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Abstract
Polycystic kidney disease (PKD) is a genetic disorder characterized by aberrant renal 
epithelial cell proliferation and formation and progressive growth of numerous fluid-
filled cysts within the kidneys. Previously, we showed that there is elevated Notch 
signaling compared to normal renal epithelial cells and that Notch signaling contributes 
to the proliferation of cystic cells. Quinomycin A, a bis-intercalator peptide, has previ-
ously been shown to target the Notch signaling pathway and inhibit tumor growth in 
cancer. Here, we show that Quinomycin A decreased cell proliferation and cyst growth 
of human ADPKD cyst epithelial cells cultured within a 3D collagen gel. Treatment 
with Quinomycin A reduced kidney weight to body weight ratio and decreased renal 
cystic area and fibrosis in Pkd1RC/RC; Pkd2+/− mice, an orthologous PKD mouse model. 
This was accompanied by reduced expression of Notch pathway proteins, RBPjk and 
HeyL and cell proliferation in kidneys of PKD mice. Quinomycin A treatments also 
normalized cilia length of cyst epithelial cells derived from the collecting ducts. This 
is the first study to demonstrate that Quinomycin A effectively inhibits PKD progres-
sion and suggests that Quinomycin A has potential therapeutic value for PKD patients.
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1  |   INTRODUCTION

Polycystic kidney disease (PKD) is a genetic disease charac-
terized by formation and expansion of renal cysts resulting 
from epithelial hyper-proliferation and abnormal cyst-filling 
fluid secretion.1,2 Two inherited forms of PKD are: (a) 
Autosomal dominant polycystic kidney disease (ADPKD), a 
disease caused by mutations in either PKD1 or PKD2, which 
encode polycystin-1 (PC1) and polycystin-2 (PC2), respec-
tively, and (b) autosomal recessive polycystic kidney disease 
(ARPKD), caused by mutations of PKHD1, which encodes 
fibrocystin. PC1, PC2, and fibrocystin form protein com-
plexes that localize to the primary cilium, a non-motile sen-
sory organelle, that transduces mechanical and/or chemical 
stimuli and mediates cellular signaling.3

Several signaling pathways are activated in response to 
mutations in PC1 and PC2 in ADPKD and efforts are under-
way to target these pathways. Tolvaptan is presently the only 
first line treatment approved for ADPKD.4 Tolvaptan targets 
the arginine vasopressin receptor AVP V2R leading to de-
creased cAMP production and inhibition of cell proliferation 
and cyst growth in ADPKD. However, tolvaptan is poorly tol-
erated by some patients and can lead to liver complications, 
demonstrating that there is an unmet need for safer drugs to 
treat ADPKD.5 Currently, several drugs shown to have good 
safety in clinical trials are being evaluated for the treatment of 
ADPKD, these include metformin, a drug to treat diabetes that 
acts by inhibiting glycolysis6; niacinamide (a form of vitamin 
B3) that inhibits sirtuin1 and tesevatinib, a tyrosine kinase in-
hibitor that inhibits epidermal growth factor (EGFR).7,8

We previously reported the activation of Notch3 pathway 
in cystic epithelial cells of various mouse models of PKD 
as well as renal cystic epithelial cells cultured from human 
ADPKD patients.9 The Notch signaling pathway is activated 
upon binding of a Notch ligand to a Notch receptor, result-
ing in the gamma secretase-mediated release of the Notch 
intracellular domain (NICD). The NICD translocates to the 
nucleus and binds to RBPjk protein and results in transcrip-
tional activation of Notch target genes, Hes and Hey. Gamma 
secretase inhibitors (GSI) can inhibit Notch activity in vivo 
and in vitro, however these inhibitors have been shown to be 
associated with gastrointestinal toxicity in clinical trials.10 
Thus, we investigated whether repurposing another drug, 
known to have inhibitory effects on Notch signaling, would 
attenuate PKD.

Quinomycin A, also called echinomycin is a member of 
quinoxaline family of antibiotics, originally isolated from 
Streptomyces echinatus.11 Quinomycin A can bind strongly 
to double-stranded DNA and exhibit antitumor activities. 
Quinomycin A was shown to reduce acute myeloid leukemia 
in mouse model without any adverse effects on normal hema-
topoetic cells.12,13 Quinomycin A also reduced disease pro-
gression in a mouse model of pancreatic cancer by targeting 

the Notch signaling pathway.14 Thus, we asked whether 
Quinomycin A can protect against PKD by inhibiting the 
Notch pathway activation.

