parental compound DOX.11,12 

DOX targets the nuclei of cells, blocks DNA synthesis 

through topoisomerase II inhibition, and increases generation 

of reactive oxygen species in cytoplasm of cells in order to  

induce apoptosis and inhibit cell growth. DOX increases 

the expression of P-glycoproteins (P-gp) that are associated 

with DOX-induced chemoresistance13 in treated cells. In 

contrast to DOX, AD198 targets protein kinase C (PKC) in 

cytoplasm of cells.14 The PKC family consists of 15 isozymes 

in humans; upon activation, PKC enzymes translocate to the 

plasma membrane and play a regulatory role in various cel-

lular processes, including proliferation.15 AD198 has been 

shown to activate the PKC-δ pathway in HeLa cells.16,17 

During apoptosis, PKC-δ is proteolytically cleaved by 

caspase-3 and generates a constitutively activated catalytic 

fragment that amplifies apoptosis cascades in nucleus and 

mitochondria.18,19 PKC-δ has been shown to activate the 

p38 signaling pathway, which can also lead to apoptosis.20 

Apoptosis is programed cell death where the caspase-cascade 

system plays an important role in the induction, transduction, 

and amplification of intracellular apoptotic signals.21 Dur-

ing apoptosis, one of the first proteins to be proteolyzed by 

caspase-3 is poly (ADP-ribose) polymerase (PARP), when 

the 116 kDa form is cleaved to two fragments (89 and 24 

kDa).22 The presence of cleaved PARP is generally consid-

ered as a marker of apoptosis.23 Two downstream targets of 

the p38 signaling pathway, cyclic AMP response element 

binding protein (CREB) and activating transcription factor 2 

(ATF2), are transcription factors that also play an important 

role in apoptosis.24,25 

AD198 retains the anthraquinone/daunosamine sugar 

complex as DOX, yet the 14-O-valerate substitution along 

with the proximal ring adds the lipophilicity of AD198, which 

causes a rapid membrane penetration of AD198 to cells in 

contrast to DOX. This new lipophilic anthracycline AD198 

circumvents multidrug resistance conferred by overexpression 

of multidrug transport proteins, such as P-gp.11 AD198 is a 

non-cardiotoxic drug with cardioprotective effects through 

activation of the PKC-ε pathway in cardiomyocytes, in contrast 

to DOX as shown in vivo in the rat model.14 In fact, combina-

tion of low-dose AD198 along with DOX treatment has been 

shown to reduce cardiotoxicity of DOX in a rat model.10

Dogs diagnosed with spontaneous tumors offer unique 

models of human cancers to assist evaluation of new therapies 

for cancer treatments.26–30 Canine TCC (K9TCC) closely 

resembles human invasive urinary bladder cancer.31 Urinary 

bladder cancer is not very common in the dog, comprising 

only ,2% of all reported canine malignancies;31,32 however, 

almost 97% of all diagnosed bladder tumors are malignant. 

Dogs with OSA represent a unique model for human OSA 

due to similar histopathology, clinical presentation, and 

molecular targets, along with similar metastatic sites.33,34 

Canine OSA (K9OSA) accounts for approximately 85% 

of primary bone cancers in the dog. It is a more common 

cancer in giant-breed dogs, and it occurs primarily in the 

appendicular skeleton.35 

DOX has been used for treatment of K9TCC36 and 

K9OSA37 cancers. Similarly as in people, DOX has shown 

cardiotoxic effects in dogs,38 therefore there is a need for new 

therapeutic options for treatment of both cancers with reduced 

toxicity and adverse events. AD198 has shown potent antitu-

mor activity using human and murine cell lines in vitro11,17,39–41 

in TRAF3-deficient mouse B-lymphoma and human multiple 

myeloma cells transplanted into NOD SCID mice in vivo;42 

however, AD198 has never been tested on K9TCC and 

K9OSA cell lines primary cancer cell lines in vitro. 

In this study, we evaluated the effects of AD198 in 

three K9TCC (K9TCC#2-Dakota, K9TCC#1-Lillie, and 

K9TCC#4-Molly)30,43 and three K9OSA (K9OSA#1-Zoe, 

K9OSA#2-Nashville, K9OSA#3-JJ) primary cancer cell lines. 

