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1. INTRODUCTION: Resistance to chemotherapy is a contributing factor to mortality associated with 
ovarian cancer (OVCa).  Drugs that synergize with cisplatin/paclitaxel in recurrent tumors will have a 
potential impact in prolonging the survival of OVCa patients1. Currently, designing and discovering new 
drugs to treat cancer remains a laborious and expensive process. In contrast, “Drug repositioning” is a 
promising approach, whereby existing FDA-approved drugs are used to treat a different and new 
disease.  Preliminary studies from my group show that an established anti-malarial drug, Quinacrine (QC) 
has anti-cancer effects, specifically, against ovarian cancer (OVCa). QC, an acridine derivative, is an 
inexpensive ($30/month) oral drug that was discovered in the 1920s and was initially used widely as an 
antimalarial drug.  With almost a century’s worth of experience and safety record, it is extensively studied 
and recognized as a potential chemotherapeutic agent to treat malignant pleural effusions 2 . Overall, 
our results show for the first time that synergy with QC and carboplatin involves a complex 
interplay between Autophagy (AV) and apoptosis in OVCa cells and is associated with 
upregulation of TP53INP2, downregulation of p62, and simultaneous upregulation of Cathepsin L 
(CTSL) only in resistant cells.  The synergy that we see between QC and carboplatin in resistant cells 
could be used in clinical treatment to overcome the resistance as well as lower the therapeutic dose, thus 
avoiding the toxic side effects of carboplatin/paclitaxel in OVCa treatment. 

 
2. KEYWORDS: Quinacrine, P62/SQSTM1-sequestosome, SCID-Severe combined immunodeficiency, 

LC3-Microtubule associated light chain 3, TEM- Transmission Electron Microscopy, SKOV3/DDP-SKOV3 
cisplatin resistant cells, SKOV3TR-Taxol resistant SKOV3 cells, HeyA8MDR-HeyA8 multidrug resistant, 
PI-Propidium iodide, PARP-Poly ADP Ribose Polymerase, P62-PB1 domain-Phox and Bem1p domain, 
P62-UBA domain-P62 ubiquitin associated domain, CTSB-Cathepsin B, CTSL-Cathepsin L 

 
3. OVERALL PROJECT SUMMARY:  Based on the preliminary data presented in the original proposal and 

continuation of additional data generated proposed in the grant, we determined that the antimalarial drug 
Quinacrine (QC) reduces cell viability and promotes chemotherapy-induced cell death in an autophagy-
dependent manner more extensively in chemoresistant cells compared to their isogenic chemosensitive 
control cells as quantified by the Chou-Talalay methodology. Our preliminary data, in vitro and in vivo, 
indicate that QC induces autophagy by downregulating p62/SQSTM1 to sensitize chemoresistant cells to 
autophagic-and caspase-mediated cell death in a p53-independent manner. QC promotes 
autophagosome accumulation and enhances autophagic flux by clearance of p62 in chemoresistant 
ovarian cancer (OvCa) cell lines to a greater extent compared to their chemosensitive controls. Notably, 
p62 levels were elevated in chemoresistant OvCa cell lines and knockdown of p62 in these cells resulted 
in a greater response to QC treatment. Bafilomycin A, an autophagy inhibitor, restored p62 levels and 
reversed QC-mediated cell death and thus chemosensitization. Importantly, our in vivo data shows that 
QC alone and in combination with carboplatin suppresses tumor growth and ascites in the highly 
chemoresistant HeyA8MDR OvCa model compared to carboplatin treatment alone. Collectively, our 
preclinical data suggest that QC in combination with carboplatin can be an effective treatment for patients 
with chemoresistant OvCa. Overall, our results show for the first time that synergy with QC and 
carboplatin involves a complex interplay between AV and apoptosis in OVCa cells and is associated with 
upregulation of INP2, downregulation of p62, and simultaneous upregulation of CTSL only in resistant 
cells.  The manuscript 3 resulting from this study was published in the journal Oncotarget in 2015 
and attached in the Appendix section.  

Hypothesis: Based on our studies, our hypothesis is that INP2 induced by QC regulates AV and sensitizes 
chemoresistant cancer cells to cis/carboplatin by downregulating p62 and enhancing AV and cathepsin‐ and 
caspase‐mediated cell death. We proposed the following Specific Aims to test our hypothesis: 
 
Aim 1: Determine the contribution of autophagy in sensitizing resistant cells to carboplatin. We will 
determine the role of TP53INP2 and p62 in QC‐induced AV and define the mechanism by which QC 
synergizes with carboplatin to sensitize chemoresistant cancer cells. 
 
Aim 2: Identify additional novel or known markers that could contribute towards QC‐induced synergy 
with carboplatin in resistant cells. 
In this Aim, we propose to identify additional novel or known markers that may contribute towards QC induced 
synergy in resistant cells by performing RNA sequencing of all three sensitive and resistant isogenic 
cell lines with and without QC treatment to mechanistically define the differential transcriptional response. 
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Aim 3: Examine the role of QC in chemoresponse using in vivo avatar models. In this aim, we proposed 
to examine the role of QC in chemoresistance in vivo in preclinical “Avatar model” of ovarian cancer using QC 
alone and in combination with conventional chemotherapy (carboplatin/paclitaxel) using 3 different 
chemoresistant avatar models that mimic patient response. Three chemosensitive Avatar models will be used 
as controls to determine if addition of QC will prolong the duration of response. 
 
ACCOMPLISHMENTS:  
Aim 1: To determine the contribution of autophagy in sensitizing resistant cells to carboplatin. 
 We will determine the role of TP53INP2 and p62 in QC‐induced AV and define the mechanism by which QC 
synergizes with carboplatin to sensitize chemoresistant cancer cells. 
 
Aim 1: Determine the contribution of autophagy in sensitizing resistant cells to carboplatin (Months 1-
36). 
Autophagy: Depending on the cellular context, autophagy that involves cellular degradation of damaged 
organelles, long lived proteins and aggregates could play a pro-survival or a pro-death role.4  Autophagy is 
also implicated as a factor contributing to the anticancer efficacy of drugs as well as drug resistance.5 
However, the underlying mechanisms that result in apoptosis or survival remain to be determined. This context 
dependent status of autophagy has clinical implications and needs to be clearly established to understand how 
the specific status of autophagy can influence tumorigenesis and treatment response.   
 
Role of TP53INP2 in Autophagy Induction: Previous studies have shown that the gene, TP53INP2 
(hereafter referred to as INP2) is essential for induction of autophagy and upon autophagic induction, the 
protein product INP2 translocates from the nucleus to autophagosomes where it colocalizes with LC3 and LC3 
related proteins and Beclin16.  Furthermore, downregulation of INP2 inhibits autophagy induction most likely 
through autophagosome formation since this process is also completely inhibited.  Surprisingly, our gene 
expression profiling studies also showed an upregulation of INP2 by 2.0 and 2.4 fold (p= 4.52x10-10 and 
5.81x10-11) in OV207 (mutant p53, R273H) and C13* (wild type p53) cancer cell lines, respectively when 
treated for 6 hrs with 8µM QC compared to untreated controls.  Our studies show for the first time in OVCa cell 
lines that an essential autophagy inducing protein, INP2 is induced very early on by QC treatment. Although 
our studies show increased QC-mediated INP2 expression by Q-PCR, it is not clear whether INP2 is essential 
for autophagy induction by QC.  We are proposing to test this unknown in this proposal.  
 
Aim 1A : Determine the contribution of TP53INP2 in QC induced autophagy  in OVCA cells. 

Previous studies have shown that the gene, 
TP53INP2 (hereafter referred to as INP2) is essential 
for induction of autophagy. Upon autophagic 
induction, INP2 protein product translocates from the 
nucleus and interacts with transmembrane protein 
vacuole membrane protein 1 (VMP1) in the 
cytoplasm and colocalizes with LC3, LC3 related 
proteins and Beclin1 in the autophagosomes (47). 
Furthermore, siRNA mediated downregulation of 
INP2 showed that INP2 expression is necessary for 
autophagosome development. Surprisingly, our gene 
expression profiling studies also showed an 
upregulation of INP2 by 2.0 and 2.4 fold (p= 4.52x10‐
10 and 5.81x10‐11) in OV207 (mutant p53, R273H) 
and C13* (wild type p53) cancer cell lines, 

respectively when treated for 6 hrs with 8μM QC compared to untreated controls (Figure 1 A). Our studies 
show for the first time in OVCa cell lines that an AV inducing protein, INP2 is induced very early on by QC 
treatment. Although our studies show increased QC‐mediated INP2 expression by Q‐PCR, it is not clear 
whether INP2 is essential for AV induction by QC to promote cisplatin sensitivity. Initially, we determined INP2 
expression in several ovarian cancer cell lines by western blot analysis as shown in figure 1 B.  To determine if 
INP2 translocates from the nucleus into the cytoplasm upon QC treatment, we did cell fractionation of HeyA8 
cells treated with 8µM QC for 24 hrs.  In contrast to what we anticipated, we saw a tremendous upregulation of 
INP2 in the nuclear (Nu) compartment but not in the cytoplasm.  Indeed at this time point and QC 
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concentration, we saw downregulation of INP2 in the cytoplasmic (Cy) compartment as well as in the whole 
cell lysate (W/c).  Coinciding with this downregulation there is an increase in LC3B levels (Figure 1C).  This 
phenomenon was not unique to HeyA8 cells since QC treatment also downregulated INP2 at the protein level 
in several ovarian cancer cell lines (Panel 3 in Figure 1D with QC treatment). This is in contrast to what we 
observed at the RNA level (Figure 1A).   
 
These data suggests two things. 1. INP2 may be degraded under QC induced autophagy in the cytoplasm or 
2. INP2 has no role in QC induced autophagy since it is downregulated at the protein level upon QC treatment.  
We surmised that if genetic downregulation of INP2 in C13 and HeyA8MDR cells also show that shRNA 
downregulated clones also display QC-induced autophagy- this will provide additional evidence of INP2 not 
playing a role in QC-induced autophagy. To determine if QC- induced downregulation of INP2 protein could be 
autophagy mediated by QC, we pretreated HeyA8 and HeyA8 MDR cells with Bafilomycin A. 
 
To further understand the role of INP2 in autophagy induction or in chemoresponse, we generated two different 
shRNA downregulated clones both in C13 
and HayA8 MDR cells with non-targeted 
control shRNA transduced cells (NTC). 
Efficient downregulation of INP2 expression 
in sh1 and sh2 cells is shown by western 
blot analysis in Figures 2A and B-right most 
panels). We used immunoflourescence 
analysis to detect AV in the INP2 sh clonal 
lines As shown in figures 2A and B, to our 
surprise, we saw significantly more LC3B 
stating by IFC in INP2 shRNA 
downregulated clones both in C13 and 
HeyA8MDR cells at the basal level and even 
more in these clones upon 10µM QC 
treatment for 24 hrs compared to NTC cells. 
Western blot analysis of C13 and HeyA8MDR shINP2 clones showed that 10µM QC treatment induced 
autophagy by downregulating p62 (red stars)  and upregulating LC3BII (Blue stars) in both the NTC and 
shRNA downregulated cells in both these cell lines independent of genetic downregulation of INP2 (Figures 2C 
and D). 
 
Collectively, these data provide strong support to our current finding that both QC-induced INP2 protein 
downregulation and genetic downregulation of INP2 followed by QC treatment induces autophagy independent 
of INP2.   
 
To determine if QC- induced downregulation of INP2 protein could be autophagy mediated by QC, we 

pretreated HeyA8 and HeyA8 MDR cells with Bafilomycin A.  As shown in figure 3 
(red stars), pretreatment with Bafilomycin A rescued the expression of INP2 in 
HeyA8 and HeyA8 MDR cells (Blue stars in figure 3). As we had previously 
reported Baf A1 treatment also rescued p62 levels and inhibited apoptosis as 
evidenced by the absence of cleaved PARP. 
 
Our cell fractionation experiments in HeyA8 cells treated with 8µM QC for 24 hrs 
showed a tremendous upregulation of INP2 in the nuclear (Nu) compartment and 
downregulation of INP2 in the cytoplasm (Figure 2B).  Consistent with this data, 
our IFC analysis of endogenous INP2 localization upon QC treatment also showed  
that INP2 is for the most part is located in the nuclear region in the untreated cells 
and after QC treatment increases INP2 levels are seen shifted to one corner of the 

nucleus (Figure 4A, middle panel). This is similar to what has been reported as nucleolar cap formation by 
fibrillar center proteins upstream binding factor (UBF) and fibrillarin (FBL) and indicative of rRNA transcription 
block 7. Additional findings from this study indicate that the nucleolar caps represent stalled transcription sites. 
To understand the mechanism by which QC promotes nuclear upregulation of INP2 to promote autophagy, we 
transfected WT-INP2 and nuclear export signal mutated INP2  (INP2-NLS) into HeyA8 cells with vector 
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transfected cells as control and determined the localization of LC3B after treating the cells with 5.0µM QC for 
24hrs as shown in figure 4B.  While LC3B was solely localized in the cytoplasm of vector transfected, 
enhanced expression of wildtype INP2 the cytoplasmic LC3B was translocated to the nucleus (Figure 4B, 

middle panel) in a manner similar to endogenous INP2 in QC 
treated parental cells shown in figure 4A.  Whether this shift in 
localization is in the nucleolar region is not currently known.  This 
could be a distinct possibility based on the studies by Xu et al., 
where the authors have shown that INP2 promotes rDNA 
transcription and that repression of INP2 rDNA promoter activity 
and the production of ribosomal RNA (rRNA) and proteins 8. An 
alternate possibility is that nuclear INP2 may promote the initiation 
of autophagy by associating with de-acetylated nuclear LC3B 
under nutrient deprived (in this context by QC treatment) as shown 
by Huang and Liu et al in 2015 9.  Similar results were obtained 
with NER mutated INP2 transfected cells except the LC3B was 

evenly distributed in the nucleus as opposed to one corner of the nucleus (Data not shown). 
 
We next asked the question is QC-induced INP2 critical for sensitizing cis/carboplatin-mediated cell death 
more in the resistant cells? We did MTT based proliferation assays with QC alone and in combination with 
increasing cisplatin concentration to determine if downregulation of INP2 sensitized C13 and HeyA8MDR cells 
to drug induced cytotoxicity. 
As shown in Figures 5 A-D genetic downregulation of INP2 
with shRNAs shifted the IC50 values for both QC and 
cisplatin. IC50 values for QC for C13 and HeyA8MDR cells 
were 7.29 to 6.4 and 5.0µM and for HeyA8MDR were 19.3 to 
8.47 and 7.6µM for NTC vs sh1 and sh2 cells respectively. 
However, QC did not modulate cisplatin induced cytotoxicity 
upon INP2 downregulation. Indeed the IC50 for cisplatin 
shifted from 17.37 to 12.95 and 12.18 µM for C13 cells and 
24.67 to 19.3 and 22.9 µM for Heya8MDR cells respectively 
suggesting that downregulation of INP2 sensitizes the cells to 
cisplatin mediated cytotoxicity to a minimal extent.  
 
Under similar conditions, to determine the extent of 
apoptosis, apoptotic markers- cleaved PARP (and caspase 3 
levels-data not shown) were determined by immunoblot 
analysis in these clonal lines (Figures 6A and B). C13 and 

HeyA8MDR NTC, INP2sh1 and sh2 cells were treated with 10.0µM QC 
alone and in combination with 5.0 and or 10µM cisplatin for 24 hrs.  
Cell lysates were extracted and run on western blots and probed with 
cleaved PARP and PCNA asa control antibody. While QC alone 
treatment induced PARP cleavage in the INP2 downregulated clones 
in the C13 cells more than in the NTC cells the combination of QC with 
cisplatin was more effective in inducing apoptosis in the shINP2 cells 
(Figure 6A). In HeyA8MDR cells QC alone was as effective as the 
combination of QC with cisplatin in the shINP2 cells compared to NTC 
cells (Figure 6B). These results are consistent with what we observed 
with our data shown in Figure 5 using MTT assays.  Collectively, in 
contrast to what was expected based on the literature, these data 
suggest that QC induced cisplatin sensitivity is independent of INP2 in 
these cells. 

 
Collectively, our data indicate that TP53INP2 does not play a role in QC-induced autophagy and is minimally 
involved in chemoresponse.  
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Aim 1B: Determine the role of p62 in QC mediated synergy with carboplatin in chemoresistant OVCA 
cells. 
Role of P62 in sensitizing chemoresistant OVCa to Pt based cytotoxicity: The p62 protein, also called 
sequestosome 1 (SQSTM1), is an ubiquitin-binding scaffold protein that colocalizes with ubiquitinated protein 
aggregates and is required both for the formation and the degradation of polyubiquitin-containing bodies by 
autophagy. P62 binds to LC3B through the LIR (LC3 interacting region) domain and in itself degraded during 
the autophagic process. Other studies have shown that that the elimination of p62 by autophagy suppresses 
tumorigenesis10 in vivo and growth of several human carcinoma cell lines in vitro11. Since p62 accumulates 
when autophagy is inhibited, and decreased levels can be observed when autophagy is induced, p62 may be 
used as a marker to study autophagic flux. Selective degradation of P62 is physiologically relevant since high 
levels of P62 in various tumor types are associated with poor prognosis and survival12. Studies show that 
cisplatin resistant OVCa cells SKOV3/DDP express higher levels of P62 and siRNA downregulation of P62 in 
these cells sensitized these cells to cisplatin mediated cytotoxicity13. 
 