Our results show that Quinomycin A inhibits cyst epithelial 
cell proliferation and cyst growth using both in vitro and in 
vivo models of PKD. Treatment with Quinomycin A inhibits 
the activation of the Notch pathway, and reduces cilia lengths 
of cyst-lining epithelial cells in an ADPKD mouse model. In 
contrast, Quinomycin A has minimal effects on normal human 
tubule epithelial cells and normal kidneys of control mice. 
Taken together, our data demonstrate that Quinomycin A can 
selectively target PKD cystic epithelial cells.

2  |   MATERIALS AND METHODS

2.1  |  Antibodies and reagents

Antibodies and their sources are listed: Notch3 and 
HIF-1α (Abcam), smooth muscle actin (Sigma-Aldrich), 
RBPjk (Santa Cruz), Hey L (Life Span Biosciences). Ki67 
(Dako), anti-acetylated tubulin and Quinomycin A (Sigma-
Aldrich), Dolichos biflorus agglutinin (DBA), and Lotus 
tetragonolobus agglutinin (LTA) (Vector Laboratories, 
Inc).

2.2  |  Animal care protocols

Pkd1RC/RC; Pkd2+/− (PKD) mice were generated by breed-
ing Pkd1RC/RC mice with Pkd2+/− mice (both on a C57BL/6J 
background) kindly provided by Drs. Peter Harris and Stefen 
Somlo, respectively.15,16 Wild-type littermates without a PKD 
mutation (Pkd1+/+//Pkd2+/+) were used as controls. Mice 
were generated at the PKD Rodent Models and Drug Testing 
Core at the University of Kansas Medical Center in accord-
ance with the guidelines of the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health 
(NIH). All the mice used were housed in micro-isolator cages, 
pathogen-free conditions, on air-filtered, ventilated rack. The 
protocols used in research were approved by the Institutional 
Animal Care and Use Committee (IACUC) of the University 
of Kansas Medical Center (Kansas City, KS).

2.3  |  Quinomycin A treatments in mice

Quinomycin A was solubilized in distilled water and sterile-
filtered using a 0.2-micron filter for treatments. Study groups 
consisted of (a) vehicle-treated wild-type (WT) mice, (b) 
Quinomycin A-treated WT mice, (c) vehicle-treated PKD 
mice, and (d) Quinomycin A-treated PKD mice. Mice were 
weaned and treatments were started at P22 for a total of 
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27  days with daily intraperitoneal injections of 10  μg/kg 
body weight Quinomycin A. During euthanasia, mice were 
weighed and perfused with cold PBS after blood collection 
followed by collecting and weighing kidneys. One kidney 
was snap frozen and the other was fixed in 4% paraformalde-
hyde for 24 hours followed by storage in 70% ethanol at 4°C 
until blocking and sectioning for histology and immunohis-
tochemistry (IHC).

2.4  |  Histology, cystic index, and blood urea 
nitrogen (BUN) measurements

The fixed kidney tissues were processed at the Histology Core 
at the University of Kansas Medical Center. Five-micrometer 
sections were stained with hematoxylin and eosin (H&E) 
as described previously.17 Cystic index was measured using 
ImageJ on H&E stained kidney sections. The area of each 
individual cyst within the section of the entire kidney was 
calculated to determine the total cyst surface area per sec-
tion. This summed value was then divided by the total area of 
the section yielding the value identified as the cystic index. 
This was done for a kidney section for each mouse used in 
the study in each PKD group. BUN was quantified using a 
Quantichrom Urea Assay Kit (Bioassay Systems), according 
to the manufacturer's protocol.

2.5  |  Human cell culture and treatments

Primary cultures of ADPKD and normal human kidney (NHK) 
cells were generated as described previously.18 The use of 
de-identified surgically discarded tissues complies with fed-
eral regulations and was approved by the Institutional Review 
Board at KUMC. ADPKD cells were obtained from multiple 
surface cysts ranging in size. NHK cells were cultured from 
sections of cortex. These cells have been shown to be enriched 
in the collecting duct marker, Dolichos biflorus agglutinin 
(DBA).19 Cells were cultured in DMEM/F-12 supplemented 
with 5% of FBS, 5 µg/mL of insulin, 5 µg/mL of transferrin, 
5 ng/mL of sodium selenite (ITS, Thermo Scientific), 100 U/
mL of penicillin (100 U/mL), and 130 µg/mL of streptomy-
cin.20 Cultures were not passaged more than twice before being 
used in experiments. For treatments, ADPKD cells were grown 
to 70% confluency followed by a 24-hour low serum (0.001% 
and no ITS) treatment. Cells were then treated with vehicle or 
Quinomycin A for 4 days before studies.