We compared effects of AD198 and DOX and molecular 

mechanisms of their actions causing cell growth inhibition and 

apoptosis through the activation of PKC-δ and p38 signaling 

pathways in K9TCC and K9OSA cells in vitro. 

Methods
Antibodies and other reagents 
Antibodies for BAD, PKC-δ, ATF2 (C-19), and actin were 

purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, 

USA); antibodies for p-CREB and CREB were purchased 

from EMD Millipore (Billerica, MA, USA), and antibodies 

for PARP, p-p38, p38, and p-ATF2 was obtained from Cell 

Signaling (Boston, MA, USA). All other chemicals and reagents 

were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA), unless otherwise specified. DOX was purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA), p38 inhibitor 

SB203580 was purchased from Cell Signaling, and AD198 was 

a generous gift from Dr Leonard Lothstein from The University 

of Tennessee, Health Science Center in Memphis. Chemical 

structures of DOX and AD198 are shown in Figure 1A. 

K9TCC and K9OSA primary cancer cell 
lines
Primary K9TCC (K9TCC#1-Lillie, K9TCC#2-Dakota, 

and K9TCC#4-Molly)42,43 and K9OSA (K9OSA#1-Zoe, 

K9OSA#2-Nashville, K9OSA#3-JJ) cell lines were iso-

lated from tumor non-utilized portions of biopsy specimens 
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obtained from client-owned dogs diagnosed with bladder 

TCC or OSA; respectively, according to the approved proce-

dure by the University of Tennessee (Knoxville, TN, USA) 

Institutional Animal Care and Use Committee (IACUC). 

The primary K9TCC cell lines are described in detail in our 

previously published studies.30,43 Briefly, the tumor biopsy 

tissues were washed and trypsinized, and separated cells 

were cultured in RPMI-1640 medium (K9TCC) or Dul-

becco’s Modified Eagle’s Medium (DMEM) (K9OSA) with 

l-glutamine supplemented with 10% fetal bovine serum, 

100 IU penicillin, and 100 μg/mL streptomycin in an atmo-

sphere of 5% CO
2 
at 37°C for 24 hours. Colonies of cancer 

cells identified under microscope were transferred into new 

culture dishes and expanded. K9TCC and K9OSA cell lines 

were progressed through at least three to five passages before 

using them in the experiments. All tested primary cell lines 

were maintained in culture for more than ten passages with 

no detectable changes in cell morphology (data not shown) 

with no detectable changes in behavior.

Cell morphology of K9TCC and K9OSA 
cell lines
All tested K9TCC and K9OSA cell lines were grown in RPMI-

1640 medium and DMEM, respectively. The morphology was 

examined under a phase-contrast microscope with 20× objective 

magnification (Vistavision; VWR Radnor, PA, USA) and 

images were captured using a Moticam camera (VWR) with 

Motic 5.0 software.

′

Figure 1 Morphology of tested K9TCC and K9OSA cell lines. 
Notes: (A) Chemical structures of the DOX and N-benzyladriamycin-14-valerate (AD198) molecules. (B) Representative images of tested K9TCC#1-Lillie, K9TCC#2-
Dakota, K9TCC#4-Molly, K9OSA#1-Zoe, K9OSA#2-Nashville, K9OSA#3-JJ cells’ morphology taken by a phase-contrast microscope. Objective 20× with scale bar 50 μm. 
Abbreviations: DOX, doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine transitional cell carcinoma.
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Cell proliferation assay (MTS)
Cell proliferation (viability) was determined using the 

CellTiter96-Aqueous One Solution (MTS [3-(4,5-dimeth-

yl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2h-tetrazolium]) cell proliferation assay (Promega 

Corporation, Fitchburg, WI, USA). Cells (3×103 cells/

well) were seeded in 96-well culture plates in four repli-

cates and cultured for 24 hours, followed by the treatments 

with 0.1, 0.5, and 1 µM DOX and AD198 for 48 hours. 

After DOX and AD198 treatment, the cells were incubated 

with MTS reagent following the manufacturer’s protocol. 

The absorbance was measured at 490 nm using a plate 

reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). 

The values for treatments were normalized to the control 

(DMSO-treated) group. IC
50

 values were calculated based 

on cell proliferation data using the online IC
50

 Tool Kit 

(http://www.ic50.tk/).