Based on the preliminary data presented in the original proposal and continuation of additional data generated 
proposed in the grant, we determined that the QC reduced cell viability and promoted chemotherapy-induced 
cell death in an autophagy-dependent manner considerably more in chemoresistant cells compared to their 
isogenic chemosensitive control cells as quantified by the Chou-Talalay methodology. Our preliminary data, in 
vitro and in vivo, indicate that QC induces autophagy by downregulating p62/SQSTM1 to sensitize 
chemoresistant cells to autophagic-and caspase-mediated cell death in a p53-independent manner. QC 
promoted autophagosome accumulation and enhanced autophagic flux by clearance of p62 in chemoresistant 
OvCa cell lines to a greater extent compared to their chemosensitive controls. Notably, p62 levels were 
elevated in chemoresistant OvCa cell lines and knockdown of p62 in these cells resulted in a greater response 
to QC treatment. Bafilomycin A, an autophagy inhibitor, restored p62 levels and reversed QC-mediated cell 
death and thus chemosensitization. Importantly, our in vivo data shows that QC alone and in combination with 
carboplatin suppresses tumor growth and ascites in the highly chemoresistant HeyA8MDR OvCa model 
compared to carboplatin treatment alone. Collectively, our preclinical data suggest that QC in combination with 
carboplatin can be an effective treatment for patients with chemoresistant OvCa. The manuscript 3 resulting 
from this study was published in the journal Oncotarget in 2015 and attached in the Appendix section. 
 
Based on the publication, we hypothesized that p62 knock down (KD) may enhance sensitivity to carboplatin 

treatment in HeyA8MDR and C13 ovarian cancer 
cells.  Elevated level of p62 has been previously 
shown to be critical in imparting chemoresistance in 
OvCA cells [43]. Our data indicate that QC treatment 
downregulated p62 levels preferentially in the 
chemoresistant C13 and HeyA8MDR cells (Figure 2A 
in the attached manuscript). Previous studies have 
shown that p62 downregulation sensitizes cells to 
cisplatin-mediated cytotoxicity [23]. To determine 
whether p62 plays role in QC- and carboplatin-
mediated apoptosis, we generated two different p62 
knockdown shRNA clones in HeyA8MDR and C13 cells 
as described in Materials and methods section with 
non-targeted control transduced cells (NTC) as 
controls. Efficient knockdown of p62 was confirmed in 

C13 and HeyA8MDR cells by western blot analysis using anti-p62 antibody (Figures 7A and B). To further 
evaluate the effect of QC in inducing apoptosis in NTC and p62-depleted cell s, we treated C13 NTC and p62 
shRNA clones with 0, 5.0, 10.0 μM of QC for 24 hours. Evaluation of apoptotic marker proteins by western blot 
analysis revealed that p62 knockdown cells exhibited higher degree of cleaved PARP and caspase 3 whereas 
no significant change was observed in LC3B II induction upon QC treatment in C13 NTC as well as p62shRNA 
cells (Figure 7A). Consistent with this data, QC treatment in HeyA8MDR p62shRNA cells showed increased 
degree of caspase 3 and PARP cleavage while no change was detected in LC3B II induction (Figure 7B). This 
data suggests that p62 downregulation in C13 and HeyA8MDR sensitizes the cells to QC treatment. Similarly, 
annexin/PI staining of these cells after treatment with QC revealed that C13 and HeyA8MDR p62 knockdown 
cells were more sensitive to QC-induced cell death when compared to NTC cells (Figures. 7C and 7D). More 
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importantly, genetic downregulation of p62 in HeyA8MDR cells enhanced carboplatin sensitivity (please note 
the reduction in carboplatin IC50 from 176 μM in NTC cells to 110 μM in p62 knockdown cells) (Figure 7E). 
Collectively, these findings indicate that p62 downregulation sensitizes cells 
to QC-mediated cell death. 
 
In order to map the domain within p62 that is critical for conferring synergy in 
OVCa cell, we generated deletion constructs of p62 starting with Myc p62 full 
length construct and validated it by immunoblot.as shown in Figures 8 A and 
B which shows the expression of the Myc tagged p62 deletion constructs in 
293T and C13 cells by transient transfections. 
 
We also generated clonal lines of the deletion constructs in C13/CAS9-p62g cells as shown in Figure 9B. For 

comparison, in Figure 9A the levels of endogenous p62 is shown in non-
transfected (NT) and in p62 deletion constructs including the full length WT 
control. Expression levels of these constructs in the clonal lines are shown by 
using both P62-Lck and anti-Myc antibody. Since the p62-lck immunogen 
does not recognize the PB1 domain the expression level of this construct was 
not detected with this antibody. 
 
We wanted to determine if QC mediates 
downregulation of exogenously expressed deletion 
constructs.  While 10µM QC treatment 

downregulated the expression of the exogenously expressed HA-tagged and p62 WT 
construct in C13 cells, the Myc tagged construct did not show a similar profile 
(Compare HA and Myc levels with increasing QC treatment). As expected, the 
endogenous p62 levels were consistently down in all three cell lines including the 
vector transfected controls.  Consistent with this down regulation there was increase 
in LC3BII, p53 and cleaved PARP levels (Figu  re 10).  However the Myc-tagged 
deletion constructs expressed in C13-Cas9-p62g cells did not show any 
downregulation of p62. It is not clear if the Myc tag confers a different conformation of 
p62 compared to HA-tag at this point. 
 
We tested the effect of carboplatin and QC in the clonal lines with specific deletion constructs. Figure 11 shows 
the response of C13 cells (CRIPR-Cas9 Scg and CRISPR-Cas9p62g) to QC and/or carboplatin at 72hrs. Each 

point represents the mean value of 6 replicates (error 
bars show + 2 standard errors of the mean). To our 
surprise, re-expression of p62WT construct into the 
C13-Cas9-p62g cells conferred sensitivity to 
carboplatin (Figure 11A). The IC50 for carboplatin 
decreased from 90µM in the p62g cells to 50µM in 
theP62WT transfected cells.  The difference in the 
IC50 for QC was comparable in these two cell lines 
(Figure 11B).  Similarly, deletion of specific domains, 
specifically deletion of LIR domain conferred slightly 
more sensitivity to carboplatin and to a limited extent 
to QC compared to full length construct (Figures 11C 
and D respectively). Based on the literature, we 
anticipated that the presence of p62 would confer 
resistance to chemotherapy.  In contrast, we see that 

the deletion and or full length p62 when re-expressed in p62 deleted cells conferred some sensitivity to 
carboplatin compared to vector transfected cells.  
 
Collectively, these data suggest that downregulation of p62 seen with QC probably plays a more significant 
role in promoting autophagy than chemosensitivity. 
 
Aim 1C: Next we asked the question what is the mechanistic basis for QC’s differential response in modulating 
the expression of p62 in sensitive vs resistant cells.   
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It is well established that cancer cells can undergo caspase dependent (Type 1) or apoptotic like autophagic 
death (Type 2) by recruiting lysosomal proteases to induce cell death. Lysosomes are acidic organelles 
involved in several cellular functions, including repair of the plasma membrane, degradation of 
macromolecules, antigen and recycling of 
cell surface receptors and apoptosis 
signaling [1]. More importantly, lipophilic, 
cationic drugs such as quinacrine, 
partition into lipid bilayers and cause 
increased lysosomal membrane 
permeabilization (LMP) and this results in 
the release of lysosomal content to the 
cytosol. Among the lysosomal proteases, 
the cysteine Cathepsins B (CTSB) and L 
(CTSL) have been implicated in promoting caspase‐dependent programmed cell death 14,15 or mitochondrial 
membrane permeabilization 16,17 . Our data shown in figures 12 A and B clearly shows that QC induced 

autophagy also upregulated the lysosomal protease CTSL and to a lesser extent 
CTSB but not CTSD (Fig.12C) in OC cells. One of the unanswered questions is 
whether QC-induced upregulation of CTSL more in resistant cells compared to its 
isogenic sensitive cells is involved in the degradation of p62 in resistant cells? To 
ascertain whether QC-mediated sensitizing effect on C13 cells but not on 
OV2008 cells could be attributed to the differential modulation of cathepsin 
expression/activity we performed q-PCR to detect CTSL in these cells.  q‐PCR 
analysis showed that the basal CTSL mRNA was 3.2 fold higher in C13 
compared to OV2008 cells  (Fig.12A). Further, the, expression of active form of 
CTSL protein was higher in C13 than in OV2008 upon QC treatment (Fig.12B, 
lane 6 compared to lane 3). These results suggest a possibility that p62 
degradation may in  part may also be mediated by CTSL since we had previously 
reported that QC treatment promoted p62 downregulation, induced LC3B 
expression and increased apoptosis as indicated by increased PARP cleavage in 
ATG5 WT MEFs but not in ATG5 null MEFs, as shown in Fig.3b in18,  and now 

shown here as Figure 13. In autophagy deficient ATG5 null cells, QC still activates CTSL albeit it is more 
pronounced in autophagy proficient ATG5WT cells. Consistent with this, we see that p62 is undergoing a more 
pronounced degradation in ATG5 WT cells compared to ATG5 null cells, suggesting a role for both autophagy 
and CTSL mediated degradation of p62. In ATG5 null cells, despite the lack of autophagy, p62 still is 
downregulated by QC treatment (panel 4, p62 short time exposure) where CTSL is activated minimally by QC 
treatment compared to ATG5WT cells.  In our ongoing studies, we have explored the possibility that p62 could 
be a substrate of CTSL (Figure 20).  
 
Next, to determine if the increase in PARP cleavage is mediated by the increase in the CTSL activity levels 

(Lanes 2 and 4 in both cell lines), C13* and HeyA8MDR cells were 
treated with various concentrations of cathepsin L specific inhibitor 
Z-Phe-Tyr-CHO for 24 hrs to inhibit CTSL activity in the presence 
and absence of QC as shown in figures 14 A and B respectively.  
Inhibiting CTSL activity with Z-Phe-Tyr-CHO treatment alone 
reduced the levels of cleaved caspases 3, 9 and cleaved PARP in 
both cell lines (Lane 3 in Figures 14 A and B).  QC alone 
treatment (that potentially upregulates CTSL activity) resulted in 
significant upregulation of these 3 apoptotic markers. Co-
treatment of QC + Z-Phe-Tyr-CHO resulted in slight 
downregulation of cleaved caspase 9 and PARP (Lane 4, panels 2 

and 5 in Figs. 14 and B).  Collectively, these results suggest that inhibiting CTSL activity results in the 
attenuation of QC-induced apoptosis.  
 
To further elucidate the specific cathepsin involved in QC mediated cytotoxicity and cell death, C13 cells were 
treated with pepstatin A (CTSD inhibitor), CA-74me (CTSB inhibitor) and Z-FY(tBU)-DMK (CTSL inhibitor) at 
indicated concentrations in the presence and absence of 5µM QC for 24 hrs. Cell survival was assessed by 
clonogenic assays and the levels of cleaved PARP by western blot analysis.as shown in figures 15A/B, D/E 
and G/H respectively. The colony forming ability of cells treated with QC alone in the absence of the 3 
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cathepsin inhibitors was significantly inhibited compared to untreated cells.  However, inhibiting Cathepsin B, D 
and L activities promoted clonogenic 
survival.  In contrast to CTSL inhibitor 
treatment, QC- induced clonogenic death 
was rescued by co-treatment with CTSB 
and D inhibitors compared to CTSB and 
CTSD treatment alone.  In contrast, 
inhibiting CTSL activity did not overcome 
the cytotoxic effect of QC, suggesting 
that QC-induced cytotoxicity is CTSL 
dependent.  This was reflected in 
cleaved PARP levels in the combination 
treatment with CTSD and B inhibitors 
with QC compared to QC alone treated 
cells (Comparable densitometric levels of 

cleaved PARP [3.93 to 3.63 for CTSD and 3.79 to 4.26 for CTSB inhibitor respectively] in Figures 15 C and F- 
lane 4 compared to lane 2.   However in the QC+ CTSL inhibitor treatment group, the levels of cleaved PARP 
were significantly less (Densitometric values in Fig 15I Lane 4 compared to lane 2 –1.04 to 3.74).   

Additionally, the role of CTSL in QC-induced cell death was assessed by FACS- PS externalization assay. The 
change in movement of the normal inward-facing phosphatidylserine of the cell’s lipid bilayer expression to 
outer layer of the plasma membrane indicates the 
early stages of apoptosis. As verified by Annexin 
V–pacific blue and PI staining (Figure 16), QC 
alone treated cells exhibited 30.3% (23.5+6.9) and 
36.4% (32.8+3.6) of early and late apoptotic cells 
in both C13 and HeyA8-MDR cells respectively 
(Fig.16 Panels 2).  However, in the cells treated 
with QC and Z-FY(tBU)-DMK,  QC-induced 
apoptotic cells death was arrested and decreased 
to 10.8% 3.1+7.6 and 15.2% 11.4+3.1  of 
apoptotic cells in C13 and HeyA8-MDR cells 
respectively (Fig.16 panels 4).  Also, inhibition of CTSL activity with Z-FY(tBU)-DMK alone completely blocked 
apoptosis to the levels in control untreated cells (Fig16. panels 3 compared to panel1, 7% and 6.4% in C13 
and1.12 to 0.64 in HeyA8MDR cells). Collectively, these results highlight the role of CTSL in QC- apoptotic cell 
death.  

Apoptotic stimuli have been shown to trigger lysosomal membrane permeability (LMP), leading to the release 
of cathepsins, which activate death 
signaling pathways in the cytosol. To 
determine if QC treatment promotes LMP,  
C13 cells were initially exposed to 5.0 and 
10 µM QC (data not shown) for 3, 6, 12 
and 24 hrs at incubated with and treated 
with 50nM Lyso Tracker Red for 1hr at 
37oC and loss of lysotracker staining 
indicative of LMP was visualized using 
confocal microscopy.  Since 5 µM QC was 
effective in inducing LMP in C13 cells, 
HeyA8 MDR cells were also tested for QC-
induced LMP under similar conditions as 
shown in figures 17 A and B (Middle and 
merged panels) respectively. QC induced 
LMP was evident as early as 3hrs and 6 

hrs in C13 and HeyA8MDR cells respectively. 
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Whilst the data shown in figures 12 and 14 confirm that the mature form of CTSL is generated after QC 
treatment- it does not 
necessarily reflect the levels 
of CTSL activity. Therefore 
we determined CTSL activity 
with increasing concentrations 
of QC in the presence and 
absence of 10 µM CTSL 
inhibitor for 24 hr in a cell 
based assay Magic Red® 
Cathepsin L Assay Kit from 

(Immunochemistry 
Technologies LLC, 
Bloomington, MN) following 
manufacturer’s instruction. If 
cathepsin enzymes are 
active, the Magic Red 
substrate MR-FR2 enters the 
cell in a non-flourescent state 
and is cleaved and the cresyl 
violet fluorophone will become 
fluorescent upon excitation. 
The more Magic Red 
substrate is cleaved the signal 
will intensify reflecting the 
increased activity of CTSL in 

the cell.  As shown in Figures 18 A and B there is a dose dependent increase in the activity of CTSL (Increase 
in red flourescence) which is completely abrogated in the presence of the CTSL inhibitor Z-FY(tBU)-DMK.  
Quantification of the fold increase in CTSL activity levels are indicated in the bar graph below the confocal 
images for both C13 and HeyA8MDR cells respectively. 
 