2.6  |  Cell viability assay

ADPKD or NHK cells were plated in a 12-well plate (20,000 
cells/well) and allowed to grow to 70% confluency at 37°C 

under 5% CO2 followed by 24-hour low serum (0.001%) and 
no ITS treatment. The following day cells were treated with 
increasing concentrations of Quinomycin A (0 to 10 nmol/L). 
Cells were grown for 4  days and fresh medium-containing 
Quinomycin A was replaced every day. After 4  days, cells 
were trypsinized and pelleted. Cells were suspended in 
500 μL media and cell viability was tested in triplicates using 
the cell counting kit-8 (CCK-8, Apex Biosciences) according 
to the manufacturer's instructions. Viability was set at 100% 
for the vehicle control and relative values were calculated for 
other doses.

2.7  |  In vitro 3D cyst assays

In vitro cyst assays were performed as described.21-23 
Briefly, primary cultures of ADPKD cells were sus-
pended in media containing type 1 collagen (PureCol, 
Advanced Biomatrix) in a 96-well plate. Immediately 
after adding collagen, 100 μL of media with collagen and 
cells (4 × 103/100 mL), were pipetted into each well. The 
plate was incubated at 37°C for 45 minutes to allow col-
lagen to polymerize. Then, 150 μL of defined media (1:1 
DMEM/F12 with ITS, 5  ×  10−8  mol/L hydrocortisone, 
5 × 10−5 mol/L triiodothyronine) containing 5 μmol/L of 
forskolin and 5 ng/mL of EGF was added on to the polym-
erized gel to initiate cyst growth. Following formation of 
cysts at day 4, the agonists (FSK and EGF) were removed 
and the gels were rinsed twice with defined media. To initi-
ate drug treatments, Quinomycin A at different concentra-
tions was added to the wells with media. Fresh treatment 
media with drug was replaced every day for each treatment. 
After 4 days, the outer diameter of cross-sectional images 
of spherical cysts with distinct lumens were measured 
using a digital camera attached to an inverted microscope 
and analyzed with video analysis software (Image Pro-
Premier, Media Cybernetics). Surface area was calculated 
from the outer diameters and total surface area of the cysts 
was determined from the sum of individual cysts within 
each well (6 wells per treatment). Cysts with diameters of 
50 μmol/L or less were excluded. Data are presented as sur-
face area/mm2.

2.8  |  Immunohistochemistry/
immunofluorescence

IHC was performed as described previously.24 Briefly, kid-
ney sections from wild-type and PKD mice treated with 
Quinomycin A (quin) or vehicle (veh) were deparaffinized 
with xylene and hydrated with graded ethanol. Sections were 
then boiled in citrate buffer (10 mmol/L of sodium citrate, 
0.05% Tween 20, pH: 6.0) and cooled to room temperature. 
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Sections were incubated for 30  minutes with 3% hydrogen 
peroxide for IHC or 0.5  mol/L ammonium chloride for IF 
to block endogenous peroxidase or fluorescence activ-
ity, respectively. Subsequent washing in PBS and blocking 
with 10% normal serum (in PBS from the species the sec-
ondary antibody was raised in) for 1 hour were followed by 
incubation for 1 hour with primary antibodies in a humidi-
fied chamber. Slides were washed in PBS and incubated for 
1 hour in 1:400 diluted biotin-conjugated secondary antibod-
ies (Vector Laboratories) for IHC and 1:400 Alexa Fluor 488 
or Alexa Fluor 594 (Invitrogen, Thermo Fisher Scientific) for 
IF. For DBA and LTA staining, slides were incubated with 
1:500 dilution of each followed by washing with PBS. For 
IF, the slides were cover slipped using Prolong Diamond 
Antifade (Invitrogen, Thermo Fisher Scientific) and sealed 
with clear nail polish. For IHC, the slides were further in-
cubated with avidin-biotin-peroxidase complex (ABC Elite; 
Vector Laboratories) and detected with diaminobenzidine 
(DAB; Sigma-Aldrich). Tissue sections for IHC were then 
dehydrated with graded ethanol and mounted with permount 
before coverslipping (Thermo Fisher Scientific). Slides were 
visualized and imaged using a Nikon 80i microscope with a 
photometrics camera or a Nikon Eclipse TiE attached to an 
A1R-SHR confocal, with an A1-DU4 detector, and LU4 laser 
launch.

For quantification of cell proliferation, Ki67-labeled sec-
tions were counterstained with hematoxylin to visualize the 
nucleus. Images were acquired from four random fields from 
each mouse section (total four mice in each group) and the 
total number of nuclei and Ki67-positive cells were counted 
in a blinded fashion. Data from each field were averaged and 
presented as percent Ki67-positive cells.