Doubling time of K9OSA cells
K9OSA cells were plated in triplicate in six-well plates. Cells 

were trypsinized and counted using a hemocytometer 24, 48, 

and 72 hours after plating. The doubling time for the cells 

was calculated using the following formula:

	 dt = t × ln2/ln(Ct/Co)� (1)

where dt is the doubling time, t is the time between cell 

counts Ct and Co, Co is the initial count, Ct is the count after 

time t, and ln is natural log. The doubling time of cells was 

expressed in hours.

Apoptosis
Apoptosis in K9TCC and K9OSA cell lines was detected using 

the TACS® Annexin V-FITC assay (Trevigen, Gaithersburg, MD, 

USA) according to the manufacturer’s protocol. K9TCC and 

K9OSA cell lines (1.5×106 cells) were grown in 10 cm petri dishes 

in complete media (CM) for 24 hours. After plating the cells, 

the cells were treated with DOX (1 μM) and AD198 (1 μM) for  

24 hours in serum-free media. After trypsinizing K9OSA and 

K9TCC cells, cells were washed with phosphate-buffered saline 

and incubated with annexin-V and propidium iodide solution at 

room temperature for 15 minutes. After washing with binding 

buffer, flow cytometry analysis was performed at the excita-

tion and emission wavelengths of 488 and 550 nm for FITC 

conjugated annexin V and 488 and 645 nm for propidium iodide 

measurements, respectively. Both subpopulations of annexin-

V–FITC-labeled cells and propidium iodide-labeled cells were 

validated to determine the percentage of cells undergoing 

apoptotic cell death using multi-cycle software (Phoenix, San 

Diego, CA, USA). The values for treatments were normalized 

to control (DMSO-treated) group.

Caspase-3/7 assay
K9TCC and K9OSA cell lines (1.5×106 cells) were grown in  

10 cm petri dishes in complete media for 24 hours. After 

plating the cells, cells were treated with DOX (1 μM) and 

AD198 (1 μM) for 24 hours in serum-free media. After 

treatment, cells were lysed in ice-cold RIPA buffer as men-

tioned in the “Western blot analysis” section. Activities of 

caspases 3 and 7 were detected using the Caspase-Glo 3/7 

Assay (Promega Corporation). Cell lysates containing 30 µg 

of proteins were incubated with a proluminescent substrate 

specific for caspase-3/7 at a 1:1 ratio in a 96-well plate at 

room temperature for 1 hour. The luminescence values for 

each treatment were measured with a luminescence plate 

reader (Bio-Tek Instruments, Inc.) and normalized to control 

groups.

Western blot analysis
K9TCC and K9OSA cell lines (1.5×106 cells) were grown 

in 10 cm petri dishes in CM for 24 hours, followed by treat-

ment with DOX (1 μM) and AD198 (1 μM) for an additional 

24 hours in serum-free media. After treatment, the cells were 

lysed in ice-cold RIPA buffer supplemented with protease 

and phosphatase inhibitors and kept at -80°C until cell lysates 

were used for Western blot (WB) analysis as described previ-

ously in detail.30 Briefly, after blocking, the membranes were 

incubated with primary antibodies (PARP, PKC-δ, p-p38, 

p38, p-ATF2, ATF2, p-CREB, CREB, and actin) at 4°C 

overnight and then incubated with horseradish peroxidase-

conjugated secondary antibodies. Immunoreactive bands 

were visualized with an enhanced chemiluminescence system 

(Pierce Biotechnology, Rockford, IL, USA). The densitom-

etry of protein expressions were normalized to actin from 

three independent WB experiments using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Statistical analyses were conducted using the paired Student’s 

t-test to establish significant difference between various treat-

ment groups. Results were considered statistically significant 

at P,0.05, P,0.01, and P,0.001.

Results
Morphology of K9TCC and K9OSA cell 
lines
Primary K9TCC#1-Lillie cell line was established from 

a tumor biopsy sample obtained from the urethra of a 
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16-year-old female pointer dog.30 Primary K9TCC#2-Dakota 

cell line was established from a tumor biopsy sample obtained 

from the urinary bladder of a 13-year-old female bichon frise 

dog.30,42 Primary K9TCC#4-Molly cell line was established 

from a tumor biopsy sample of the urinary bladder of a 

10-year-old female Maltese dog.30 Primary K9OSA#1-Zoe 

cell line was established from a tumor biopsy sample obtained 

from a bone of a 5-year-old female Great Pyrenees dog. 