To address the impact of CTSL in QC mediated apoptotic signaling cascade, we knocked down (KD) CTSL 
expression in C13 cells using two different CTSL shRNA (CTSL-sh1 and sh2) with nontargeted shRNA (NTC) 
as control.  Conversely, we generated CTSL 
over-expressing clones in OV2008 cells with low 
endogenous CTSL expression with empty 
vector (EV) transfected control. The CTSL 
expression plasmid was obtained from Addgene 
and the shRNA clones (Sigma shRNA mission 
library) from the Mayo Clinic RISR core facility.  
Efficient downregulation and /or upregulation of 
CTSL at the protein level in C13 and OV2008 
cells were verified by western blot respectively 
(Figures 19A and B). C13 cells (NTC, sh1 and 
sh2) were treated with 0, 2.5 and 5 µM of QC for 
24h and the levels of pro and mature forms of 
CTSL, LC3BII, p62 and apoptotic markers 
cleaved caspases 3, 9 and PARP were 
assessed by immunoblot analysis. QC induced 
the expression of active CTSL in NTC cells but 
not in CTSL KD sh1 and sh2 cells that was 
reflected in reduced levels of p62 degradation 
and LC3B expression. Also, CTSL knockdown cells showed reduction in apoptotic markers Cyt c, caspase-9 
and cleaved PARP compared NTC cells (Fig.19C). In contrast, QC treatment of OV2008 with upregulated 
CTSL levels (CTSL upregulated) showed that induced higher levels of the mature form of CTSL both in the 
vector and CTSL transfected cells, albeit, the CTSL levels were significantly higher in the CTSL over-
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expressing clone compared to the vector transfected cells (Fig 19D, top panel). Consistent with the increase in 
CTSL levels, there was a gradual decrease in P62 levels with a concomitant increase in the LC3BII, Cyt c, 
cleaved caspases 3, 9 and PARP expression compared to vector transfected cells (Fig.19D).   Taken together, 
these results suggest that QC by inducing CTSL activity promotes both LMP and an increase in apoptotic 
signaling.   

Data presented in figures 17A and B clearly indicates that QC induces LMP.  Additional data suggests that QC-
induced upregulation of CTSL may [play a role in QC-induced LMP.  To validate the role of QC-induced CTSL 
in 

inducing LMP, we treated CTSL overexpressing 2008 cells and CTSL knock down C13 cells to varying 
concentrations of QC for 24 hrs and determined the extent of LMP using lysotracker red asa readout. Results 
shown in figures 19E shows that  QC-induced LMP in OV2008 cells with ectopic expression of CTSL (Figures 
19E and F)  but not in CTSL downregulated C13 cells (Figures 19G and H). Collectively, these results suggest 
that QC-induced CTSL may have a critical role in QC-induced LMP to induce cell death.  

Determine whether p62 degradation is directly regulated by QC induced upregulation of cathepsin L 
To determine the effect of the CTSL on p62 degradation, HeyA8-MDR cells were treated with 5µM QC for 12h 

and 24h and the level of p62 
was visualized using confocal 
microscopy. Time dependent 
QC-induced CTSL expression 
(Fig 20A- compare 12hr to 24hr 
exposure, green signal) 
resulted in increased p62 
degradation (Fig. 20A, compare 
12hr to 24hr, red). Conversely,  
increased CTSL activity as 
assessed by CTSL Magic Red 
activity assay by transfecting 
CTSL expression construct in 
CTSL low expressing OV2008 

cells (Fig.20B, red signal)  led to p62 decrease (Fig.20B, green signal), which confirms  p62 is degraded by QC 
mediated CTSL expression and activation.  Further, to directly substantiate, recombinant CTSL (rCTSL from 
R&D Systems, Minneapolis, MN following manufacturer’s instruction) was incubated with the lysate extracted 
from HeyA8MDR cells and degradation of p62 was monitored by western blot analysis.  As shown in figure 
20C, rCTSL degraded endogenous p62 in a dose and time dependent manner consistent with the confocal 
imaging results shown in figures 20A and B for the first time.  
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QC induces active CTSL to promote p62 degradation and caspase mediated cell death in vivo 
We have previously reported that QC treatment of mouse-derived xenografts of HeyA8 MDR was shown to be 

effective in reducing tumor weight, reducing cell proliferation as 
measured by Ki-67 staining and blocking ascitic fluid formation.  
Additionally, transmission electron micrographs of tumor derived QC-
treated xenografts clearly showed increased formation of 
autophagosomes and autolysosomes. These effects were dramatic 
when QC was combined with carboplatin leading to complete remission 
of tumor growth and reduction in the proliferation index 3. We tested 4 
each of the control and QC treated xenografts to check if QC treatment 
induced active CTSL in vivo.  As shown in figure 20D, there was a 
dramatic induction of CTSL upon QC treatment in vivo.  This correlated 
with degradation of p62, upregulation of LC3BII and increase in Cyt-c, 
cleaved caspase 3 and cleaved PARP compared to untreated cells.  
Taken together these data provide strong evidence that p62 is a 
substrate of CTSL and gets degraded during QC-induced autophagic 
and caspase mediated cell death.   

 
In Aim 2 we had proposed to identify novel or known markers that may contribute towards QC-induced 
synergy by RNA sequencing (in Collaboration with Dr. Chen Wang, Co-I) 
Introduction: Based on our preliminary results, in Aim 1, we focused on increased autophagic flux in resistant 
cells as a contributing factor conferring sensitivity to carboplatin.  However, biomarkers associated with drug 
sensitivity could potentially involve several other genes that may offer biological clues as to the mechanisms 
involved. In this Aim, we had proposed to identify additional novel or known markers that may contribute 
towards QC-induced synergy in resistant cells by performing RNA sequencing of all three sensitive and 
resistant isogenic cell lines with and without  QC treatment to mechanistically define the differential 
transcriptional response which may ultimately shed light on the molecular players responsible for this 
differential drug sensitivity. 
 
Rationale: Transcriptional response induced by chemotherapeutic agents can be used to assess the potential 
mechanisms of actions associated with the agents.  For example, results from the Connectivity Map studies 
indicate that similar transcriptional response (perturbed gene expression) is induced by drugs with similar 
mechanisms of actions19. Connectivity Map has generated thousands of transcriptional profiles perturbed by 
hundreds of known and novel drugs 20.  This database can be queried to determine which known drugs induce 
transcriptional response similar to QC. Such analysis will provide us with potential mechanisms of action 
associated with QC. Therefore, we will characterize the perturbed gene expression induced by QC in the three 
sets of isogenic sensitive/resistant cell lines. To leverage the resources provided by the Connectivity Map, we 
will treat the cells for 6 hours with QC. The 6-hour time point was selected because it is the same time point for 
all the drugs tested in the Connectivity Map project19.  The concentration of QC will be predetermined by 
treating the cells with various concentrations of QC and establishing the concentration at which known gene 
target of QC is up or downregulated by qRT-PCR. 
 
Based on the results that p62 was downregulated as early as 6hrs treatment with 8µM QC we treated 
OV2008/C13*, HeyA8/HeyA8MDR and SKOV/SKOV3TR cell lines with 8µM QC or vehicle control for 6 hours 
collected RNA in Trizol, and prepared RNA sequencing libraries with TruSeq RNA library kit (Illumina). We 
performed RNA sequencing at Mayo Sequencing Core Facility. A total of at least 20 million mapped reads for 
each RNA library. 
 

Primary analysis of genes that are perturbed (up- or down-regulated) by quinacrine was performed in 
sensitive (N=3) and resistant (N=3) cell lines. TopHat 21 was used to align reads to the Human Reference 
Genome (hg19), and HTSeq 22 was used to produce read counts. A heatmap was generated with Morpheus 
software (Broad Instituite). Gene analysis was performed with BRB Arraytools 23, DESeq2 24, and Ballgown 
pairwise comparison to identify differentially expressed genes with a p-value of < 0.05.  

 
The list of genes generated was evaluated by Metascape Ingenuity Pathway Analysis and Panther 

Analysis 25 to identify pathways and networks of genes perturbed by quinacrine in sensitive and resistant cell 
lines. All statistically enriched terms (GO/KEGG terms, canonical pathways, hallmark gene sets) were first 
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identified, and accumulative hypergeometric p-values and enrichment factors were calculated and used for 
filtering. Remaining significant terms were then hierarchically clustered into a tree based on Kappa-statistical 
similarities among their gene memberships. Then 0.3 kappa score was applied as the threshold to cast the tree 
into term clusters. The perturbed gene list was additionally queried in the Connectivity Map (CMap) 19 database 
to identify other drugs with similar profiles of transcriptome perturbation.  

The initial RNA sequencing secondary analysis revealed 616 transcripts that were significantly (p < 0.05) 
differentially expressed in SKOV3-TR, C13, and HeyA8-
MDR resistant cell lines when treated with quinacrine (Fig. 
21A). Additional filtering analyses identified 170 
differentially expressed genes in sensitive cells and 164 
differentially expressed genes in resistant cells upon 
quinacrine treatment (Fig. 21B and Table 1). There were 
31 genes differentially expressed in this analysis that were 
common to both sensitive and resistant cells treated with 
quinacrine (Fig. 21B and Table 2).  Tables 1 and 2 are 
attached in the Appendix. 

 

Pathway correlation analyses of RNA expression 
changes after quinacrine treatmentThe RNA sequencing 
results of differentially expressed genes from quinacrine 
treatment were submitted to the Metascape database for 
pathway correlation analyses 25. Gene identifiers (Gene ID, 
RefSeq, or Symbol) from these results were entered as input 
and database conversion resulted in 117 and 120 Human 
Entrez Gene IDs from resistant and sensitive cell lines, 
respectively. After filtering statistically enriched terms, the 
resulting enrichment analysis identified major signaling and 
hallmark pathways correlated to quinacrine-induced 
transcription profiles for resistant cells (Fig. 22A) and 
sensitive cells (Fig. 22B). The hallmark p53 pathway was 
correlated to both resistant and sensitive cell line gene sets 
(Figs. 22A&B), and this pathway has been previously 
reported to be altered by quinacrine in cancer cells 26. 
Several signaling pathways of nucleotide and DNA regulation 
(protein-DNA complex assembly, modification, metabolic 
process, replication) were perturbed, mainly in resistant cells 
(Fig. 22A), suggesting nucleotide regulation pathways may 
be important for quinacrine mechanisms in drug resistant 
cancer cells. 

 
Validation of RNA expression changes after quinacrine treatment 
Candidate genes were identified for further validation based on a casual relationship to pathway correlation 
analysis, high-fold change, and most significant p-values for RNA sequencing data after quinacrine dosing. 
Selected transcripts included ASNS, BOP1, and CSTM in resistant cells (Fig. 23A). ATF3 and PHDGDH were 
validated for changes in both sensitive and resistant cells (Fig. 23B). 

 
Transcription of ASNS, the gene for asparagine synthetase, was downregulated in C13 and SKOV3-TR cells 
after quinacrine treatment (Fig. 23A, Panel 1). Increased ASNS expression and protein levels were previously 
shown to have a negative correlation with L-asparaginase (L-ASP) chemotherapeutic activity in OVCAR8 and 
isogenic multidrug-resistant derivative ovarian cancer cells and clinical tumor microarrays 27. By knocking down 
asparagine synthetase, Krall et al., recently reported that asparagine regulates serine uptake influences that 
affect serine metabolism and nucleotide synthesis 28. These data suggest that asparagine, by coordinating 
protein and nucleotide synthesis, is important in amino acid homeostasis and proliferation. 
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The second gene that was validated was BOP1 (block of 
proliferation), which encodes the ribosome biogenesis 
protein BOP1. Changes in BOP1 activity are associated 
with ribosomal biogenesis impairment 29. This was the most 
highly upregulated gene (fold change >200 fold; Table S1) 
in the resistant cells of the RNA sequencing data and 
showed significant quinacrine-induced upregulation by 
qPCR in HeyA8-MDR and SKOV3-TR cells to a lesser 
extent (Fig. 23A, Panel 2). It maps in the 8q amplicon and 
~37% of primary tumors show amplification/overexpression 
in the ovarian TCGA database at the mRNA level. While 
there is very little information on BOP1 in ovarian cancer, 
BOP1 has been reported to promote epithelial 
mesenchymal transition in hepatocellular cancer 30.  
 
The third gene validated was CST6 (CSTM), a lysosomal cysteine protease inhibitor, considered to be a 

metastatic tumor suppressor of breast 
cancer 31. There are very few reports on 
the function of CSTM in ovarian cancer. 
RNA sequence analysis revealed that the 
CSTM expression was induced by 
quinacrine in the resistant cells by 5.4 
fold compared to the sensitive cells. 
Analysis by qPCR validated that 
quinacrine induced CSTM expression in 
all three resistant cell lines to about the 
same extent (Fig. 23A, Panel 3). The 
expression of CSTM is under epigenetic 
control as shown in several tumors. 
Specifically, one study associated 
DNMT3B expression and activity as a 
contributing factor for CSTM promoter 
methylation 32. Interestingly, RNA 
sequence analysis showed that the 
expression of DNMT3B was 
downregulated by 1.7 fold in the resistant 
cells. This result was validated in all three 
resistant cell lines (Fig. 23A, panel 4). It 
is also interesting to note that the 
upregulation of CSTM by quinacrine is 
consistent with a study by Hossain et al., 
that DNA-intercalators (including 
quinacrine) causes rapid re-expression of 
methylated and silenced genes in cancer 
cells 33. Based on the report that 

methylation-induced gene silencing of several genes is associated with chemoresistance 34,35, we surmise that 
CSTM regulation by quinacrine might be related to drug synergy with cisplatin in ovarian cancer cells 3.    

 
Transcription of ATF3 was upregulated by 2-fold in the RNA sequencing of sensitive cells compared to the 
resistant cells. While OV2008 and HeyA8 showed significant quinacrine-induced upregulation of ATF3 with 
qPCR validation, it was downregulated in the sensitive SK-OV-3 cells (Fig. 23B, top panel). Prevailing literature 
suggests that ATF3 can act either as an anti-apoptotic or pro-apoptotic factor depending on the cell and tumor 
type. For example, ATF3 is oncogenic in breast cancer 36, and acts as a metastatic tumor suppressor in 
bladder cancer 12. Similarly, some studies suggest that ATF3 is an apoptosis inducer in ovarian cancer 37, while 

16



one study professes a worsened prognostic significance in ovarian cancer tumors 38. It is yet to be determined 
if quinacrine-induced ATF3 expression in these sensitive cells is pro- or anti-apoptotic.   

 
Expression was validated for PHGDH, which codes for phosphoglycerate dehydrogenase, an enzyme involved 
in serine biosynthesis. PHGDH was downregulated in both sensitive and resistant cell RNA sequencing data 
by about 2-fold. In qPCR analysis, quinacrine reduced PHGDH in HeyA8, SKOV3, and SKOV3 TR cells, 
although PHGDH was upregulated in C13 and HeyA8-MDR cells (Fig. 23B, Lower panel). Serine is the third-
most metabolite consumed by cancer cells after glucose and glutamine 39. Serine is used as a building block 
for proteins and as a carbon donor for nucleotide biosynthesis. Since the discovery that PHGDH is amplified at 
the genomic level in breast cancer 40, several studies have shown that silencing PHGDH in PHGDH-dependent 
cancers significantly affected cell growth, thus making this enzyme an attractive target for cancer therapy. 
However, these results suggest that quinacrine is more likely to downregulate PHGDH expression in sensitive 
cells lines.  

Quinacrine-induced RNA expression changes correlated to genetic profiles of other drugs 
The changes in quinacrine-induced transcriptional expression were compiled from all the cell lines and 
compared to the CMap drug gene expression signature database 19. CMap database comparison is based on 
similar transcriptional response (perturbed gene expression) being induced by drugs with similar mechanisms 
of actions 19. CMap has generated thousands of transcriptional profiles from hundreds of known and 
experimental drugs. This database was queried to determine which drugs induce transcriptional response 
similar to quinacrine as evidence of potential mechanisms of action. Small molecule compounds with similar 
gene expression profile changes were ranked by p-value (Table 2). The top result was wortmannin, which is a 
PI3K inhibitor along with the fourth-ranked result of LY-294002, and has also been shown to inhibit DNA repair, 
receptor-mediated endocytosis, and cell proliferation 41. The second-ranked result was sirolimus (rapamycin), 
an mTOR inhibitor that also can impact the PI3K pathway and autophagy regulation. The fifth-ranked result 
was tanespimycin, which is a derivative of geldanamycin (19th) and an inhibitor of Hsp90 that impacts multiple 
pathways including PI3K signaling 42. The third- and sixth-ranked results are trichostatin A and vorinostat, 
respectively, which are histone deacetylase inhibitors. Interestingly, the 80S ribosome modulator anisomycin 
(20th) and the RNA  synthesis inhibitor hycanthone (30th) also had significantly comparable genetic signatures 

to quinacrine. For both of these latter drugs, it is noted 
that the limited number of profiles (n = 4 for both) may 
have resulted in lower p-values (0.004 and 0.009, 
respectively). 

 
The CMap database comparison identified some 

previously reported pathways modulated by quinacrine 
including PI3K/Akt/mTOR signaling (Table 1), and further 
study is needed to determine if this modulation is linked 
to the current observations, prior reports of autophagy 
regulation 3,18, or an independent mechanism of 
quinacrine. Several of the associated drugs listed in 
Table 1 are antipsychotic medications or related 
compounds (e.g. trifluoperazine, thioridazine, 
phenobenzamine, fluspirilene, and prochlorperazine). 
Quinacrine had been previously reported to non-
selectively inhibit monoamine oxidases and N-
methyltransferases 43,44, which may account for 
quinacrine-induced psychosis-related side effects at 
higher doses. It is not known if there is any relation 
between the quinacrine-induced inhibition of N-
methyltransferases and inhibition of DNA 
methyltransferases. 