Cilia length quantification: Tissue sections immunos-
tained for acetylated α-tubulin and DBA were imaged at mul-
tiple planes, which were then merged to obtain full-length 
cilia. Cilia images were converted to black and white and 
cilia lengths were quantified using ImageJ.

2.9  |  Western blots

Following treatments, cells were washed with PBS three 
times and lysed. Tissues (fresh or frozen) were chopped in 
pieces and homogenized using a Dounce homogenizer. For 
both cells and tissues, RIPA lysis buffer (50  mmol/L of 
Tris HCl pH7.5, 137 mmol/L of NaCl, 1% of IGEPAL, and 
2 mmol/L of EDTA) with protease inhibitors (Halt Protease 
inhibitor Cocktail, Thermo Fisher Scientific) was used.9 
Protein concentration was measured using Bio-Rad DC pro-
tein Assay kit (Bio-Rad). Whole-cell lysates (50 to 100 μg) 
were solubilized in 6X Laemmli sample buffer and heated 
to 95°C for 10 minutes and electrophoresed on 15% or 10% 
polyacrylamide gels. Proteins were transferred to PVDF 

membranes. Ponceau staining was performed for each blot 
to determine protein transfer and imaged. Ponceau S repre-
sented total protein and was used to normalize the gels for 
protein loading.25 The immunoblots were blocked in 5% 
nonfat dry milk in PBST (PBS containing 0.1% Tween 20) 
for 1 hour at room temperature and then, followed by PBS 
washes; the blots were incubated with appropriate dilutions 
of primary antibodies overnight. The blots were then washed 
and incubated with secondary antibodies (1:10,000 dilution 
in blocking solution) for 1 hour at room temperature. After 
subsequent washes in PBST, bound antibody was detected 
by chemiluminescence (Western Lightning Plus ECL, Perkin 
Elmer). Bands produced in the results were quantified using 
ImageJ and normalized with Ponceau S staining to confirm 
equal loading.25 Data were presented as relative intensity.

2.10  |  Apoptosis

Apoptosis was evaluated in tissue sections obtained from 
vehicle and Quinomycin A-treated PKD mice using 
“In situ Apoptosis detection kit” obtained from Abcam. 
Manufacturer's instructions were followed.

2.11  |  Statistics

Data are expressed as mean ± SE. Statistical significance was 
measured by Student's unpaired t test for comparison between 
control and PKD groups. One-way ANOVA was performed 
to compare more than two groups followed by the Tukey's 
HSD test. A P < .05 was considered statistically significant.

3  |   RESULTS

3.1  |  Quinomycin A treatment reduces cyst 
growth of human ADPKD cells cultured within 
3D collagen gels

Studies have shown that Quinomycin A is an anticancer 
agent that intercalates double-stranded DNA. As low as 
5  nmol/L Quinomycin A was able to induce cell cycle ar-
rest in pancreatic cancer cells.14 We first determined the 
effects of Quinomycin A on kidney cell viability. Normal 
human kidney (NHK) cells and ADPKD cells obtained from 
cortical cysts of ADPKD patients were treated with increas-
ing concentrations of Quinomycin A starting from 0.3 to 
10 nmol/L (Figure 1A). Treatments were continued for four 
consecutive days. Quinomycin A was well tolerated by both 
NHK and ADPKD cells at concentrations below 2 nmol/L. 
With increasing concentrations thereafter, percent viability 
of ADPKD cells declined. By 10  nmol/L, the viability of 
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NHK cells dropped 73.8%, whereas ADPKD cells dropped 
their viability to 24%. The dose response curve showed that 
ADPKD cells are more sensitive to Quinomycin A. We next 
performed 3D cyst assays using primary ADPKD renal epi-
thelial cells21 to examine the potential of Quinomycin A to 
inhibit cyst growth. ADPKD cells were induced to form cysts 
in a collagen gel in the presence of the cAMP agonist FSK 
and growth factor EGF. After cyst formation, Quinomycin 
A at desired concentrations was used for four consecutive 
days and the effects on cyst progression were evaluated. As 
shown in Figure  1B,C, Quinomycin A reduced the size of 
in vitro cysts, relative to vehicle treatment. Of note, while 
treatment with 2  nmol/L Quinomycin A resulted in only a 

20% viability loss of ADPKD cells grown in 2D (Figure 1A), 
the same treatment of Quinomycin A obliterated cysts when 
cells were grown in 3D (Figure 1B,C). These data suggest 
that cysts may intrinsically be more dose-sensitive than cells 
grown in 2D.