Primary K9OSA#2-Nashville cell line was established from 

a tumor biopsy sample obtained from a bone of a 9-year-old 

female mixed-breed dog. Primary K9OSA#3-JJ cell line was 

established from a tumor biopsy sample obtained from a bone 

of a 6-year-old female pit bull–boxer-mix dog.

To confirm cell origin of isolated cancer cells from 

tumors, the cytological smears (Figure 1B) of aspirated 

cells were stained by the Romanowsky staining protocol and 

confirmed by a pathologist (data not shown). The identified 

K9TCC had multinucleated cells and enlarged-size cells. The 

identified K9OSA cells had excessive vacuoles present in 

cytoplasm,which is one of the characteristics of OSA cells. 

The morphologies of tested K9TCC and K9OSA cell lines 

were evaluated with a phase-contrast microscope as shown in 

Figure 1B. Tested K9TCC cells had polygonal epithelial-cell 

morphology, except K9TCC#4-Molly cells, which showed 

a more flattened appearance with vacuoles present in the 

cytoplasm of the cells. Tested K9OSA had flattened and 

elongated fibroblast-like morphology. 

We evaluated the doubling time of K9OSA primary 

cancer cell lines, in addition to already reported doubling 

times of K9TCC.43 The values with doubling times of cells are 

presented in Table 1. The doubling time of the K9TCC cells 

ranged from 31.96 to 47.4 hours and that of K9OSA ranged 

from 42.86 to 46.1 hours, as shown in Table 1. The doubling 

times of K9TCC#4-Molly and K9OSA#3-JJ were 44.7 hours 

and 46.1 hours, respectively. The doubling times of tested 

K9TCC and K9OSA cell lines suggest that slow-growing 

cells might correlate with less aggressive tumors from which 

cells have been established. 

DOX and AD198 inhibited cell viability of 
all tested K9TCC and K9OSA cell lines
AD198 targets PKC in nonnuclear cellular compartments14 

and inhibits cell proliferation. Tested K9TCC and K9OSA 

cell lines were treated with 0.1, 0.5, and 1 µM of DOX 

and AD198 for 48 hours, as shown in Figure 2. Both DOX 

and AD198 significantly reduced the proliferation of 

tested K9TCC (Figure 2A) and K9OSA (Figure 2B) cells. 

AD198 was significantly more effective in inhibition of 

cell viability of tested K9TCC and K9OSA cell lines as 

compared to DOX at the same concentration (P,0.001) 

(Figure 2). IC
50

 values were calculated for DOX and AD198 

for K9TCC#1-Lillie, K9TCC#2-Dakota, K9TCC#4-Molly, 

K9OSA#1-Zoe, K9OSA#2-Nashville, K9OSA#3-JJ, as 

shown in Table 2. The IC
50

 values for AD198 were lower 

than those for DOX in all tested cell lines. K9TCC#4-Molly 

and K9OSA#3-JJ cells were among the less responsive cells 

to therapy as compared to other cells, as shown in Figure 2 

and Table 2.

DOX and AD198 induced apoptosis in 
K9TCC and K9OSA cell lines
A representative cell line from each type of cancer was 

selected to further evaluate the molecular mechanisms of 

AD198 and DOX actions. We selected K9TCC#2-Dakota 

and K9TCC#1-Zoe cell lines to further evaluate the AD198- 

and DOX-induced apoptosis based on chemosensitivity tests, 

as shown in Figure 2 and Table 2. DOX and AD198 both 

significantly increased apoptosis in tested K9TCC#2-Dakota 

and K9OSA#1-Zoe cell lines; furthermore, AD198 was more 

effective in inducing apoptosis than DOX treatment in both 

tested cell lines, as shown in Figure 3A. DOX and AD198 

increased the caspase-3/7 activities, as shown in Figure 3B. 