 
One of the things we noticed was QC treatment seemed 
to have upregulated some oncogenes such as HIF1a, 
and Bmi-1. Since the expression of Bmi-1 is associated 
with chemoresistance 45, we anticipated the expression of 
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this gene would be downregulated in resistant cells by QC. We sought to validate this RNA sequence based 
data using Q-PCR. In contrast to the RNA sequence data, Bmi-1 expression was downregulated in the C13 
cells with no change in HeyMDR and SKOV3TR cells (Data not shown). One of the limitations of this study was 
that the RNA sequence was not done in replicates. This could account for the variation observed between RNA 
sequencing analysis and the Q-PCR based analysis for some of the genes. Keeping in mind that the 
expression levels for any specific gene were averaged between resistant and /or sensitive cells compared to 
the untreated cells to obtain statistically significant differences in gene expression in these categories 
compared to the untreated cells, we are cognizant of the fact that not all three resistant cells will either show up 
and or down regulation for any specific gene. Collectively, our data indicate that the genes we selected from 
the RNA sequence based identification in the different categories for the most part was validated by Q-PCR. 
Future studies with additional funding, we will evaluate the contribution of QC-induced alteration of couple of 
these genes in chemoresistance, autophagy and growth both in vitro and in vivo. 
 
Quinacrine induces nucleolar stress. 
Based on the report that QC-induced gene expression showed the highest correlation to that of ellipticine, an 
RNA Pol I inhibitor 46, we explored the extent to which QC inhibits RBG and produces therapeutic effects 
through nucleolar stress. It is well established that drugs that modulate RBG to induce nucleolar stress 47.  
Based on the expression analyses, quinacrine-induced attenuation of ribosomal biogenesis was further 
investigated in high grade serous ovarian cancer cells. This carcinoma histotype is known for aggressiveness 
and lack of response to therapy. In ribosomal biogenesis, the 18S, 5.8S, and 28S rRNAs are transcribed by 
RNA polymerase I from a single transcription unit of 47S pre-ribosomal RNA in the nucleolus (Fig. 24A). The 
three rRNAs are interspersed with non-coding sequences, specified by 5’- and 3’- external transcribed spacers 
(5’-ETS and 3’-ETS) and internal transcribed spacers 1 and 2 (ITS1 and ITS2). To confirm that quinacrine 
affects ribosomal biogenesis, OVCAR5 and OVCAR8 cells were treated with 1.0 QC µM for 1 hour.  qPCR 
analysis showed repression of 47S rRNA as assessed by the levels of short-lived 5’ ETS, 18S and 28S (Fig. 
24B). Immunofluorescence (IFC) analysis of ongoing rRNA synthesis monitored by FUrd nuclear run-on 
assays of OVCAR5 cells showed inhibition of RNA synthesis upon QC treatment (Fig 24C). IFC analysis for 
fibrillarin in OVCAR5 and OVCAR8 cells shows quinacrine promotes redistribution of fibrillarin  in the form of 
extranuclear foci and nucleolar caps of this pre-ribosomal RNA methyltransferase (Fig. 24D), which is an 
indicator of nucleolar stress conditions 29. Quinacrine-induced decreases in ribosomal biogenesis and 
maturation may also be reducing protein translation, which is suggested by reduced puromycin labeling in 
OVCAR5 cells (Fig. 24E).  Collectively, these results suggest quinacrine attenuates the biosynthesis and 
processing of rRNA, which may be inducing a nucleolar stress environment. 
 

A major consequence of nucleolar stress is inducing p53 signaling, and induced p53 has been previously 
described as a quinacrine target 26. However, high 
grade serous ovarian cancer is well-known for 
TP53 mutations 48, which suggests  the 
importance of alternative or intermediate 
signaling. Nucleostemin (GNL3) is a nucleolar 
protein that was initially reported to regulate p53 
signaling and later found to also regulate pre-
ribosomal rRNA processing 49. Nucleostemin is 
highly expressed in several ovarian cancer cell 
lines (Fig. 25A). Quinacrine downregulated 
RPA194, the catalytic subunit of RNAPOL1 which 
correlates with decreases in nucleostemin (Fig. 
25B). Whilst QC treatment downregulated 
RPA194 and NS, other nucleolar proteins such as 
UBF, TP53INP2 and FBL involved in ribosomal 
biogenesis were not affected (Fig. 25C).  Based 
on the report by Wang et al., 50 that NS KD 
inhibited growth of SKOV3 cells both in vivo and 
in vitro, we knocked down NS expression using 
shRNA.  Efficient KD of NS in OVCAR5 cells is 

shown in figure 25D. Decreased levels of nucleostemin inhibited colony forming abilities of OVCAR5 cells 
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(Figs. 25D and E). These results suggest QC induces nucleolar stress downregulates nucleostemin, which 
may be related to its cytotoxic mechanism in malignant cells. 

Nucleolar stress is an emerging concept where nucleolar functions may sense various cellular stresses that 
impair ribosomal biogenesis and activate stress-responsive signaling 29. Ribosomal biogenesis can be 
suppressed at RNA polymerase I initiation, pre-ribosomal RNA processing, and ribosomal assembly stages, 
which can also be impacted by many other changes such as physiochemical stressors and autophagy 
dysregulation (e.g. key autophagic protein LC3 localizes to nucleolus). The canonical output of nucleolar stress 
is p53 signaling activation. Our interim hypothesis that quinacrine induces nucleolar stress was based on 
quinacrine modulation of ribosomal biogenesis 46, autophagy 3, and p53 activation 26. However, TP53 is 
mutated in about half of all  cancer types and >95% of high grade serous ovarian cancer tumors 48. As 
quinacrine is cytotoxic in TP53-null ovarian cancer cells 18, we identified nucleostemin as an alternative 
downstream target of quinacrine. Nucleostemin is nucleolar protein that regulates both p53 signaling and pre-
ribosomal RNA processing 49. 

It is increasingly being recognized that RNA polymerase I-induced transcription of ribosome production in 
the nucleolus is consistently upregulated in cancer such that it is firmly believed that cancer cells are addicted 
to this process to accommodate for the increasing demand for protein synthesis, growth, and proliferation. This 
may open a therapeutic window to specifically target cancer cells with minimal effect to normal cells. 
Oncogenes such as Myc and loss of tumor suppressors, for example p53 result in hyper-activation of 
ribosomal biogenesis. Inhibition of ribosomal biogenesis leads to nucleolar stress response to promote p53 
stabilization, cell cycle arrest, and apoptosis. All of these processes, when dysregulated in cancer culminate in 
phenotypic hallmarks of cancer cells. 

 
In summary, our RNA sequencing analyses followed by a further pathway investigation demonstrate that 

quinacrine induces nucleolar stress in our therapy-refractory ovarian cancer models. Further investigation in 
needed to determine if these effects of quinacrine are specific to therapy-refractory cancer cells or to ovarian 
cancer cells in general independent of their response to chemotherapeutic agents.  Understanding the 
anticancer mechanisms of quinacrine will promote well-designed clinical trials for repurposing this drug. 

Aim 3: Examine the role of QC in chemoresponse using in vivo patient-derived xenografts (PDX) 
models.  In this aim, we had proposed to examine the role of QC in chemoresistance in vivo in preclinical PDX 
of ovarian cancer using QC alone and in combination with conventional chemotherapy (carboplatin/paclitaxel) 
using 5 different chemoresistant PDX models that mimic patient response. Two categories of patients were 
selected based on their response to carboplatin/paclitaxel regimen‐PH053 and PH112 (chemoresistant) PH070 
and PH095 (chemoresistant /recurrent), two models of patients with sensitive to chemotherapy (PH081 and 
PH095). Each model will be treated with intraperitoneal carboplatin and paclitaxel. For this study, “platinum‐
resistant” is defined as patients who progressed within 12 months following surgery and chemotherapy 
(recurrence within 6 months of the last platinum‐based therapy) and “platinum sensitive” is defined as patients 
who progressed after 18 months after their last platinum based therapy. 

Treatments were started when palpated tumors reached 0.5–1 cm2 indicated by the dotted line in Figures 26, 
29 and 30 Ai) and Bi). Growth curves above this arbitrary line is considered resistant to chemotherapy and 
when the growth curves fall below the dotted line – the model is considered to be responsive to chemotherapy 
and the tested drug- in this case QC. Chemotherapy consists of carboplatin (51 mg·kg−1) and paclitaxel 
(15 mg·kg−1) administered intraperitoneally (IP) once a week for 4 weeks.  QC 100mg/kg was administered 
by oral gavage every other day for 4 weeks. The tumor size was assessed weekly by ultrasound; three 
measurements per session for each animal were made and averaged. 

Initially, we tested the effect of QC alone and in combination with chemotherapeutic combination in one PDX 
tumor model, PH070. PH070 is a recurrent tumor model.  Four different groups of mice (ten mice in each 
group) were assigned for our study, control, QC alone, carboplatin/paclitaxel (CP alone), and combination of 
QC+CP. QC (100mg/kg) treatments were done using oral gavage, whereas chemotherapeutic drugs were 
given intraperitoneally. The treatments were scheduled for four weeks, and the tumor volume was measured 
on a weekly basis using ultrasound imaging method.   
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Our results indicated that 
the tumor volume as 
measured by ultrasound 
imaging showed that QC 
as monotherapy was not 
very effective in reducing 
the tumor burden at days 
21-28 compared to the 
control untreated group 
(Fig. 26Bi). Also, mice 
treated with 
carboplatin/paclitaxel and 
the combination of QC + 
chemo was also not very 
effective  (Figure 26Bi) 
as well as  CP treatment 
alone.  It is important to 
understand that the 
PH070 is not just a resistant tumor, but a recurrent tumor. Ongoing studies with this model could be extended 
to study if QC as a maintenance therapy may be more effective in a recurrent model. One other factor to 
consider is whether oral gavaging is the best route of administration of this drug since QC preferentially 
accumulates more in the liver. 
 
The PH070 model also produced ascites.  5 of 10 control mice had reduced volume of ascites.  However, QC 
alone, CP alone and a combination of QC+CP was 100% effective in inhibiting ascites formation in the 
treatment groups.   
 
In these ongoing studies we had proposed to test a second model, PH053 that is a resistant but not a recurrent 
tumor.  Based on the ultrasound imaging, there is no change in tumor volume (Fig.26Ai).  Based on our in vitro 
data, we had anticipated that QC as a monotherapy will be effective in the resistant models. However, in the 
PH053 PDX resistant model QC was not effective either as a monotherapy or in combination with CP.   
 
Although these results were not very encouraging, we decided to analyze the tumors we derived from the 4 
treatment groups for proliferative markers (Ki67 staining) to determine if the non-tumor shrinkage would be 
reflected in the proliferation/growth of these tumors.  To our surprise, we saw a significant decrease in the 
proliferative index in the treated groups, specifically in the combination group compared to the control and or 
single agent treatment- more so in the recurrent PH070 
model. Figs. 26Aii and Bii shows representative images of 
Ki67 staining in both the models with and without treatment 
in the tumorografts.  The quantitation of Ki67 staining is 
shown below the IHC images for both the models. 
 
Since the Ki67 staining showed results that were not 
consistent with the reduction in the tumor volume as 
measured by ultrasound, we analyzed the H&E stained 
tumorografts to determine the extent of tumor vs stroma in 
these models.  Our H&E staining of the xenografts showed 
extensive stromal invasion replacing the tumor cells in 
chemo, QC and in the QC+chemo (CP) treated groups 
compared to the control untreated groups. As shown in 
Figure 27A, there was more stromal invasion in the treated 
groups compared to control in both the models. The ratio 
between stromal and tumoral area is calculated using 
Image J program with fiji application 
(http://forum.imagej.net/) (Fig.27B) .These were statistically significant. S-Stroma, T-Tumor cells, N-Necrotic. 
 
To clearly visualize the stromal compartment, we performed Masson’s trichrome staining 51 as shown in Figure 
26Aiii and 26Biii.  There is clearly more stromal invasion in the treatment groups compared to the untreated 
control group.  Recent reports analyzing the contribution of the mouse stroma to poor prognosis associated 
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with stem/serrated/mesenchymal (SSM) transcriptional subtype in colorectal cancers 52 and more in general to 
stem like poor prognosis signatures in the tumor compartment and hypoxia associated gene signature53.   
 
In order to understand the contribution of mouse stroma inducing resistance to QC treatment in vivo, we 
cultured PH053 and PH070 control tumors as short term primary cultures for one 
week and analyzed apoptotic and autophagy related markers by western blot as 
shown in Figure 28. Single cell suspension of PH053 and PH070 PDX tumor were 
grown for 48 hrs and treated with QC for 24 hrs. Human specific antibodies 
against LC3B, p62, Skp2 and cl-PARP were used.   QC induces LC3BII and 
downregulates p62 and Skp2 and induces cl-PARP.  In contrast to the in vivo 
data, QC treatment of these primary short-term cultures induced both autophagic and apoptotic cell death. 
These data seem to suggest that the increased stromal reaction upon QC and or Chemo treatment in vivo is 
one potential mechanism of resistance in these models.  It is interesting to also note that the amount of stromal 
infiltration was much less in the PH070 PDX model compared to PH050.   Also, the reduced Ki67 staining in 
the recurrent PH070 model upon QC treatment alone or in combination with chemo provides us with an 
opportunity to extend QC treatment as a maintenance therapy in the recurrent setting- a setting that will benefit 
patients with OvCa that come back with the recurrence- a patient population with limited options.   
 
Following model PH053 and PH070 [Figs.26A & B], same mode and concentration of chemo 
(carboplatin/paclitaxel), QC and combo were administered in PH081, PH095 and PH112 PDX models. PH081 

and PH095 (Figs. 29Ai 
and Bi) were both 
chemo sensitive group 
showed that chemo 
alone exhibited a 
remarkable efficacy 
against the tumor 
development when 
compared to QC alone 
but interestingly combo 
(chemo+QC) treatment 
nullified tumor 
proliferation which 
resulted in no tumor and 
complete tumor free 
animals(Figs. 29Ai and 

Bi).  Ki-67 and Masson’s trichrome stain revealed that the administration of chemo exhibited augmented tumor 
reticence and reduced Ki-67 proliferation marker expression when compared to control and QC treated (Fig. 29 
Aii and Bii) which are statistically significant.  Masson’s trichrome stain revealed remarkable host stromal 
infiltration in Chemo and Combo treatment groups compared to control and QC treated alone mice (Figs. 29 A 
and B iv-v).which is similar to the results of PH053 and PH070.  

Model PH112 is similar to our other models, QC alone was not effective in reducing the tumor burden 
compared to the untreated control group but also Chemo alone and in combination with QC was more effective 
in decreasing the tumor burden compared to the control and QC alone groups (Fig. 30Ai). Ki-67 and Masson’s 
trichrome stain (Fig.30Aii-v) results were similar to other models.  

With this model, we extended our study to maintain QC treatment alone for an extended length of time to 
determine if QC given after the termination of chemotherapy regimen may have a desirable effect in preventing 
the re-growth of tumors in the QC + CP arm. After the termination of chemo treatment (28 days), we 
randomized the mice into two groups. The control arm received no treatment while the maintenance arm 
continued to receive QC (100mg/kg) treatments for another 42 days. There was no change in tumor volume 
during 28 days between QC+CP arm and CP arm, but QC maintenance showed a slight reduction in tumor 
burden compared to the no treatment control group- but it was not statistically significant (Fig. 30Bi). Also, the 
tumor proliferation index was significantly lower when compared to that of control as assessed by Ki-67 stain 
(Fig.30Bii&iv). Most importantly host stromal infiltration was noticed markedly in treated group compared to 
control untreated mice as verified by trichrome stain (Fig.30Biii & v). 
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Collectively, the results from the PDX models suggest that irrespective of the underlying chemoresponse of the 
PDX tumors (sensitive, resistant or recurrent), QC a monotherapy was not effective in reducing the tumor 
volume.  In the two sensitive models (PH081 and 095), as expected the chemo treatment alone was very 
effective and the addition of QC did not potentiate this effectiveness in terms of tumor volume.  However, we 
noticed in all PDX models there was frequent infiltration of host stroma in treated group which may contribute 
to resistance to chemotherapy. It has been shown that interactions between the neoplastic cells and non-
neoplastic stromal cells stimulate the extensive desmoplastic reaction and fibrosis that is responsible for the 
tumor recurrence and resistance to drug treatment 54,55. Recently, the novel chemotherapeutic agent nab-
paclitaxel became available for the treatment cancer 56. Nab-paclitaxel has an additional effect on decreased 
collagen, CAF and tumor stroma disruption 57. Accordingly, the combination of nab-paclitaxel with carboplatin 
or QC may lead to enhanced antitumor activity. 

 

What opportunities for training and professional development has the project 
provided? – It has provided training to the postdoc to work with the PDX model  

How were the results disseminated to communities of interest? -Nothing to Report 

What do you plan to do during the next reporting period to accomplish the goals?  