3.2  |  Quinomycin A inhibits cyst progression 
in a PKD mouse model

We next examined the effects of Quinomycin A in an 
orthologous mouse model of ADPKD. We generated 
Pkd1RC/RC; Pkd2+/− mice by breeding Pkd1RC/RC mice 

F I G U R E  1   Primary human ADPKD cells are sensitive to Quinomycin A treatments. A, Primary cells from normal human kidney (NHK) 
and ADPKD cysts (n = 3-5) at each data point were cultured in the presence of Quinomycin A for 4 days followed by viability assays. Data are 
presented as percent viability. B, Primary ADPKD cells were grown to form cysts on a three-dimensional (3D) system using collagen matrix in the 
presence of forskolin and EGF for 3-5 days followed by treatment with vehicle or Quinomycin A (quin) for four additional days. Cysts were fixed, 
imaged, and measured. C, Cyst size represented as surface area from an ADPKD patient (six or more replicates/treatment). Each point represents 
a replicate. Statistical significance was determined by multiple unpaired t tests for panel A and one-way ANOVA followed by Tukey's multiple 
comparison test (****P < .0001). Scale bar: 0.57 mm
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with Pkd2+/− mice (both on a C57BL/6J background)15,16 
(Figure  S1A). Homozygous Pkd1RC/RC mice have a slow 
progressing cyst phenotype, while heterozygous Pkd2+/− 
have no phenotype. However, when these mice are bred to 
obtain Pkd1RC/RC; Pkd2+/− mice, cyst formation is accel-
erated. In contrast to Pkd1RC/RC mice, total kidney weight 
(KW) (% body weight, BW) of Pkd1RC/RC; Pkd2+/− mice 
progressively increased during the first 5 weeks after which 
changes in KW (%BW) were similar to those of Pkd1RC/RC 
mice (Figure  S1A). Cyst surface area (cystic index) was 
measured in Pkd1RC/RC; Pkd2+/− mice at week 1, 3, and 4, 
the time period when there is rapid increase of KW (%BW). 
The data showed progressively growing cysts which in-
creased in size from week 1 to week 4 (Figure S1B). We 
selected a time point of 3 weeks for our studies when cysts 

were actively growing in Pkd1RC/RC; Pkd2+/− mice (hereaf-
ter called PKD mice). In previous studies, Quinomycin A 
concentration of 10 μg/kg body weight by daily intraperi-
toneal injections for up to 200 days did not result in any 
adverse effects.13 Based on these studies, PKD and litter-
mate wild-type (WT) control mice were weaned at P21 and 
daily intraperitoneal injections of Quinomycin A (10 μg/kg 
body weight) were administered from P22-P49. Mice were 
euthanized at P50, and tissues and blood samples were col-
lected (Figure  2A). Kidneys of vehicle- and Quinomycin 
A-treated WT mice appeared similar (Figure  S2). In 
contrast, a reduction in kidney size (Figure  2B) was ob-
served in Quinomycin A-treated PKD kidneys compared to 
vehicle-treated PKD kidneys. As expected, the kidney size 
correlated with kidney-to-body weight ratios (Figure 2C), 

F I G U R E  2   Quinomycin A reduces disease progression in a mouse model of ADPKD. A, Experimental timeline for Quinomycin A 
treatments. PKD or WT mice (postnatal day 22) were intraperitoneally injected with vehicle (veh) or Quinomycin A (10 mg/kg body weight) for 27 
consecutive days. B, H&E staining of kidney sections. Representative images of each treatment group are shown. C, Total kidney to body weight 
ratio of vehicle and Quinomycin A-treated PKD and WT mice. D, Cystic index of PKD kidneys measured as percent cystic area. E, Serum urea 
nitrogen values measured as mg/dL. Each dot represents a mouse in C through E. Data are presented as mean ± SE (n = 4-8 per group). Statistical 
significance was determined using unpaired Student's t test (D) or one-way ANOVA followed by Tukey's HSD test (*P < .05), (**P < .01). Scale 
bar: 1 mm
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showing a significant reduction (P <  .05) in Quinomycin 
A-treated PKD mice relative to vehicle-treated PKD mice. 
This correlated with a significant reduction in cystic area in 
the Quinomycin A-treated PKD group in comparison to the 
vehicle-treated PKD group (Figure 2D) (Figure S2). Renal 
function, as assessed by BUN levels, was not statistically 
different among the groups, however there was a trend for 
a decrease in BUN in PKD mice receiving Quinomycin A 
compared to vehicle (Figure 2E). These data indicate that 
Quinomycin A provides therapeutic benefit against PKD 
progression.