AD198 was more effective in activating caspase-3/7 enzymes 

as compared to DOX in K9TCC#2-Dakota and K9OSA#1-

Zoe cells. In addition, increased cleavage of PARP by 

AD198 and DOX in both tested cell lines were confirmed 

(Figure 3C). Densitometry analysis of cleaved PARP protein 

showed an up to threefold increase in K9TCC#2-Dakota and 

an up to fourfold increase in K9OSA#1-Zoe when treated 

with AD198, as shown in Figure 3D. A statistically signifi-

cant increase in PARP cleavage was observed after AD198 

treatment as compared to DOX treatment in tested K9TCC 

and K9OSA cell lines. 

AD198 activated the PKC-δ signaling 
pathway in K9TCC and K9OSA cell lines 
To better understand the AD198- and DOX-induced apopto-

sis in K9TCC and K9OSA cell lines, we further investigated 

Table 1 Doubling times for tested K9TCC and K9OSA cell lines

Doubling  
time (h)

K9TCC#1-Lillie 47.443

K9TCC#2-Dakota 32.043

K9TCC#4-Molly 44.743

K9OSA#1-Zoe 42.9
K9OSA#2-Nashville 44.4
K9OSA#3-JJ 46.1

Note: Doubling times of tested K9TCC and K9OSA cell lines were calculated based 
on cell proliferation measured 24, 48, and 72 hours after plating.
Abbreviations: h, hours; K9OSA, canine osteosarcoma; K9TCC, canine transitional 
cell carcinoma.
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the role of the PKC-δ signaling pathway. AD198 increased 

the cleavage of the PKC-δ in both tested K9TCC#2-Dakota 

and K9OSA#1-Zoe cell lines, as is shown in Figure 4A. 

A study has shown that activation of PKC-δ causes apop-

tosis through the activation of the p38 signaling pathway in 

human leukemia cells.20 Therefore, we tested the role of the 

p38 pathway in AD198-induced apoptosis. AD198 increased 

the phosphorylation of p38 more as compared to DOX in 

K9TCC#2-Dakota and K9OSA#1-Zoe cells (Figure 4A). 

Further, we studied the activation of downstream transcrip-

tion factors of the p38 signaling pathway, such as p-CREB 

Figure 2 DOX- and AD198 (AD)-inhibited cell viability of tested K9TCC and K9OSA cell lines. 
Notes: (A) K9TCC#1-Lillie, K9TCC#2-Dakota, and K9TCC#4-Molly and (B) K9OSA#1-Zoe, K9OSA#2-Nashville, K9OSA#3-JJ cells were treated with DOX (dark bars) 
and AD (white bars) at 0, 0.1, 0.5, and 1 µM for 48 hours and compared to control groups. Cell proliferation was determined by MTS assay and relative cell growth rate 
was normalized to control groups. Values represent mean ± standard error (n=16) of four replicates from four independent experiments. Paired Student’s t-tests comparing 
DOX treatment to control (#P,0.05, ##P,0.01, ###P,0.001), AD treatment to control ($P,0.05, $$P,0.01, $$$P,0.001), and AD to DOX treatment groups with the same 
dose treatment (*P,0.05, **P,0.01, ***P,0.001) were used.
Abbreviations: AD, AD198; DOX, doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine transitional cell carcinoma; MTS, 3-(4,5-dimethyl-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.

Table 2 IC50 values of DOX and AD198 of tested K9TCC and 
K9OSA cell lines

DOX AD198

K9TCC#2-Dakota 0.85 µM 0.42 µM
K9TCC#1-Lillie 0.83 µM 0.56 µM
K9TCC#4-Molly 2.07 µM 0.75 µM
K9OSA#1-Zoe 1.36 µM 0.77 µM
K9OSA#2-Nashville 0.88 µM 0.66 µM
K9OSA#3-JJ 2.22 µM 1.13 µM

Note: IC50 values of DOX and AD198 of tested K9TCC and K9OSA cell lines were 
calculated from cell proliferation data obtained from 0.1, 0.5, 1 µM treatments with 
DOX and AD198 for 48 hours.
Abbreviations: DOX, doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine 
transitional cell carcinoma.
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and p-ATF2, CREB and ATF2, both of which were activated 

by AD198 in tested K9TCC#2-Dakota and K9OSA#1-Zoe 

cells (Figure 4A). No changes in the expression of total 

CREB were detected by AD198 or DOX treatments in tested 

canine cancer cells. Unfortunately, we did not detect any 

total ATF2 expressions using tested ATF2 antibodies due to 

antibodies not reacting with canine proteins (data not shown). 