We will continue to complete the experiments listed in Aims 1 and 2 in year 2 and also test the 
effect of QC alone and in combination with chemo in two sensitive PDX models 

IMPACT: What was the impact on the development of the principal discipline(s) of the project?  
Based on the preliminary results from our preclinical PDX models, QC treatment alone and in combination with 
chemotherapy results in the increase in the infiltration of mouse stroma compared to untreated control.  Future 
studies will concentrate on the biomarkers upregulated in the mouse stroma.  The contribution of this increased 
stromal component to resistance to chemotherapy or targeted therapy may lead to testing QC in combination 
with drugs that specifically target the bioactive stroma in future studies.  

 

What was the impact on other disciplines?  Nothing to Report. 
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What was the impact on technology transfer?  Nothing to Report. 

What was the impact on society beyond science and technology? Nothing to Report. 

CHANGES/PROBLEMS: Nothing to Report. One of the concerns is the increase in stromal 
infiltration in treated groups.  

Actual or anticipated problems or delays and actions or plans to resolve them – 
Nothing to report 

Changes that had a significant impact on expenditures – Nothing to report 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, 
and/or select agents -Nothing to report 

Significant changes in use or care of human subjects- Not applicable 

Significant changes in use or care of vertebrate animals.- Nothing to report 

Significant changes in use of biohazards and/or select agents- Nothing to report 

PRODUCTS: "Nothing to Report."  

Website(s) or other Internet site(s)- Nothing to report 

Technologies or techniques- Noting to report 

Inventions, patent applications, and/or licenses- Nothing to report 

Other Products- Nothing to report 

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

What individuals have worked on the project?  

Provide the following information for: (1) PDs/PIs- No change 

Name: Dr. Debarshi Roy* 

Project Role: Post Doctoral Fellow 

Nearest person month worked: 24 

Contribution to Project: Worked on the PDX models 

Name: Dr. Deokbeom Jung 

Project Role: Post Doctoral Fellow 

Nearest person month worked: 8 

Contribution to Project: 
Worked the generation of p62 deletion constructs and INP2 
related experiments 

Name: Dr. Prabhu Thirusangu 

Project Role: Post Doctoral Fellow 

Nearest person month worked: 8 
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Contribution to Project: Worked the role of QC-induced CTSL to degrade p62 

Dr. Roy after the first seven months is now supported on an OCRF postdoctoral award.  

Dr.Jung was hired to continue the work on the project 

Dr. Prabhu Thirusangu was hired after Dr. Jung left to complete the experiments related 

to QC-induced upregulation of cathepsin L during the no-cost extension of this grant 

What other organizations were involved as partners? – None 

Publications 
 
Publication-Year 1 
Quinacrine promotes autophagic cell death and chemosensitivity in ovarian cancer and attenuates 
tumor growth. Khurana A, Roy D, Kalogera E, Mondal S, Wen X, He X, Dowdy S, Shridhar V. 
Oncotarget. 2015 Nov 3;6(34):36354-69. doi: 10.18632/oncotarget.5632.- Appendix attachment 1 
 
Publication-Year 2 

 
Repurposing an Old Antimalarial Drug. Eleftheria Kalogera, M.D.; Debarshi Roy; Ashwani Khurana; 
Susmita Mondal; Amy Weaver; Xiaoping He; Sean Dowdy and Viji Shridhar*. Quinacrine in 
Endometrial Cancer:  Repurposing an Old Antimalarial Drug. Gynecologic Oncology 146 (2017) 
187-195. Appendix attachment 2 
 
Publication –Year 3 
Jung Deokbeum, Ashwani Khurana, Eleftheria Kalogera, Jamie Bakkum-Gamez, Debarshi Roy, 
Jeremy Chien and Viji Shridhar. Quinacrine upregulates p21/p27 independent of p53 through 
autophagy-mediated downregulation of p62-Skp2 axis in ovarian cancer. Sci Rep. 2018 Feb 
6;8(1):2487. doi: 10.1038/s41598-018-20531- Appendix attachment 3. 

 Publication –Year 4 
 (Invited review article on Repurposing drugs) 
Derek B. Oien*, Christopher L. Pathoulas*, Upasana Ray*, Prabhu Thirusangu, Eleftheria Kalogera, 
and Viji Shridhar. Repurposing Quinacrine for Treatment of Refractory Cancer. Seminars in 
Cancer Biology Appendix attachment 4. 

 

Manuscripts under preparation 

1. Derek B. Oien, Ling Jin, Joseph E. Kumka, Christopher L. Pathoulas, Sayantani Sarkar 
Bhattacharya, Debarshi Roy, Ashwani Khurana, Yinan Xiao, Jeremy Chien and Viji 
Shridhar. Quinacrine induced transcriptional changes in chemotherapy-resistant ovarian 
cancer. 

2. Prabhu Thirusangu*, Christopher Pathoulas*, Ling Jin, Ashwani Khurana, Yinan Xiao and 
Viji Shridhar. Quinacrine-Induced Upregulation of CTSL Promotes Lysosomal Membrane 
Permeability-Mediated Cell Death in Ovarian Cancer Cells 

3. Conference presentations.  
1. Debarshi Roy, Ashwani Khurana, Eleftheria Kalogera, Xuyang Wen, Susmita Mondal Sean Dowdy, 

Viji Shridhar.  Repurposing Anti-Malarial drug Quinacrine to treat Ovarian Cancer. Advances in 
Ovarian Cancer Research: Exploiting Vulnerabilities special conference, being held from Saturday, 
October 17- 20, 2015, Orlando, FL. Abstract #B74.   

2. Debarshi Roy, Ashwani Khurana, Eleftheria Kalogera, Xuyang Wen and Viji Shridhar. Can we 
repurpose anti-malarial drug quinacrine to treat ovarian cancer? Global Cancer Summit-2015 
November 18-20, Bangalore, India- Oral Presentation. 
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3. Debarshi Roy, Ashwani Khurana, Eleftheria Kalogera, Xuyang Wen, and Viji Shridhar. Can we 
repurpose anti-malarial drug quinacrine to treat ovarian cancer? Global Cancer Summit, Bengaluru, 
India. Nov18/2015- Oral Presentation. 

4. Eleftheria Kalogera, Debarshi Roy, Ashwani Khurana, Susmita Mondal, Xiaoping He, Sean 
C. Dowdy and Viji Shridhar. Abstract 261: Quinacrine in endometrial cancer: repurposing an old 
antimalarial drug. Proceedings: AACR 107th Annual Meeting 2016; April 16-20, 2016; New Orleans, LA. 
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ABSTRACT

A promising new strategy for cancer therapy is to target the autophagic pathway. 
In the current study, we demonstrate that the antimalarial drug Quinacrine (QC) 
reduces cell viability and promotes chemotherapy-induced cell death in an autophagy-
dependent manner more extensively in chemoresistant cells compared to their 
isogenic chemosensitive control cells as quantified by the Chou-Talalay methodology. 
Our preliminary data, in vitro and in vivo, indicate that QC induces autophagy by 
downregulating p62/SQSTM1 to sensitize chemoresistant cells to autophagic- 
and caspase-mediated cell death in a p53-independent manner. QC promotes 
autophagosome accumulation and enhances autophagic flux by clearance of p62 in 
chemoresistant ovarain cancer (OvCa) cell lines to a greater extent compared to their 
chemosensitive controls. Notably, p62 levels were elevated in chemoresistant OvCa 
cell lines and knockdown of p62 in these cells resulted in a greater response to QC 
treatment. Bafilomycin A, an autophagy inhibitor, restored p62 levels and reversed  
QC-mediated cell death and thus chemosensitization. Importantly, our in vivo data 
shows that QC alone and in combination with carboplatin suppresses tumor growth and 
ascites in the highly chemoresistant HeyA8MDR OvCa model compared to carboplatin 
treatment alone. Collectively, our preclinical data suggest that QC in combination with 
carboplatin can be an effective treatment for patients with chemoresistant OvCa.

INTRODUCTION

Ovarian cancer remains a leading cause of death 
among women with gynecological cancers despite 
significant advances in the systemic as well as surgical 
cancer treatment modalities [1]. Ovarian cancer patients 
with advanced or recurrent disease frequently develop 
chemoresistance against paclitaxel- and platinum-based 
therapies which further contributes to disease progression, 
recurrence and, ultimately, high mortality [2]. In order to 
overcome the shortcomings of standard chemotherapeutic 
modalities, several alternative strategies including targeted 
therapies, multi-drug combination treatments as well as 
drug repurposing are being investigated. Although the 
majority of these therapeutic compounds induce apoptosis 
through type I programmed cell death (PCD), compounds 

inducing type II PCD have also been shown to be effective 
as anti-cancer agents [3]. Predominant feature of type II 
or autophagic cell death is the appearance of double-
membrane vesicles engulfing cytoplasmic organelles which 
are eventually degraded by lysosomal hydrolytic enzymes. 
Extensive autophagic activity leads eventually to cell death 
which, however, differs from the homeostatic autophagy 
associated with normal cellular organelle turnover [4]. 
Under basal cellular conditions, autophagy maintains the 
cellular turnover of proteins and organelles via lysosomal 
degradation whereas, under nutrient-deprived stress 
conditions such as oxidative and/or endoplasmic reticulum 
stress [5], it promotes cellular adaptation by supplying 
macromolecules for survival [6]. Various strategies have 
been investigated to explore the potential of autophagy as 
a putative anticancer modality including development of 
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chemical inhibitors of autophagy as well as genetic silencing 
of key autophagy proteins [7]. Several studies have shown 
that inhibiting autophagy using anti-malarial compounds 
such as chloroquine (CQ) and hydroxychloroquine while 
combining these compounds with frontline therapeutic 
agents such as cisplatin and taxol results in significant 
inhibition of tumor growth [8, 9]. Furthermore, other studies 
have indicated that drug-induced autophagy promotes 
synergy with the frontline therapy [10, 11]. Similarly it 
has been shown that genetic silencing of key autophagic 
proteins such as beclin 1 (ATG6) favors survival and 
decreases resistance to chemotherapy [12–14]. High beclin 
1 and LC3 levels in ovarian tumors have been associated 
with improved overall survival [15, 16].

The two most common markers and key players 
associated with autophagy are LC3B and p62 [17]. 
Events leading to the conversion of LC3BI to LC3BII 
and clearance of p62 are considered hallmarks of the 
autophagic flux [18]. The p62 protein, also called 
sequestosome 1 (SQSTM1), is an ubiquitin-binding 
scaffold protein that co-localizes with ubiquitinated 
protein aggregates and is required both for the formation 
as well as the degradation of polyubiquitin-containing 
bodies by autophagy. p62 binds to LC3B through the 
LIR (LC3 Interacting Region) domain and is then 
degraded during the autophagic process [19]. Other 
studies have shown that elimination of p62 by autophagy 
suppresses tumorigenesis [20] in vivo and cell viability 
of several human carcinoma cell lines in vitro [21]. 
Since p62 accumulates when autophagy is inhibited, 
and alternatively, p62 levels decrease when autophagy 
is induced, p62 surfaces as a promising marker to study 
autophagic flux. Selective degradation of p62 is clinically 
relevant since high levels of p62 found in various types 
of tumor have been associated with poor prognosis and 
survival [22]. Studies show that the cisplatin-resistant 
SKOV3/DDP OvCa cells express higher levels of p62 
and that siRNA downregulation of p62 in these cells 
resensitized them to cisplatin-mediated cytotoxicity [23].

Previous investigations have provided evidence 
to suggest a promising role of the antimalarial drug 
quinacrine (QC) in cancer treatment. The acridine 
“backbone” of QC allows the drug to intercalate into 
stacked DNA base pairs [24]. QC is known to impair 
DNA repair activity in a mechanism similar to other 
topoisomerase inhibitors, [25]. In addition, QC inhibits 
the FACT (Facilitates Chromatin Transcription) complex 
that is required for NF-kB transcriptional activity and 
modulates the arachidonic acid (AA) pathway [26]. 
Interestingly, QC has been shown to bind and inhibit 
proteins involved in multidrug resistance [27–32]. 
More importantly, it targets several signaling pathways 
simultaneously by affecting autophagy, apoptosis, p53, 
NFkB, AKT and methylation-related pathways [27, 28, 
32–35]. While QC has been shown to modulate autophagy 
in a p53-dependent manner in colon cancer cell lines, 

[36] in our study QC induced autophagic cell death in 
a p53- independent manner in OvCa cells. Although 
QC has been shown to effectively block proliferation of 
several cancer cell lines both in vitro and in vivo, to our 
knowledge, there are no in vitro or in vivo studies on the 
use of QC alone or in combination with standard therapy 
against OvCa.

In this study, we have shown that QC promotes 
autophagic flux across a variety of OvCa cell lines and 
induces cell death both in a caspase-dependent as well 
as independent manner utilizing autophagic-mediated 
cell death to enhance carboplatin sensitivity. This effect 
was more pronounced in cisplatin-resistant OvCA cells 
compared to their sensitive controls both in vitro and 
in vivo experimental setting. These preclinical data 
have direct clinical implications for OvCa patients with 
chemoresistant disease for which only limited therapeutic 
options exist.

In this study, we focused our investigation on the 
anticancer potential of the antimalarial drug QC against 
OvCA. Based on prior findings, we hypothesized that 
QC would exert its anticancer effect against OvCA by 
inducing an autophagic-mediated cell death and that by 
doing so it would result in restoring cisplatin-sensitivity.

RESULTS

Quinacrine inhibits cell growth and induces cell 
death in ovarian cancer cells

Isogenic pairs of OvCA cell lines [OV2008 
(chemosensitive) and C13 (chemoresistant) cells 
derived from OV2008 [37]; HEYA8 (chemosensitive) 
and HEYA8MDR (chemoresistant) [38, 39] cells] were 
evaluated for the effect of QC on cell growth by colony 
formation and MTT assays. Colony formation assays 
(Figure 1A) were performed after treating the cells with 0, 
0.125, 0.250, 0.500, 1.0, and 2.0 μM of QC for 24 hours. 
MTT assays (supplemental data) were performed after 
treating the cells with 0, 5.0, and 10.0 μM of QC for 24, 
48 and 72 hours-time intervals. Increasing concentrations 
of QC effectively inhibited colony forming units with 
maximal inhibition at a QC concentration of 1.0 and 
2.0 μM. Similarly, cell growth was also inhibited as 
early as 24 hours of QC treatment with IC50 determined 
from the MTT assays in all the cell lines tested were 
between 2.5 μM and 4 μM (Figure supplemental S1). To 
determine if QC treatment induced apoptotic cell death, 
we treated cells with 2.5, 5.0 and 7.5 μM QC for 24 hours 
and the apoptotic cell population was determined with 
the annexin/PI staining method using flow cytometric 
analysis. The apoptotic cell population upon QC treatment 
reflecting early and late apoptosis as shown in Figure 1B 
indicates that QC only treatment induces apoptosis. 
Similarly, western blot analyses of cell lysates of OV2008/
C13 and Hey A8/HeyA8MDR cells treated with 5.0 and 
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10 μM QC showed the presence of cleaved PARP 
corroborating the previous finding that QC promotes 
apoptosis in a caspase-dependent manner (Figure 1C).

Quinacrine induces autophagic clearance 
of p62/SQSTM, upregulates the autophagic 
marker LC3B and induces apoptosis

Since other antimalarial drugs have previously 
been shown to modulate autophagy [36], we tested 
whether QC is able to induce autophagy in addition to 
promoting apoptosis. Towards this end, OV2008/C13 

as well as HeyA8/HeyA8MDR cells were treated with 
5.0 and 10.0 μM QC for 24 hours. Western blot analysis 
of QC-treated cell lysates was performed using two 
different autophagic marker proteins, LC3B and p62. 
Figures 2A and 2B show induction of the lipidated form 
of LC3B-II in all four cell lines upon QC treatment. 
However, QC treatment reduced p62 levels significantly 
more in the chemoresistant (C13 and HEYA8MDR) cells 
compared to their sensitive counterparts. This induction 
of LC3B-II (lower band) and degradation of p62 are 
considered hallmarks of autophagic activation [40, 41]. 
QC treatment resulted in similar effects on p62 and LC3B 

Figure 1: A. OV2008, C13, HeyA8 and HeyA8MDR cells plated in six well plates in triplicates were treated with indicated 
concentrations of QC for 24 hours. The resulting colonies were counted after fixing and stained with crystal violet in methanol and 
photographed. Data are representative of three independent experiments. P values were calculated using student t test. *p value = < 0.001, 
**p value = < 0.0001 B. AnnexinV/Propidium Iodide (PI) staining of OV2008, C13, HeyA8 and HeyA8MDR cells treated with Quinacrine 
for indicated concentration for 24 hours. C. Immunoblot analysis of cell lysates obtained from OV2008, C13, HeyA8 and HeyA8MDR cells 
treated with Quinacrine (0, 5.0 μM, 10.0 μM) for 24 hours with anti-cleaved PARP and anti-GAPDH antibodies. Data are representative of 
three independent experiments.
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Figure 2: A. Immunoblot analysis of cell lysates obtained from OV2008, C13, B. HeyA8 and HeyA8MDR cells treated with 
Quinacrine (0, 5.0 μM, 10.0 μM) for 24 hours with anti-LC3B, p62 and anti-GAPDH antibodies. Values below the western 
blot panel indicate densitometry analysis of the blot. C and D. TEM analysis of QC treated OV2008, C13, HeyA8 and HeyA8MDR cells 
were performed to detect the presence of autophagic vesicles. Magnified inset shows double membrane autophagic vesicles in QC treated 
OV2008, C13 (C), HeyA8 and HeyA8MDR (D) cells. Quantitation of autophagy was estimated by counting the number of autophagic 
vesicles and results were plotted in bar graph. E. Autophagy was detected using cyto-ID fluorescence dye in OV2008 and C13 cells treated 
with QC in the presence or absence of bafilomycin A1 for 24 hours using flow cytometer. Percent of cyto-ID detection is indicated. Data 
are representative of three independent experiments.
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independent of p53 status in high grade serous cell lines 
such as OVCAR3 (p53 mutant) and CAOV3 (p53 null) 
(Figure Supplemental S2). To further evaluate QC-induced 
autophagy, we utilized transmission electron microscopy 
(TEM). TEM analysis of QC-treated OV2008, C13, 
HeyA8 and HeyA8MDR cell revealed early autophagic 
bodies (autophagosomes) harboring intact organelles [18] 
(Figures 2C and 2D). Quantitation of autophagosomes is 
shown next to the respective figures. These data suggest 
that QC treatment induces autophagy.