3.3  |  Quinomycin A reduces cell 
proliferation and increases apoptosis in cyst 
lining epithelia

The DNA intercalating functions of Quinomycin A affects 
dividing cells. We asked whether Quinomycin A can block 
cell proliferation, a hallmark of PKD. Kidneys from control 
and PKD mice were labeled for Ki67, a proliferation marker. 
Serial sections were also labeled for DBA and LTA to iden-
tify the collecting ducts (CD) and proximal tubules (PT), re-
spectively (Figure 3A). Vehicle-treated PKD mice exhibited 
9.5 ± 0.65% positive cells for Ki67/ kidney section, whereas 
Quinomycin A-treated PKD mice showed a significant reduc-
tion with only 4.8% ± 0.86% (P < .007) Ki67-positive cells 
on immunolabeling (Figure 3A,B). Cyst epithelial as well as 
interstitial cells stained positive for Ki67, we quantified per-
cent Ki67-positive cells in DBA and LTA tubular compart-
ments. In PKD sections, LTA- and DBA-positive cyst lining 
segments expressed similar percent of Ki67-positive cells, 
17.82 ± 2.23 and 18.39 ± 1.9, respectively, which reduced to 
9.7 ± 1.9% and 4.7 ± 2.3%, respectively, after Quinomycin 
A treatment (Figure  3A,C,D). The data show that cystic 
epithelial cells of both collecting duct and proximal tubule 
origin contributed to majority of Ki67-positive cells in PKD 
mice, which reduced upon Quinomycin A treatment. Since 
ADPKD cells were sensitive to Quinomycin A (Figure 1), we 
performed TUNEL labeling to determine the apoptosis sta-
tus in Quinomycin A-treated WT and PKD mice. As shown 
in Figure 3E,F, PKD mice exhibited mild apoptosis in cystic 
epithelium (arrows) (1.9% ± 0.65% TUNEL-positive cells) 
which significantly increased in Quinomycin A treatments 
(7.5 ± 2.29) (P <  .008) showing that Quinomycin induces 
apoptosis in cystic epithelia.

3.4  |  Quinomycin A reduces smooth muscle 
actin in PKD

We immunolabeled the sections for presence of the myofi-
broblast marker, alpha smooth muscle actin (α-SMA) which 

is normally expressed in smooth muscle cells (SMCs) sur-
rounding blood vessels. PKD kidneys were highly positive for 
α-SMA labeling present around cysts (Figure 4A). In contrast 
to vehicle-treated PKD kidneys, Quinomycin A treatment in 
PKD mice reduced α-SMA labeling (Figure 4A,B). SMA ex-
pression was increased in areas around both DBA- and LTA-
positive cysts. Quinomycin treatment reduced SMA staining 
regardless of the cyst origin. (Figure  4A,B). Western blot 
analyses of kidney lysates from Quinomycin A- and vehicle-
treated WT and PKD mice (Figure 4C) showed low expres-
sion of α-SMA in Quinomycin A- and vehicle-treated WT 
kidneys, but a marked increase (P  <  .001) of α-SMA was 
observed in PKD (veh) kidneys. In contrast, Quinomycin A 
treatment significantly decreased α-SMA expression to lev-
els comparable to control. These data show that Quinomycin 
A partially rescues PKD progression by decreasing myofi-
brotic activity which also reflects less fibrosis.

3.5  |  Quinomycin A treatment inhibits 
Notch signaling in ADPKD mice

We previously reported that the Notch signaling pathway is 
activated in cyst-lining epithelial cells and interstitial cells 
of mouse PKD models and in human ADPKD tissue and 
primary cultures of cystic cells.9 Since Quinomycin A can 
target the Notch signaling pathway,14 we examined whether 
Quinomycin A can affect Notch signaling pathway in our 
model. IHC for Notch3 revealed reduced Notch3 labeling, 
especially in the cystic epithelial cells (Figure 5A, arrows). 
Western blots revealed that there was a decreasing trend in 
Notch3 IC protein following Quinomycin A treatment in PKD 
mice, it did not reach significance (Figure 5B). However, other 
members of the Notch pathway, RBPjk,and HeyL which were 
significantly elevated in PKD lysates (Figure 5C,D), showed 
a significant reduction in kidneys treated with Quinomycin 
A. Our data show that Quinomycin A effectively targets the 
Notch signaling and protects mice from kidney injury.