Densitometry analysis of cleaved PKC-δ, p-p38, p-ATF2, 

Figure 3 AD198 (AD)- and DOX-induced apoptosis and caspase activation in tested K9TCC and K9OSA cell lines in vitro. 
Notes: (A) K9TCC#2-Dakota and K9OSA#1-Zoe cells were treated with 1 µM DOX and 1 µM AD for 24 hours and induced apoptosis was measured using the TACS 
Anexin V-FITC assay using a flow cytometer. Relative apoptotic activities were normalized to control groups. Values represent mean ± standard error (n=9) of three 
replicates of three independent experiments. Paired Student’s t-tests comparing treatment to control groups (*P,0.05, **P,0.01, ***P,0.001) and comparing among 
DOX and AD treatment groups (##P,0.01, ###P,0.001) were used. (B) K9TCC#2-Dakota and K9OSA#1-Zoe cells were treated with 1 µM DOX and 1 µM AD for 
24 hours and caspase activities were measured using the Caspase-Glo 3/7 luminescence assay. Relative caspase activities were normalized to control. Values represent 
mean ± standard error (n=6) of two replicates of three independent experiments. Paired Student’s t-tests comparing treatment to control (***P,0.001) and comparing 
among DOX and AD treatments (##P,0.01) were used. (C) K9TCC#2-Dakota and K9OSA#1-Zoe cells were treated with 1 µM DOX and 1 µM AD for 24 hours. The 
expressions of PARP(CF) were evaluated by WB analysis. Actin was used as loading control. The results are representative of three independent experiments (n=3).  
(D) Densitometry evaluation of PARP protein bands from WB analysis was done using ImageJ software. Values represent the mean of measured densitometry of each 
protein’s band from two replicates of three independent experiments ± standard error (n=6). Paired Student’s t-tests were used to compare controls to DOX and AD 
treatments (*P,0.05, ***P,0.001) and to compare DOX to AD treatment (##P,0.01).
Abbreviations: AD, AD198; PARP(CF), PARP-cleaved fragment; DOX, doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine transitional cell carcinoma; PARP, poly 
(ADP-ribose polymerase); PARP(T), total PARP; WB, Western blot.
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Figure 4 (Continued)

and p-CREB protein expressions were normalized to actin 

in control and DOX- and AD198-treated cells, as shown 

in Figure 4B. Statistically significant increases of cleaved 

PKC-δ, p-p38, p-ATF2, and p-CREB protein levels were 

observed in AD198-treated samples as compared to controls 

in both K9TCC#2-Dakota and K9OSA#1-Zoe cells.

To confirm the role of the p38 signaling pathway in 

AD198- and DOX-induced apoptosis, we co-treated cells 

with a p38 inhibitor, SB203580. The inhibition of the 

p38 signaling pathway by SB203580 rescued DOX- and 

AD198-induced apoptosis in tested K9TCC#2-Dakota and 

K9OSA#1-Zoe cell lines, as shown in Figure 5. SB203580 

rescued DOX- and AD198-induced caspase-3/7 activity 

(Figure 5A), inhibited the production of cleaved PARP 

(Figure 5B and C), and inhibited the phosphorylation of 

p-ATF2 and p-CREB (Figure 5D and E) in tested K9TCC 

and K9OSA cell lines. 

AD198 increased apoptosis in K9TCC and K9OSA cell 

lines through the activation of PKC-δ and p38 signaling 

pathways. DOX and AD198 did not affect the other MAP 

kinases, such as ERK and AKT, in tested K9TCC#2-Dakota 

and K9OSA#1-Zoe cells (data not shown).