While TEM analysis revealed qualitative 
and morphological features of autophagy upon QC 
treatment, it was unclear whether this represented 
increased generation of autophagosome or inhibition of 
autophagosomal maturation [42]. Therefore, to further 
clarify whether QC induces autophagic flux, OV2008 and 
C13 cells were treated with QC in the presence or absence 
of a potent late-autophagy inhibitor, bafilomycin A1, and 
then stained with the autophagolysosome-specific dye 
cyto-ID. Cyto-ID retention in the cytoplasm was detected 
by flow-cytometric analyses (Figure 2E). This data 
indicates that QC's ability to promote autophagy can be 
completely inhibited by co-treatment with bafilomycin A1.

QC induces autophagic flux and QC-induced 
autophagy precedes apoptosis

To further evaluate autophagic flux, we determined 
whether QC-mediated upregulation of LC3BII and 
downregulation of p62 was affected by co-treatment with 
bafilomycin A. Western blot analysis revealed that QC 
effectively downregulated p62 expression in C13 and 
HeyA8MDR and co-treatment with bafilomycin A protected 
autophagic p62 degradation (Figure 3A). No change in p62 
mRNA levels was detected upon QC treatment (data not 
shown). We next tested whether QC-mediated apoptosis 
is dependent on autophagy. OV2008, C13, HEYA8 and 
HEYA8MDR cells were treated with QC with or without 
bafilomycin A1 followed by annexin/PI staining and flow 
cytometric detection of apoptotic cells. QC treatment in 
OV2008, C13, HeyA8 and HeyA8MDR cells resulted in 
varying but significant increase in annexin V positive cells. 
Co-treatment with bafilomycin A completely abolished 
QC-mediated annexin V positivity in these cells as shown 
in Figure 3B. Consistent with the flow cytometric data, 
immunoflourescence analysis also confirmed that the 
downregulated p62 by QC were rescued by bafilomycin 
treatment in C13 cells (Figure supplemental S3). This 
data indicates that QC-promoted cell death is completely 
reversed by autophagic inhibitors in all the four cell lines 
tested. Taken together, this data suggests that QC induces 
apoptosis in an autophagic-dependent manner.

Our data indicates that QC-induces apoptosis and 
autophagic inhibition by bafilomycin A. Therefore, we 
next sought to determine whether autophagy preceded 
the QC-induced apoptotic response. To this end, we 
determined the temporal regulation of autophagic proteins 

LC3B, p62 and apoptotic proteins such as cleaved 
PARP upon QC treatment at set time points in C13 and 
HeyA8MDR OvCa cells by western blot analysis. Data 
in Figure 3C indicate that QC treatment induced p62 
downregulation and LC3B upregulation as early as 
4 hours post treatment and these levels were sustained 
up to 24 hours following treatment. Detection of cleaved 
PARP was minimal at 4 hours of treatment; however its 
expression increased significantly at 16 hours post QC 
treatment. This data suggests that QC treatment triggered 
an autophagic response at the earlier time points while this 
autophagic response coincided with an apoptosis rate at 
later time points it.

QC synergizes with carboplatin in ovarian 
cancer cell lines

After observing increased degree of apoptosis upon 
QC treatment in chemoresistant OvCa cells, we then 
sought to investigate whether QC can synergize with 
carboplatin treatment. In order to determine whether QC 
synergizes with cisplatin and carboplatin, constant ratio 
synergy studies were performed in isogenic cisplatin-
sensitive OV2008 and cisplatin-resistant C13 cells by 
treating them with 1 × IC50 of cisplatin in combination 
with 1 × IC50 of QC. We observed that QC had a more 
potent synergistic anti-proliferative effect in vitro when 
combined with either cisplatin in C13 compared to 
OV2008 cells (Figures 4A and 4B). The combination 
indices (CI) for the corresponding fractions affected 
(FA) are shown in the tables below the figures. CI values 
between 0.1–0.3 indicate extremely strong synergism, 
0.3–0.7 strong synergism, 0.7–0.85 moderate synergism, 
0.85–0.9 slight synergism and 0.9–1.0 a nearly additive 
effect. Of note, synergy was demonstrated across nearly 
the entire range of the drug concentrations. Similar 
studies with isogenic taxol-sensitive SKOV3 and 
taxol-resistant SKOV3TR cells [39] indicate that QC 
has a more synergistic antiproliferative effect in vitro 
when combined with either cisplatin or carboplatin in 
SKOV3TR (Figures 4C and 4D) compared to SKOV3 
cells. Consistent with this finding, chemoresistant 
HeyA8MDR cells showed stronger synergy when 
carboplatin was combined with QC compared to the 
parent chemosensitive HeyA8 cells (Figures 4E and 4F). 
Similar results were obtained with the combination 
of carboplatin and QC. Comparison of CI values for 
cisplatin and carboplatin are shown Figure Supplemental 
figure S4 in a tabular form for OV2002, C13, SKOV3 
and SKOV3TR. The IC50 values for QC, cisplatin 
and carboplatin in all six cell lines used in synergy 
studies are shown in Fig S4. It is important to note that 
although the cell lines used in these studies are no longer 
considered representative of high grade serous cancers, 
they were initially chosen due to the availability of 
isogenic chemosensitive and chemoresistant pairs of 
OvCA cells.
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Figure 3: A. Autophagic flux was determined in C13 and HeyA8MDR cells. Cells were either treated with QC and/or co-treated 
with bafilomycin A1 for 12 hours. Cell lysates were subjected to Immunoblot analysis using anti-p62, anti-LC3B, anti-cleaved PARP and 
anti-GAPDH antibodies. B. AnnexinV/Propidium Iodide (PI) staining of OV2008, C13, HeyA8 and HeyA8MDR cells treated with QC 
and/or co-treated with Bafilomycin A (100 nM) for 24 hours. Data are representative of three independent experiments. C. Immunoblot 
analyses were performed to detect the protein expression of p62, LC3B, cleaved PARP and GAPDH in C13 and HeyA8MDR cells after 
treating the cells for different time points (2, 4, 8,c16 and 24 hrs) with QC.
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Figure 4: Quinacrine sensitizes ovarian cell lines to cisplatin-induced cytotoxicity. Combination of quinacrine with cisplatin 
in equipotent combinations (IC50 over IC50 ratio) was assessed for synergy using the Chou-Talalay method. The cells were exposed to each 
drug alone and in combination per protocol for 48 hours. The combination indices (CI), fraction affected (Fa) in OV2008 and C13 A and B. 
in SKOV3 and SKOVTR C and D. and in Hey A8 and HeyA8MDR E and F. were generated by the Calcusyn software and plotted with 
the use of GraphPad.  Combination index (CI) values at 25, 50, 75 and 90% fraction affected (FA) are presented in the tables below the 
graphs. CI between 0.3–0.7 indicates strong synergism, 0.7–0.85 moderate synergism, 0.85–0.9 slight synergism, 0.9–1.10 nearly additive 
effect and greater than 1.10 antagonism.
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QC-induced autophagy is required for 
sensitization to cisplatin-mediated cell death in 
OvCa cells

In order to test whether QC-induced autophagy 
is essential in order to sensitize OvCa cells to cisplatin-
induced cytotoxicity, we assessed the effects of the 
combination of increasing concentrations of cisplatin 
with QC (1 × IC50) with and without bafilomycin 
A pretreatment in OV2008 and C13 cells. We hypothesized 
that by inhibiting autophagy, bafilomycin A will inhibit 
the ability of QC to synergize with cisplatin in inducing 
autophagic cell death. The cells were pretreated with 
50 nM of bafilomycin for 2 hours followed by treatment 
with cisplatin and QC. Cell viability was assessed by MTT 
assays 48 hours later. As shown in figures 5A and 5B, 
pretreatment with bafilomycin A (green dotted line) 
inhibited the combined QC- and cisplatin-induced 
cytotoxicity (blue dotted line). This is also demonstrated by 
the change in the CI values from values indicating strong 
synergy in C13 (CI = 0.690) and nearly additive effect in 
OV2008 (CI = 1.054) without bafilomycin to indicating 
antagonism in both C13 (CI = 1.242) and OV2008 
(CI = 1.396) after bafilomycin pretreatment (Figure 5C). 

Collectively, these data suggest that QC-induced 
autophagy is necessary for resensitization to cisplatin-
induced cell death in OvCa cells.

p62 knockdown enhances sensitivity to 
carboplatin treatment in HeyA8MDR and C13 
ovarian cancer cells

Elevated levels of p62 have been previously 
shown to be critical in imparting chemoresistance in 
OvCA cells [43]. Our data indicate that QC treatment 
downregulated p62 levels preferentially in the 
chemoresistant C13 and HeyA8MDR cells (Figure 2A). 
Previous studies have shown that p62 downregulation 
sensitizes cells to cisplatin-mediated cytotoxicity [23]. 
To determine whether p62 plays role in QC- and 
carboplatin-mediated apoptosis, we generated two 
different p62 knockdown shRNA clones in HeyA8MDR 
and C13 cells as described in Materials and methods 
section with non-targeted control transduced cells (NTC) 
as controls. Efficient knockdown of p62 was confirmed 
in C13 and HeyA8MDR cells by western blot analysis 
using anti-p62 antibody (Figures 6A and 6B). To further 
evaluate the effect of QC in inducing apoptosis in NTC 

Figure 5: A & B. Quinacrine-induced autophagy is required for sensitizing cisplatin-mediated cell death of ovarian cancer 
cells. Cell viability assays were performed with a combination of increasing concentrations of cisplatin with QC (1 × IC50) with and without 
bafilomycin pretreatment in OV2008 and C13 cells. Cells were pretreated with 50 nM bafilomycin for 2 hours followed by drug treatment. 
Cell viability was assessed by MTT assays 48 hours later. Pretreatment with bafilomycin (green dotted line) inhibited the combined QC 
plus cisplatin-induced cytotoxicity (blue dotted line) more effectively in C13 cells compared to OV2008. C. CI values of combination 
treatment without bafilomycin indicated strong synergy in C13 (CI = 0.690) and nearly additive effect in OV2008 (CI = 1.054), whereas, 
after bafilomycin pretreatment, CI values indicated antagonism in both C13 (CI = 1.242) and OV2008 (CI = 1.396).

35



Oncotarget36362www.impactjournals.com/oncotarget

Figure 6: Immunoblot analysis of Non-targeted control shRNA (NTC) or p62 shRNA stable clones sh280 in A. C13 and 
B. HeyA8MDR were treated with QC (0, 5.0 μM, 10.0 μM) for 24 hours with anti-cleaved PARP, cleaved caspase 3, p62, 
LC3BII and anti-GAPDH antibodies. C & D. AnnexinV/Propidium Iodide (PI) staining of OV2008, C13, HeyA8 and HeyA8MDR 
cells treated with Quinacrine for indicated concentration for 24 hours. Data are representative of two independent experiments. 
(*P = < 0.001, **P = < 0.0001). E. HEYA8MDR NTC and sh280 cells were treated with different concentrations of carboplatin and cell 
viability was measured by MTT assay. sh280 cells showed more sensitivity towards carboplatin treatment compared to the NTC group 
(**P < 0.0001, Figure 6E) indicating the critical role of p62 as a determinant of chemoresistance in HeyA8MDR cells.
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and p62-depleted cells, we treated C13 NTC and p62 
shRNA clones with 0, 5.0, 10.0 μM of QC for 24 hours. 
Evaluation of apoptotic marker proteins by western blot 
analysis revealed that p62 knockdown cells exhibited 
higher degree of cleaved PARP and caspase 3 whereas 
no significant change was observed in LC3B II induction 
upon QC treatment in C13 NTC as well as p62shRNA 
cells (Figure 6A). Consistent with this data, QC treatment 
in HeyA8MDR p62shRNA cells showed increased degree 
of caspase 3 and PARP cleavage while no change was 
detected in LC3B II induction (Figure 6B). This data 
suggests that p62 downregulation in C13 and HeyA8MDR 
sensitizes the cells to QC treatment. Similarly, annexin/PI 
staining of these cells after treatment with QC revealed 
that C13 and HeyA8MDR p62 knockdown cells were 
more sensitive to QC-induced cell death when compared 
to NTC cells (Figures. 6C and 6D). More importantly, 
genetic downregulation of p62 in HeyA8MDR cells 
enhanced carboplatin sensitivity (please note the reduction 
in carboplatin IC50 from 176 μM in NTC cells to 110 μM 
in p62 knockdown cells) (Figure 6E). Collectively, these 
findings indicate that p62 downregulation sensitizes cells 
to QC-mediated cell death.

Quinacrine synergizes with carboplatin in 
reducing HeyA8MDR derived mouse tumor 
xenografts

QC effectively blocked cell growth, induced 
autophagy and apoptosis in OvCa cell lines in vitro. We 
next tested whether QC in combination with carboplatin 
is effective in attenuating tumor growth in vivo. For this 
purpose we utilized HeyA8MDR cells that have capacity 
to form tumors when injected intraperitoneally in nude 
mice [38]. The effect on tumor growth of QC alone and 
in combination with carboplatin (CBP in the Figure 6) 
was evaluated in HeyA8MDR in female nude mouse 
xenografts. One week after 3×106 HeyA8MDR cells 
were injected intraperitoneally in the mice, they were 
randomized into four groups of 10 mice when the tumors 
were palpable and then treated as shown in Figure 7A. 
Quinacrine (150 mg/kg body weight) was given as 
described in the materials and methods section. Quinacrine 
alone effectively reduced tumor volume and ascites 
formation (Figures 6B, 6C and 6D). Although carboplatin 
treatment similarly reduced tumor volume, it was 
associated with accumulation of ascites to an extent even 
greater than untreated controls (Figure 6D). Assessment 
of tumor weight and ascites volume as measured at the 
time of necropsy across treatment groups showed that 
combination treatment was more effective in reducing 
cancer progression compared to all other treatment groups 
(Figures 7B, 7C and 7D). Staining of the tumors with 
Ki-67 showed significantly reduced proliferation in QC 
and QC plus carboplatin treated groups, highlighting the 
ability of QC to reduce tumor cell proliferation in vivo 

(Figure 7E). There was no significant body weight loss 
in the QC or combination treatment groups compared to 
the untreated control group (Figure 7F). TEM micrographs 
of the xenografts showed more autophagosomes (AV in 
red, Figure 7G) in the QC group compared to untreated 
and carboplatin groups. Combination treatment resulted 
in significantly more autophagosomes compared to QC 
alone (Figure 7H). H&E staining of the livers from all four 
groups (Figure 7I) showed that there was no difference 
in histology, suggesting that neither QC monotherapy 
nor combination treatment was toxic to the mice. These 
data demonstrate that QC plus carboplatin combination 
treatment leads to significantly enhanced antitumor 
activity in an OvCa mouse model.

DISCUSSION

The lack of effective treatment modalities for 
patients with chemoresistant disease continues to pose a 
therapeutic challenge in ovarian cancer. There is a growing 
need to identify therapeutic compounds which could 
promote efficacy to frontline therapeutic agents such as 
cisplatin and taxol. In this study, we evaluated the anti-
cancer properties of the anti-malarial drug QC and tested 
its effectiveness in combination with carboplatin in OvCa.