3.6  |  Quinomycin A normalizes cilia length 
in an ADPKD mouse model

Studies have shown that cilia are lengthened in kidney epi-
thelial cells of PKD mouse models, which may reflect defects 
in ciliary homeostasis.15,26-28 Thus, we assessed the effect of 
Quinomycin A on cilia length in mouse kidneys. Kidney 
sections were immunolabeled for the presence of acety-
lated α-tubulin which marks cilia and for DBA lectin which 
stains collecting ducts, where cysts predominantly develop 
in ADPKD. Immunofluorescence (IF) labeling revealed that 
cilia were lengthened in vehicle-treated PKD kidneys com-
pared to the vehicle-treated WT kidneys (Figure 6A) and that 
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F I G U R E  3   Quinomycin A slows cell proliferation and myofibrosis in PKD. A, Ki67 staining was performed by Immunohistochemistry (IHC) 
to assess cell proliferation in Quinomycin A- and vehicle-treated PKD kidneys. Serial sections were also labeled for Dolichos biflorus agglutinin 
(DBA) to identify collecting ducts (CD) and Lotus tetragonolobus agglutinin (LTA) to identify proximal tubules (PT) using IF. Arrows point to 
proliferative areas, which are also presented as insets in Ki67-labeled panels. Hematoxylin staining shows blue nuclei and Ki67-positive nuclei 
are shown in dark brown. B, Quantification of Ki67 staining expressed as percent total Ki67-positive cells from at least 7 to 10 images randomly 
taken from 4 mice in each group. C, Quantification of Ki67 cells from DBA-positive cystic segments showing collecting duct-positive cells. D, 
Quantification of Ki67 cells from LTA-positive cystic segments showing proximal tubule-positive cells. Each point in C and D refers to DBA- or 
LTA-positive cyst expressing Ki67. E, TUNEL staining was performed to identify cells undergoing apoptosis in WT and PKD kidneys treated 
with vehicle or Quinomycin A. Blue cells reflect nuclei and brown cells (arrows) identify cells undergoing apoptosis. F, Apoptosis was quantified 
as percent TUNEL-positive cells in 15 sections from 4 different mice in each group. Unpaired Student's t test used for statistical analysis. Data are 
presented as mean ± SE, (*P < .05), (**P < .01). Scale bar: 100 μm
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Quinomycin A treatments shortened cilia lengths in PKD 
kidneys (Figure  6A, arrows, magnified insets under each 
image). Quantification of cilia length within kidneys con-
firmed that there was a highly significant (P <  .0001) cilia 
length reduction following Quinomycin A treatment in PKD 
mice, indicating that Quinomycin A restores cilia lengths in a 
PKD mouse model (Figure 6B).

4  |   DISCUSSION

In this study, we show that Quinomycin A effectively reduces 
in vitro cyst growth of primary cyst epithelial cells obtained 
from ADPKD patients. We also show that normal human 
kidney epithelial cells are less sensitive to Quinomycin A 
than ADPKD cells, indicating that Quinomycin A can spare 

F I G U R E  4   Quinomycin A treatment decreases smooth muscle actin in PKD. A, Double IF staining was performed to detect smooth muscle 
actin (SMA) accumulation (red) along with DBA or LTA (green) in mice treated with vehicle or Quinomycin A. B, Total intensity of SMA was 
quantified in images from vehicle (n = 17) and Quinomycin A (n = 11)-treated PKD mice (n = 4 each). C, Western blots were performed in lysates 
from Quinomycin A-treated WT or PKD mice for detection of SMA. Band intensities were quantified and normalized against Ponceau S expression 
and presented as relative expression. Unpaired Student's t test (A) and one ANOVA followed by Tukey's HSD test was used for statistical analysis. 
Data are presented as mean ± SE, (*P < .05), (**P < .01). Scale bar: 100 μm
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normal epithelial cells, while targeting the cystic cells. In 
support of our study, in vitro studies have been performed 
with concentrations of Quinomycin A as low as 5  nmol/L 
in several cancerous cell lines.29,30 In pancreatic cell lines 
this concentration inhibited cancer cell proliferation but did 
not affect normal pancreatic ductal epithelial cells even at a 
concentration of 50 nmol/L, supporting our observation that 
normal cells are less responsive to Quinomycin A. The data 
are further supported by the 3D in vitro cyst assays in which 
ADPKD cells grown as cysts were responsive to even lower 
doses of Quinomycin A than ADPKD cells grown in 2D. 
This effect could be attributed to dependence of cyst forma-
tion on cAMP. While cell viability is tested in cells grown 
in media without addition of other signaling factors, initia-
tion of cyst formation in vitro (3D) takes place in response to 
forskolin, an agonist of cyclic AMP, an important mediator 

of cyst progression.21,31 Thus, it is possible that Quinomycin 
A sensitivity is associated with increased cAMP signaling. 
Further studies will be required to support this observation.