Discussion
Spontaneously occurring cancers in companion animals are 

more similar to human malignancies as compared to the 

chemically or genetically induced tumor mouse models.44 As 

in humans, spontaneous carcinomas in dogs are influenced by 

age and environmental factors.45 Current treatment for OSA 

in humans includes chemotherapeutic drugs, including DOX, 

methotrexate, cisplatin, ifosfamide, and etoposide, by them-

selves or in a combination regimen.7 Other treatment options 

for OSA include PEGylated interferon-alpha,46 small-mole-

cule kinase inhibitors that inhibit serine/threonine kinases,47 

and bisphosphonates.48 The most common treatments of OSA 

in dogs include limb amputation and chemotherapy including 

DOX, with 50% surviving 1 year and 20% of dogs surviving 2 

years or longer.44 Treatment options for TCC include chemo-

therapeutic mitomycin into the bladder49 and immunotherapy 

using infusions of Bacillus Calmette–Guérin,50 and chemo-

therapy for TCC consists of the GC regimen (gemcitabine 

and cisplatin) or MVAC regimen (methotrexate, vinblastine, 

Adriamycin/DOX, and cisplatin).51 In dogs, combination 

protocols using chemotherapy and the nonsteroidal anti-

inflammatory drugs are the most promising treatment options 

for TCC. Surgery and radiation therapy are useful treatment 

modalities in select cases.52

In this study, we evaluated the mechanisms of DOX and 

its derivative, AD198, actions in three K9TCC and three 

K9OSA cells in vitro. AD198, as a structural congener 

of DOX, has shown to be non-cardiotoxic in contrast to 

DOX in a rodent model in vivo.10 AD198 has been shown 
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Figure 4 AD198 (AD) and DOX activated the PKC-δ pathway in tested K9TCC and K9OSA cell lines. 
Notes: K9TCC#2-Dakota and K9OSA#1-Zoe cells were treated with 1 µM DOX and 1 µM AD for 24 hours. (A) CREB, PKC-δ (CF), p-p38, p38, p-CREB, p-ATF2, and 
CREB protein levels were detected by WBs. Actin was used as loading control. The results are representative of three independent experiments (n=3). (B) Densitometry 
evaluation of PKC-δ (CF), p-p38, p-ATF2, and p-CREB protein bands from WB analysis was done using ImageJ software. Values represent the mean of measured densitometry 
of each protein’s band from two replicates of three independent experiments ± standard error (n=6). Paired Student’s t-tests were used to compare controls to DOX and 
AD treatments (*P,0.05, **P,0.01, ***P,0.001) and to compare DOX to AD treatment (##P,0.01).
Abbreviations: AD, AD198; ATF2, activating transcription factor 2; PCK-δ (CF), cleaved fragment of PKC-δ; CREB, cyclic AMP response element binding protein; 
DOX, doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine transitional cell carcinoma; PKC-δ, protein kinase C-delta; WB, Western blot.
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Figure 5 (Continued)

to activate the PKC-δ pathway.16,17 In the present study, we 

confirmed that AD198 significantly reduced cell prolifera-

tion of K9TCC and K9OSA cell lines as compared to DOX. 

The IC
50 

values of AD198, which is an important indicator 

for chemosensitivity of a drug, were approximately half 

the IC
50

 values for DOX in tested K9TCC and K9OSA cell 

lines in vitro. AD198 was the more effective chemotherapy 

drug as compared to its parental DOX in tested K9TCC 

and K9OSA cell lines in vitro. The lower effective dose of 

AD198 chemotherapy used in tested K9TCC and K9OSA 

cell lines in vitro together with the reduced cardiotoxicity 

detected in the rat model in vivo10 provide evidence for 

AD198 as a new promising chemotherapy drug that might 

replace DOX treatment for patients diagnosed with TCC 

and OSA cancers. 

AD198 increased apoptosis in the K9TCC#2-Dakota and 

K9OSA#1-Zoe cells, which was confirmed by caspase-3/7 

activities and is in agreement with results from previously 

published studies.11,17,42 AD198 activated the caspase-3/7 that 

in turn activated PKC-δ protein in K9OSA and K9TCC cells. 