QC treatment effectively caused apoptosis and 
promoted an autophagic response across a variety of 
ovarian cancer cell lines in vitro as well as in vivo in 
mouse-derived HeyA8MDR xenografts. QC treatment 
caused robust autophagosome formation, LC3B 
accumulation and p62 downregulation all of which are 
hallmarks of autophagy. Our findings suggest that QC-
mediated induction of autophagy preceded the induction 
of apoptosis as the effects on the autophagic proteins 
LC3B and p62 were observed at earlier time points. 
Autophagy and apoptosis have been previously shown to 
coincide temporarily in order to cause drug-induced cell 
death. In agreement with these findings, we showed that 
by chemically blocking autophagy using bafilomycin A, 
QC-mediated apoptosis was significantly attenuated. At 
the molecular level, QC promoted autophagic clearance 
of p62 in OvCa cell lines. p62 is a well-known substrate 
of autophagy and high levels of p62 have previously been 
associated with chemoresistance [23]. Genetic silencing 
of p62 expression by shRNA in the chemoresistant 
HeyA8MDR cancer cells promoted apoptosis and 
enhanced sensitivity to carboplatin (Figure 6E). Therefore, 
autophagic clearance of p62 expression by QC might 
be one of the underlying mechanisms responsible for 
enhanced synergy when QC is combined with carboplatin. 
Several studies have shown that p62 expression is elevated 
in breast, pancreatic, colon as well as ovarian cancer which 
is consistent with our observation of increased expression 
of p62 in the chemoresistant cell lines that we studied, 
namely the C13 and HeyA8MDR cell line compared to 
their chemosensitive counterparts OV2008 and HeyA8. 
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Figure 7: Quinacrine inhibits ovarian tumor growth in vivo A. Schematic representation of treatment plan 
B. Representative tumors obtained from vivisected mouse showing HeyA8MDR tumors from control untreated, CBP 
treated, QC treated and QC/CBP combination treated group. C. Graph indicating the excised tumor weight from each of each 
group (n = 10) with cumulative mean; untreated, CBP treated, QC treated and QC/CBP combination treated group. *P < .0028, 
**P < .0001, treated compared with the untreated group. D. Graph showing ascetic fluid volume in control untreated, CBP treated, QC 
treated and QC/CBP combination treated group. *P < .005 E. Graph showing quantitation of Ki67 staining in control untreated, CBP 
treated, QC treated and QC/CBP combination treated group. *P < .0001 F. Measurement of body weight of untreated and treated mice. 
G. TEM analysis of tumor sections obtained from control untreated, CBP treated, QC treated and QC/CBP combination treated group and 
quantitation *P < .005. (N-Nucleus, AV-autophagosomes and LD-lipid droplets). H. Quantitation of # of autophagosomes in untreated 
control and QC, CBP and QC+CBP treated xenografts (25 images were counted and averaged). I. Histology of H and E stained liver from 
treated and untreated mice.
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QC treatment down regulated p62 expression in an 
autophagic-dependent manner in the C13 and HeyA8MDR 
OvCa cell lines. Lentiviral shRNA-mediated p62 depletion 
in the OV2008 and HeyA8MDR OvCa cell lines resulted 
in enhanced synergy between QC and carboplatin. This 
data suggests that combination treatment with carboplatin 
and QC results in an enhanced QC-mediated clearance 
of p62 via autophagy ultimately favoring apoptosis. This 
observation is further supported by our data showing 
that inhibition of autophagy by bafilomycin A not only 
effectively blocked QC-mediated p62 downregulation 
but also apoptosis. Being a lysosomotropic agent, it 
is not surprising that QC appears to be implicated in 
autophagy; however, our study highlights the fact that 
p62 downregulation plays a key role in QC-mediated 
apoptosis in OvCa cells and provides a description of the 
mechanistic interplay between autophagic and apoptotic 
cell death upon QC treatment.

QC treatment of mouse-derived xenografts 
was shown to be effective in reducing tumor weight, 
reducing cell proliferation as measured by Ki-67 
staining and blocking ascitic fluid formation. While 
a similar degree of tumor reduction was achieved by 
carboplatin treatment alone, in contrast to QC treatment, 
carboplatin treatment induced ascitic fluid accumulation. 
TEM analysis of QC-treated xenografts clearly 
showed increased formation of autophagosomes and 
autolysosomes. These effects were dramatic when QC was 
combined with carboplatin leading to complete remission 
of tumor growth and reduction in the proliferation index. 
This data is in accordance with the high degree of synergy 
observed when chemoresistant OvCa cell lines were 
treated with carboplatin and QC in vitro. Taking into 
consideration the previously proven ability of carboplatin 
to upregulate p62 expression along with the knowledge 
that carboplatin-resistant OvCa cells exhibit increased 
levels of p62, we hypothesize that co-administration of 
QC with carboplatin may mitigate p62 expression in vivo 
thereby enhancing the degree of apoptosis.

QC has been shown to stabilize p53, inhibit NF-kB, 
and cause cell cycle arrest. However, QC-mediated 
p53 stabilization has been associated with its Nf-kB 
suppressive activities and not due to genotoxic stress [28]. 
Our findings revealed that QC induced robust autophagic 
cell death and synergized with carboplatin treatment. It is 
likely that multiple cellular pathways including p53 and 
NF-kB in addition to autophagic p62 downregulation are 
playing a role in QC- and carboplatin-mediated synergy. 
Other studies have also demonstrated the synergy between 
QC and other chemotherapeutic drugs such as Lycopene 
in breast cancer [44], cedarinib in glioma cells [45], 
vincristine in an MDR sub-clone of K562 cells [31] as 
well as other therapeutic compounds [46]. More recently, 
quinacrine has been shown to reverse erlotinib resistance 
in non-small lung cancer cells by targeting FACT complex 
and NF-kB activities [47]. It is important to note that 

several reports have implicated autophagy as a survival 
mechanism in cancer cells and have demonstrated that 
by inhibiting autophagy with chloroquine, tumor growth 
can be arrested [9]. While this is true at a tumor-specific 
level [48], we believe that prolonged chemical inhibition 
of autophagy with different autophagic inhibitors might 
elicit differential responses than just simply inhibition of 
autophagy. Notably, chloroquine, in addition to inhibiting 
autophagy, also stabilizes p53 thereby leading to apoptosis. 
Similarly, another autophagy inhibitor, 3-MA, has been 
shown to inhibit Akt activation [49]. These observations 
in conjunction with our data indicate that drugs altering 
autophagy may also influence apoptosis. QC unlike 
Bafilomycin A promoted p62 degradation as a function 
of autophagy induction and also promoted apoptosis both 
in vitro and in vivo.

In summary, the present study demonstrated that 
QC treatment resulted in autophagic clearance of p62, 
promoted apoptosis and effectively synergized with 
carboplatin in vivo. QC's ability to inhibit multiple 
pathways simultaneously in addition to promoting 
autophagic cell death offers compelling evidence to 
support the hypothesis that it may represent an important 
adjunct to standard treatment against ovarian cancer 
especially in patients with chemoresistant disease.

MATERIALS AND METHODS

Cell lines, chemicals and antibodies

The human OvCa cell lines SKOV3, SKOV3 TR, 
HeyA8 and HeyA8 MDR were obtained on an MTA from 
MD Anderson Cancer Center, Houston, TX. C13 and 
OV2008, were obtained on a MTA from Dr. Barabara 
Vanderhyden (Ottawa Hospital Research Institute, 
Ottawa, Canada). OVCAR3 and CAOV3 were obtained 
from the American Type Culture Collection (ATCC) 
(Manassas, VA). All cell lines were cultured according to 
the providers' recommendations at5% CO2 and at 37°C. 
Quinacrine was obtained from Sigma-Aldrich. MTT dye 
was obtained from Promega. Carboplatin was purchased 
from Calbiochem (San Diego, CA). Anti-LC3B, anti-
PARP, anti-p62, anti-PDI and anti GAPDH antibodies 
were purchased from Cell Signaling Corporation. Anti-
NBR antibody was purchased from Genetex. Anti-p53 
(DO-1) antibody is from Santa Cruz Biotech.

Colony formation assay

500 cells were plated in 6-well plates and treated 
with increasing concentrations of QC (0.12, 0.25, 0.5, 
1.0 1nd 2.0, 2.0 μM) for 24 hrs. The media was replaced 
after day1. Colonies were fixed in methanol and stained 
with 0.5% crystal violet [50] on day 8 and counted using a 
colony counting software, Quantity One (Bio-Rad). Each 
treatment was carried out in triplicate and repeated twice.
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Cytotoxicity assay

MTT assay was performed in order to assess the 
effect of QC on OvCa cell lines. Ten thousand cells from 
each cell line were treated with various concentrations 
of QC and carboplatin separately or in combination 
for 48 hours followed by a 4-hour period of incubation 
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT). The violet formazan crystals were 
dissolved in dimethyl sulfoxide (DMSO) and the absorbance 
was measured at 490 nm in a microplate reader.

ShRNA transductions

The control shRNA, pTRC1-NTC (non-target 
shRNA vector, Sigma) contains a hairpin insert that will 
generate siRNAs but contains five base pair mismatches to 
any known human gene. shRNA for p62/SQSTM denoted 
as p62-sh280 was purchased from Sigma and with a 
sequence CGAGGAATTGACAATGGCCAT targeting 
cDNA region of p62. Lentivirus particles were produced 
by transient transfection of pTRC1-NTC and pTRC1-p62 
shRNA along with packaging vectors (pVSV-G and 
pGag/pol) in 293T cells. The lentiviral supernatants were 
collected 48 hours after transduction, filtered and either 
used for infection or stored at -80°C. Vector titers were 
determined by transducing OvCa cells with serial dilutions 
of concentrated lentivirus, in complete growth medium 
containing 8 μg/ml polybrene (Invitrogen). After 7 days, 
the growth medium was supplemented with puromycin 
(2 μg/ml) for selection. The surviving colonies were 
counted under the microscope and the titer of lentiviral 
stocks was calculated using the formula: Transducing 
units = number of colonies × lentiviral dilution. All 
lentiviral stocks used in the study were selected at a 
multiplicity of infection of 10.

MTT assay, synergy assessment and 
Chou-Talalay calculations

Cell lines were treated with a wide range of 
concentrations of QC and cisplatin for 48 hours and the 
half maximal inhibitory concentration (IC50) of each 
drug alone was derived experimentally by MTT assay 
as previously described [51] and calculated by Prism 
(GraphPad Software, La Jolla, CA). Subsequently, drug 
combination studies (QC with cisplatin and QC with 
carboplatin) were performed and their synergy was 
quantified using the Chou-Talalay method as previously 
described in the literature [52, 53]. Both constant ratio 
synergy (ratio of drugs 1:1) studies were carried out. 
Synergy was assessed by creating combination indices 
(CI): CI values less than 0.9 indicate synergism, CI 
values between 0.9 to 1.1 indicate nearly additive 
effect and CI values greater than 1.1 indicate 
antagonism [52].

Flow cytometric analysis of apoptosis 
and autophagy

C13 and OV2008 cells were treated with the 
indicated doses of QC, then harvested and resuspended 
in a binding buffer. Cells were then stained with Annexin 
V-pacific blue and Propidium iodide (BD bioscience) 
according to the manufacturer's instructions. Cells were 
analyzed in a Beckman Coulter EPICS XL/MCL flow 
cytometer (Beckman-Coulter Fullerton, CA, USA) and 
the data were analyzed with Flowjo Software (Tree Star, 
Ashland, OR, USA). Cyto-IDTM (Enzo Life Sciences) is a 
dye specifically labeling the autophagic vacuoles in a cell 
by colocalizing with LC3B. After treating the cells with 
various concentrations of QC, cells were collected and 
stained using Cyto-ID dye according to the manufacturer's 
instructions. Cells were analyzed as previously described 
in a Beckman Coulter EPICS XL/MCL flow cytometer 
(Beckman-Coulter Fullerton, CA, USA) and the data 
were analyzed with Flowjo Software (Tree Star, Ashland, 
OR, USA).

Western blot analysis

Western blot analysis was performed as previously 
described [51, 54].

Transmission electron microscopy

Cells (2 × 106) were treated with QC and then 
harvested and centrifuged at 1200 r.p.m. for 5 minutes. 
Cell samples were then pre-fixed with Trumps buffer. 
The images were taken using a Philips 208S electron 
microscope (FEI Corporation, Eindhoven, Netherlands).

Immunofluorescence

Cells were plated on coverslips and treated with 
QC as indicated in materials and methods. Cells were 
fixed with 100% methanol followed by blocking with 
1% BSA in PBS. Cells were then incubated with the 
corresponding primary antibodies at room temperature for 
1 hour followed by three washes with 1X PBS and then 
incubated in the dark with Alexa fluor rabbit anti-mouse 
(593 nm) in 1% BSA in PBS. Coverslips were washed 
three times before mounting with Prolong Gold Antifade 
reagent (Invitrogen). Stained samples were visualized 
using a Zeiss-LSM 510 fluorescence microscope.

Animal studies

Athymic nude mice were purchased from 
Harlan. 3 × 106 HEYA8MDR cells were injected 
intraperitoneally. Treatment was initiated after one week 
following the intraperitoneal inoculation of the cells. 
Stock solutions of QC (Sigma) were prepared in sterile 
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water and administered by oral gavage. Carboplatin 
(Hospira pharma) were injected intraperitoneally. Before 
initiation of treatment, animals were randomly assigned to 
one of four groups (10 mice per group). The control group 
received water by oral gavage the QC only group received 
150 mg/kg body weight of QC every other day starting 
on day 7, the carboplatin group received carboplatin 
by intraperitoneal injection at a dose of 50 mg/kg body 
weight) on days 7, 14, 21 and 28 and the combination 
group received carboplatin by intraperitoneal injection at 
days 7, 14, 21 and 28 and QC at 150 mg/kg body weight 
starting on day 7, then every other day until the end of the 
study. All animals were sacrificed on day 28. Animal care 
and procedures was conducted according to institutional 
policies and the experimental protocol was approved by 
the IACUC committee of our Institution.

Statistical analysis

All results are expressed as mean ± standard 
deviation (S.D.). Data were obtained from three 
independent experiments. All statistical analyses were 
conducted using Graph pad Prism software (San Diego, 
CA). Data were analyzed using paired t test, and P values 
less than 0.05, unless mentioned otherwise, were 
considered statistically significant.
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Objective. Generate preclinical data on the effect of quinacrine (QC) in inhibiting tumorigenesis in
endometrial cancer (EC) in vitro and explore its role as an adjunct to standard chemotherapy in an EC
mouse model.

Methods. Five different EC cell lines (Ishikawa, Hec-1B, KLE, ARK-2, and SPEC-2) representing different
histologies, grades of EC, sensitivity to cisplatin and p53 status were used for the in vitro studies. MTT and
colony formation assays were used to examine QC's ability to inhibit cell viability in vitro. The Chou-Talalay
methodology was used to examine synergism between QC and cisplatin, carboplatin or paclitaxel. A cisplat-
in-resistant EC subcutaneous mouse model (Hec-1B) was used to examine QC's role as maintenance
therapy.

Results. QC exhibited strong synergism in vitro when combined with cisplatin, carboplatin or paclitaxel
with the highest level of synergism in the most chemo-resistant cell line. Neither QC monotherapy nor
carboplatin/paclitaxel significantly delayed tumor growth in xenografts. Combination treatment (QC plus
carboplatin/paclitaxel) significantly augmented the antiproliferative ability of these agents and was
associated with a 14-week survival prolongation compared to carboplatin/paclitaxel. Maintenance with
QC resulted in further delay in tumor progression and survival prolongation compared to carboplatin/pac-
litaxel. QC was not associated with weight loss and the yellow skin discoloration noted during treatment
was reversible upon discontinuation.

Conclusions. QC exhibited significant antitumor activity against EC in vitro and was successful as main-
tenance therapy in chemo-resistant EC mouse xenografts. This preclinical data suggest that QC may be an
important adjunct to standard chemotherapy for patients with chemo-resistant EC.
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1. Introduction
Endometrial cancer (EC) is themost common gynecologicmalignan-
cy in developed countries with an estimated 167,900 new cases in 2012
and amortality rate of 2.3 per 100,000 [1]. In the United States (US), it is
estimated that 54,870 women will be diagnosed with EC and 10,170
womenwill die from the disease in 2015 [2]. Importantly, the incidence
of EC has exhibited a slow rise in recent years in stark contrast with the
downward trend in the overall cancer incidence [3]. The aging popula-
tion and the increased prevalence of obesity have been stipulated as
the driving forces of this alarming trend and are projected to further in-
crease in the future. EC is thus becoming an emerging public health
concern.