Quinomycin A is a member of quinoxaline family of 
antibiotics previously identified as an anticancer drug that 
binds strongly to double-stranded DNA.12 Due to its strong 
DNA chelator property, Quinomycin A can be harmful 
in high doses and prior clinical trials have documented 
multiple toxicities resulting in drug development being 
halted. These toxicities were attributed to the higher dose 
of 180 mg/m2 of Quinomycin A.32-38 Doses of 60-120 mg/
m2 were found to have no toxicity.39 Recent studies in 
mice indicate that low doses (eg, 10 μg/kg body weight) of 
Quinomycin A are not toxic to normal cell hematopoiesis 
and selectively targets cancerous cells in acute myelocytic 
leukemia and bladder cancer.13,14 To further combat the 

F I G U R E  5   Quinomycin A targets the Notch signaling pathway in PKD. A, Immunohistochemistry (IHC) for Notch3. B, Western blot (WB) 
analysis for Notch3 IC and cumulative quantitative data (C and D) Western blot analysis for RBPjk and HeyL showing increased expression 
in kidney lysates of vehicle-treated PKD mice and that Quinomycin A treatments reducing this expression. Protein blots were quantified using 
Ponceau S staining for total protein normalization. Data are presented as relative change. Each dot represents an individual mouse. Data are 
presented as mean ± SE. Statistical significance was determined using one-way ANOVA followed by Tukey's HSD test (*P < .05), (**P < .01), 
(***P < .001). Scale bar: 100 μm
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negative effects of Quinomycin A, a recent study showed 
that actively targeted nano-delivery of Quinomycin A can 
efficiently target cancer cells to induce autophagic cell 
death instead of apoptosis or necrotic cell death.40 In our 
studies, we found that ADPKD cells lose significant viabil-
ity at a higher dose of 10 nmol/L Quinomycin A whereas, 
NHK cells retain their viability. Our in vitro studies also 
indicated that Quinomycin A specifically targeted cystic 
epithelial cells for apoptosis. Since PKD is a genetic dis-
ease and may require life-long treatment, it is plausible that 
Quinomycin A may show toxic effects in that scenario. We 
speculate that alternate treatments of Tolvaptan together 
with targeted nano-delivery of Quinomycin A may have 
better prognosis for which further studies are required.

In addition to targeting the Notch pathway, Quinomycin 
A has been shown to target HIF-1α. HIF-1α expression is 
increased in cystic epithelia and was found to be associated 
with increased cyst growth by activating fluid secretion.41 We 
have previously shown Notch3 activation in cyst lining and 
interstitial cells in PKD.9 It is possible that cross talk between 
HIF-1α and Notch signaling exists in cystic tissues as docu-
mented previously where HIF-1α binds to cleaved Notch re-
sulting in stabilization and activation of Notch signaling.42,43 
In another study, chronic hypoxia was shown to activate Notch 
signaling in prostate cancer. Although we were not successful 
in detecting HIF-1α in the kidney nuclear extracts of the PKD 
mice by Western blottings or IHC, Quinomycin A reduced 
the Notch pathway downstream members, RBPjk and HeyL. 
The Notch pathway is increased in cyst lining epithelia, 
and the signal is attenuated in the presence of Quinomycin 
A. Whether the relationship is direct and Quinomycin A is 

modulating the Notch pathway via a direct inhibition or by 
inhibiting other processes that impact the latter remains to be 
determined.

Elongation of cilia has been observed on tubular epithe-
lial cells in PKD.26,27 The primary cilium is an antenna-like 
mechano- and chemosensor that detects fluid flow and trans-
duces extracellular signals into the cells in order to maintain 
renal function and nephron structure.44,45 Several studies 
have suggested that cilia elongation can be a critical factor 
in conferring kidney disease resistance.46,47 Moreover, Notch 
activation leads to lengthening of cilia in the developing neu-
ral tube in mouse embryos and in NIH3T3 cells.48 Thus, it is 
possible that Quinomycin A reduces Notch signaling, which 
in turn, results in shortening of cilia in PKD kidneys in our 
mouse model. This hypothesis will need further evaluation.

Taken together, we show that Quinomycin A inhibits the 
Notch signaling pathway, reduces cilia length, and confers 
protection against cyst progression in ADPKD by reducing 
cellular proliferation and fibrosis, and inducing apoptosis in 
cyst lining epithelial cells. To the best of our knowledge, this 
is the first evidence in which Quinomycin A has been shown 
to alter cilia length and reduce renal cystic disease. The study 
adds Quinomycin A to the list of potential repurposed drugs 
that may prove beneficial to PKD patients.
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