Edwards et al42 discovered that AD198 can also act through a 

PKC-δ-independent mechanism in human TRAF-3 negative 

multiple myeloma by suppressing c-Myc expression. The dif-

ferent mechanisms of action of AD198 could suggest that cell 

origins of tumors might play an important role. It is also to 

be noted that DOX increased apoptosis and PKC-δ activation 

in K9OSA cells, but not in K9TCC cells. This finding could 

be due to DOX-induced caspases leading to activation of the 

PKC-δ pathway, which has been previously shown in Jurkat 

lymphoma cells.53 Studies have shown that stress-activated 

pathways, such as the p38 MAPK pathway, are also involved 

in the regulation of tumor cell apoptosis.54 Activation of the 

p38 MAPK pathway has been shown to induce apoptosis in 

human bladder cancer55,56 and OSA cells.57,58 In this study, we 

showed that AD198 increased phosphorylation of p38 and 

its downstream effectors p-CREB and p-ATF2 in K9TCC 
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Figure 5 The inhibition of the p38 signaling pathway reduced AD198 (AD)- and DOX-induced apoptosis in tested K9TCC and K9OSA cell lines in vitro. 
Notes: (A) K9TCC#2-Dakota and K9OSA#1-Zoe cells were co-treated with p38 inhibitor SB (10 µM) in combination with 1 µM DOX and 1 µM AD for 24 hours. Caspase-3/7  
activities were measured using the Caspase-Glo 3/7 luminescence assay. Relative caspase activities were normalized to control. The results are representative of three 
replicates in two independent experiments. Values represent mean ± standard error (n=6). Paired Student’s t-tests comparing treatment to control (*P,0.05, ***P,0.001) 
SB untreated to SB treatments ($$P,0.01, $$$P,0.001), and SB + DOX and SB + AD treatments (#P,0.05, ##P,0.01) were used. (B) K9TCC#2-Dakota and K9OSA#1-Zoe 
cells were co-treated with p38 inhibitor SB (10 µM) in combination with 1 µM DOX and 1 µM AD for 24 hours. The expressions of PARP (cleaved fragment) were evaluated 
by WB analysis. Actin was used as loading control. The results are representative of two independent experiments. (C) Densitometry evaluation of PARP protein bands 
from WB analysis was done using ImageJ software. Values represent the mean of measured densitometry of each protein’s band from three replicates from two independent 
experiments ± standard error (n=6). Paired Student’s t-tests were used to compare treatment to control groups (*P,0.05, ***P,0.001) and SB untreated to SB treatments 
groups ($$P,0.01, $$$P,0.001). (D) K9TCC#2-Dakota and K9OSA#1-Zoe cells were co-treated with p38 inhibitor SB (10 µM) in combination with 1 µM DOX and 1 µM AD 
for 24 hours. The expressions of p-ATF2 and p-CREB were evaluated by WB analysis. Actin was used as loading control. The results are representative of two independent 
experiments. (E) Densitometry evaluation of p-ATF2 and p-CREB protein bands from WB analysis was done using ImageJ software. Values represent the mean of measured 
densitometry of each protein’s band from three replicates from two independent experiments ± standard error (n=6). Paired Student’s t-tests comparing treatment to control 
(*P,0.05, **P,0.01, ***P,0.001), SB untreated to SB treatments ($P,0.05, $$P,0.01, $$$P,0.001), and SB + DOX and SB + AD treatments (#P,0.05, ##P,0.01) were used.
Abbreviations: AD, AD198; ATF2, activating transcription factor 2; PARP(CF), PARP cleaved fragment; CREB, cyclic AMP response element binding protein; DOX, 
doxorubicin; K9OSA, canine osteosarcoma; K9TCC, canine transitional cell carcinoma; PARP, poly (ADP-ribose) polymerase; SB, SB203580; PARP(T), total PARP; WB, 
western blot.

and K9OSA cell lines, leading to further apoptosis. Inhibi-

tion of the p38 signaling pathway by SB203580 rescued 

DOX- and AD198-induced apoptosis in tested K9TCC and 

K9OSA cell lines, confirming the importance of p-ATF2 

and p-CREB as downstream proteins of the p38 signaling 

pathway. Our results involving p38/ATF2 and p38/CREB 

signaling pathways in cell apoptosis are in agreement with 

previously published studies.24,25

Conclusion
Our results suggest that AD198 was more effective in the 

inhibition of K9TCC and K9OSA cell lines as compared to 
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parental compound DOX. AD198 led to apoptosis through 

activation of PKC-δ and p38 signaling pathways in K9TCC 

and K9OSA cell lines in vitro. Our in vitro results suggest 

that AD198 is a promising new chemotherapy drug that might 

be considered for clinical trials to evaluate the efficacy of 

AD198 as an alternative treatment option for dogs diagnosed 

with TCC and OSA in vivo.
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