Although the vast majority of women with EC (68%) are diag-
nosed when disease is confined in the uterus and prognosis is excel-
lent with 5-year survival of 80–90%, there is a considerable subset of
patients with poor prognosis. This subset includes patients diag-
nosed with advanced stage disease, unfavorable histologic sub-
types, and disease recurrence. While surgery is the main initial
treatment for EC, chemotherapy has a critical role for these patients
with poor prognosis as well as for patients with increased risk of
recurrence or persistent disease after surgery. Platinum-based
chemotherapy is the standard first-line chemotherapy with
carboplatin (which replaced the parent compound, cisplatin, due
to its improved side effect profile) plus paclitaxel being the most
commonly used regimen. Nevertheless, response rates to first-line
treatment are as low as 50%, with even lower responses for recur-
rent disease. In addition, many patients will eventually relapse
with platinum-resistant disease. As the chemotherapeutic options
for these patients are limited and of questionable efficacy, it is of
paramount importance that novel chemotherapeutic agents are
identified to increase or restore chemo-sensitization to platinum-
based chemotherapy.

Quinacrine (QC) is a quinine derivative and is based on the 9-
aminoacridine structure. It is an oral, inexpensive drug that was discov-
ered in the 1920s and was initially used extensively as an antimalarial
drug during World War II; extensive follow-up data on tolerance and
toxicity are available [4]. The first anticancer application of the drug
was in the 1970s for the treatment of malignant pleural effusions fol-
lowing the discovery of its in vivo anticancer properties two decades
earlier [5,6]. The underlying anticancer mechanisms of action were
only recently explored [7]. QC gradually garnered new interest as an an-
ticancer agent in 2005 after a group discovered its ability to rescue p53
function in tumor cells with mutant p53 [8] as well as to inhibit consti-
tutively active NF-kB [7,9].

Since that discovery, other groups have shown that QC exhibits
strong cytotoxic activity against a wide range of cancer cell lines [7,9–
12]. QC sensitizes colon [10,11], renal [9,12], and hepatocellular carcino-
ma [13] to multiple chemotherapeutic agents, exhibits anticancer activ-
ity in breast [11] and pancreatic cancer cells [14] and has the ability to
restore sensitivity to cisplatin in head and neck squamous cell carcino-
ma [15] and to paclitaxel in prostate cancer [16]. QC is currently under
investigation or scheduled to enter in clinical trials for a number of can-
cers such as prostate cancer, advanced colorectal cancer and advanced
non-small cell lung cancer. No prior groups have studied the use of QC
in EC. The purpose of this investigation was thus to examine the anti-
cancer activity of QC against EC in vitro and in vivo as well as explore
its role as an adjunct to standard chemotherapy in a chemo-resistant
EC mouse model.
2. Materials and Methods

2.1. Chemicals and reagents

Please refer to Supplemental Materials and Methods.
2.2. Cell lines and culture conditions

Five different cell lines representing different histologies, grades of
EC, sensitivity to cisplatin and p53 statuswere used for the in vitro stud-
ies. Cell lines representing type I histology included: 1) Ishikawa (well
differentiated endometrioid), 2) Hec-1B (moderately differentiated
endometrioid, cisplatin-resistant) and 3) KLE (poorly differentiated
endometrioid). Cell lines representing type II histology included: 1)
ARK-2 (advanced stage serous adenocarcinoma), and 2) SPEC-2 (papil-
lary serous carcinoma). The p53mutation status is as follows: Ishikawa,
HEC-1b, KLE and SPEC-2: mutant p53; ARK-2: p53 status unknown.

2.3. MTT assay, synergy assessment and Chou-Talalay calculations

Please refer to Supplemental Materials and Methods.

2.4. Colony formation assay (CFA)

Please refer to Supplemental Materials and Methods.

2.5. Immunoblotting

Please refer to Supplemental Materials and Methods.

2.6. Assessment of the anti-cancer activity of Quinacrine in vivo

All experimental use of animals complied with the guidelines of the
Institutional Animal Care andUse Committee (IACUC) at theMayo Clin-
ic Foundation.

2.7. Tumor xenograft experiments

An endometrial cancer xenograft model was established by subcuta-
neous implantation of HEC-1b cells (cisplatin-resistant) into the right
flank of 4- to 6-week old female athymic nude mice (nu/nu strain)
(NCr nu/nu; Animal Production Area, National Cancer Institute, Freder-
ick Cancer Research and Development Center, Frederick, MD) (1.25–
1.5× 106 cells in a total volumeof 200 μL per injection of PBS). Once sub-
cutaneous implants measured 3 mm by 3 mm, approximately day 4
after implantation based on previous studies [17], mice were random-
ized in 5 groups of 10 mice (total of 50 mice) and this was considered
as day 0. Of note, the number of mice per groupwas based on an a priori
power calculation. Treatment was initiated on day 3 (approximately
7 days post implantation). Per protocol, we followed xenograft tumor
size for 30 days after which the mice continued to be followed for sur-
vival using predefined endpoint criteria for sacrifice of the xenografts
(detailed below). Groups were treated as follows: Group 1. Control
(no treatment); Group 2. QC only: QC aloneat 100mg/kg via oral gavage
every 48 h for 3 weeks; Group 3. Chemotherapy only: carboplatin plus
paclitaxel via intraperitoneal injection at 16 mg/kg and 20 mg/kg, re-
spectively on days 3, 7, and 11 as previously described [18]; Group 4.
Combination: carboplatin plus paclitaxel (as in Group 3) plus QC (dos-
ing as in Group 2) until day 11; and Group 5. Maintenance: carboplatin
plus paclitaxel (as in Group 3) plus QC (dosing as in Group 2) until the
end of the study. The QC regimen was chosen based on the literature
on in vivo study of QC use for colorectal cancer [19].

The primary endpoint was xenograft tumor size across groups on
day 30. Tumor sizewasmeasured every 48 h by digital calipermeasure-
ments and tumor volumewas calculated using themodified formula for
ellipsoid volume (volume = π/6 × length × width2). The rate of tumor
growth (TG) was calculated relative to tumor volume on day of treat-
ment initiation within each group [(tumor volume of treatment group
on day 30 – tumor volume of treatment group on day of treatment ini-
tiation)/(tumor volume of treatment group on day of treatment initia-
tion)]. Efficacy of treatment was assessed by comparison of tumor
volumes and TG between treatment and control groups. Secondary
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endpoints included change in weight (measured every 48 h throughout
the study), survival, as well as cell proliferation and angiogenesis using
immunohistochemistry. The criteria for sacrifice of themice for survival
included: a) tumor volume greater than 1000 mm3, b) tumor diameter
N 20 mm, c) weight loss N 10% loss of body weight.

Tumor volume was measured every 48 h and efficacy of treatment
was assessed by comparison of tumor volume between each treatment
group and the control group on day 30 of the experiment aswell aswith
the fold-change in tumor volume [tumor growth (TG)].

2.8. Histology and immunohistochemistry

Please refer to Supplemental Materials and Methods.

2.9. Statistical analysis

Wilcoxon rank-sum test and Kruskal-Wallis test were used to com-
pare continuous variables between independent groups. The Dunnett's
test was used as a posthoc test for multiple comparisons which were
performed as “many-to-one comparisons” (each treatment group com-
pared against the control group). The log-rank test was used for analysis
of the survival data. Survival between groupswas compared similarly in
a “many-to-one” fashion with the P value for each pairwise comparison
evaluated against a Bonferroni-corrected threshold to account for mul-
tiple comparisons. For the survival as well as the Ki-67 labeling index
analyses, one additional comparison was performed (standard chemo-
therapy against maintenance group) and this additional comparison
was taken into account in the Bonferroni correction (5 comparisons in
total; level of significance adjusted at 0.01). P-valuesb 0.05were consid-
ered statistically significant unless otherwise specified. All statistical
analyses were performed with JMP version 10.0.0 (SAS Institute Inc.,
Cary, NC).

All experiments were performed at least in triplicate and results
from each experiment were analyzed and interpreted independently
of the others. The most representative experiment is presented.

3. Results

3.1. Quinacrine inhibits endometrial cancer cell viability in vitro

In order to investigate QC's ability to inhibit EC cell proliferation in
vitro, we treated EC cell lines with increasing concentrations of QC for
48 h (Supplementary Fig. S1A and B). A dose-dependent cell prolifera-
tion inhibition was noted using the MTT assay across the spectrum of
type I and II EC cell lines. The experimentally derived IC50 ranged from
4 μM to 24 μM for QC with the highest IC50 corresponding to the HEC-
1b cells mirroring the sensitivity or relative resistance of cell lines to cis-
platin (Supplementary Table S1). We, thus, focused the majority of our
experiments on theHEC-1b and ARK-2 cell lines representing type I and
II EC, respectively, as these were known to be relatively more cisplatin-
resistant within each histology subtype, which was also confirmed by
our MTT assays when deriving cisplatin IC50.

In order to confirm theMTT assay findings, we assessed the effect of
increasing concentrations of QC on the ability of EC cell lines to form col-
onies after 24 h of drug exposure (Supplementary Fig. 1C and D). We
observed that the number of colonies decreased with increasing con-
centration of QC confirming potent anti-tumor effect of QC against EC.
Consistent with our previous findings, the IC50 for HEC-1b was higher
compared to the IC50 for ARK-2.

3.2. Quinacrine synergizes with cisplatin, carboplatin and paclitaxel in vitro

The potential of QC to synergizewith cisplatin, carboplatin, and pac-
litaxelwas explored using theChou Talalaymethodology [20].WhenQC
was combined with cisplatin in an equipotent (constant) ratio, a strong
synergistic effect was noted in HEC-1bwith a CI value of 0.363 at 0.5 Fa;
the synergistic effect was observed for the majority of the range of Fa
(Fig. 1A). The DRI for cisplatin was notably high at 12.8 at 0.5 Fa: in
order to inhibit 50% of HEC-1b cell growth, 12.8 times less cisplatin
would be required if cisplatin were to be combined with QC compared
to using cisplatin alone. In comparison, when this combinatory regimen
was tested in ARK-2, a moderate synergistic effect was observed only at
higher levels of Fa with DRI in the range of 5 (Fig. 1B). Since carboplatin
was the platinum-based drug that would be used in vivo, a similar anal-
ysis was performed combining QC with carboplatin. When tested in
HEC-1b, the two-drug combination exhibited strong synergismat a clin-
ically relevant range of Fa (N0.3) with a considerable DRI of 16.5 at 0.9
Fa (Fig. 1C). In contrast to the effect of the combination of QC with cis-
platin in ARK-2, QC with carboplatin exhibited strong synergism
through almost the entire range of Fa (Fig. 1D). The combined action
of QC and paclitaxel was examined next (Fig. 1E and F); this combina-
tion showed strong synergism through almost the entire range of Fa
in both HEC-1b and ARK-2 with CIs ranging from 0.351 to 0.635 and
from 0.292 to 0.543, respectively.

To further explore the extent to which QC synergizes with cisplatin
and paclitaxel, various concentrations of QC were combined with in-
creasing concentrations of cisplatin as well as with paclitaxel in non-
constant (non-equipotent) ratios. The combination of QC with cisplatin
exhibited various levels of synergism with strong synergy predomi-
nantly at the higher levels of Fa in bothHEC-1b andARK-2 (Supplemen-
tary Table S2). Similar conclusions can be drawn for the combined effect
of QC with paclitaxel (Supplementary Table S3).

3.3. Quinacrine sensitizes endometrial cancer cells to cisplatin and paclitax-
el in vitro

In order to investigate the ability of QC to restore sensitivity to cis-
platin and paclitaxel in EC, EC cellswere treatedwith increasing concen-
trations of cisplatin or paclitaxel (1/8 IC50, 1/4 IC50, 1/2 IC50, IC50, IC50×2,
IC50 ×4) combined with a range of fixed concentrations of QC (1/4 IC50,
1/2 IC50, IC50). The underlying rationale was that in the presence of rel-
atively low concentrations of QC, a smaller amount of cisplatinwould be
required for the same effect in inhibiting cell growth in vitro.

Whenwe combined afixed concentration of QCwith increasing con-
centrations of cisplatin, we observed a shift of the cisplatin IC50 towards
lower concentrations in both HEC-1b and ARK-2 indicative of the ability
of QC to sensitize EC cells to cisplatin (Fig. 2).When cisplatin or paclitax-
elwas combinedwith IC50 of QC, each drug's IC50 displayed a substantial
reduction ranging from 10- to 21-fold. The extent to which QCwas able
to restore sensitivity of EC cells to cisplatin and paclitaxel is better dem-
onstrated by the fact that even 1/4 QC IC50 resulted in a downward shift
of each drug's IC50 from 1.5- to 16-fold (Fig. S2). The only exception to
that was the combination of cisplatin with 1/4 QC IC50 in ARK-2 (Fig.
S2B). More interestingly, the magnitude of the decrease in each drug's
IC50 was greater in the more cisplatin-resistant HEC-1b compared to
the more cisplatin-sensitive ARK-2 when a comparable concentration
of QC was used; this held true for both cisplatin and paclitaxel (Fig.
S2). This supports the hypothesis that the combination of QCwith stan-
dard chemotherapy may be more effective in drug-resistant compared
to drug-sensitive cancers.

3.4. Quinacrine potentiates cisplatin sensitivity by down-regulating the ex-
pression of anti-apoptotic proteins in endometrial cancer cell lines

In order to investigate the underlying mechanism involved in QC-
enhanced cisplatin-induced cytotoxicity, we screened HEC-1b and
ARK-2 cell lysates for important pro-apoptotic (cleaved PARP and
cleaved caspase-3) and anti-apoptotic proteins (MCL-1 and XIAP).
MCL-1 (myeloid leukemia cell differentiation protein-1) and XIAP (X-
linked inhibitor of apoptosis protein) are antiapoptotic markers associ-
atedwith chemoresistance in EC [21,22]. Cleaved PARP and cleaved cas-
pase 3 (both pro-apoptotic markers) were slightly to moderately
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Fig. 1. Combination of quinacrine with different chemotherapeutic agents in equipotent combinations (IC50 over IC50 ratio) was assessed for synergy using the Chou-Talalay method. The
cellswere exposed to each drug alone and in combination per protocol for 48 h. The combination indices (CI), fraction affected (Fa) and dose reduction indices (DRI)were generated by the
Calcusyn software and plotted with the use of GraphPad. CI values b0.9 indicate synergism, 0.9–1.1 indicate additive effect, and N1.1 indicate antagonism. A and B: Cisplatin with
quinacrine in HEC-1b (40:24 μM) and ARK-2 (14:16.5 μM). C and D: Carboplatin with quinacrine in HEC-1b (900:24 μM) and ARK-2 (480:16.5 μM). E and F: Paclitaxel with quinacrine
in HEC-1b (11.8:24 μM) and ARK-2 (3.7:16.5 μM).
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induced by each drug alone (Fig. 3). Increasing concentrations of QC re-
sulted in higher levels of expression of cleaved PARP and cleaved cas-
pase 3 in a dose-response effect. Importantly, combination treatment
with cisplatin and QC strongly induced both pro-apoptotic markers
greater than each drug alone. A dose-response effect was similarly ob-
served when cells were treated with increasing concentrations of QC
in the downregulation of the anti-apoptotic markers MCL-1 and XIAP.
While XIAP was clearly inhibited to a greater extent when HEC-1b EC
cells were treated with combination of both drugs compared to each
drug alone, this effect was not observed in ARK-2.
3.5. Quinacrine in combination with carboplatin and paclitaxel inhibits en-
dometrial cancer tumor growth in vivo

In order to assess the ability ofQC todelay tumor growth in vivo aswell
as to act synergistically with standard chemotherapy, EC xenografts were
treated in 5 different groups and were followed for tumor growth for
30 days as detailed inMethods (Supplementary Fig. S3).When comparing
tumor volume on day 30 between treatment and control groups, neither
QC monotherapy nor standard chemotherapy was effective in delaying
tumor growth compared to controls (P=0.32 and P=0.08, respectively)
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Fig. 2.Quinacrine re-sensitizes endometrial cancer cell lines to cisplatin and paclitaxel.When cells were treatedwith increasing concentrations of cisplatin or paclitaxel combinedwith QC
IC50, therewas a shift of the cisplatin or paclitaxel IC50 towards lower concentrations in both HEC-1b and ARK-2. For additional drug combinations, please refer to supplementary Fig. S2. A
and B: Cisplatin with QC in HEC-1b and ARK-2, respectively. C and D: Paclitaxel with QC in HEC-1b and ARK-2, respectively.
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(Fig. 4A). However, both combination andmaintenance treatment groups
were associatedwith significantly decreased tumor volumes compared to
controls, indicating significant delay in tumor growth and stabilization of
disease (P= 0.002 and P= 0.005, respectively) (Fig. 4A).

In order to account for the relative differences in tumor volume at
initiation of treatment (day 0) between groups, we calculated the
fold-change in tumor volume [tumor growth (TG)] of each xenograft
between days 0 and 30 and compared the median tumor growth of
each treatment group against controls (Fig. 4B.). The same conclusions
on tumor growth per treatment groupwere reached. Xenografts treated
with either QCmonotherapy or standard chemotherapy did not exhibit
Fig. 3. Levels of pro-apoptotic and anti-apoptotic proteins after treatment with cisplatin,
increasing concentrations of quinacrine and combination of cisplatin with quinacrine.
Levels of important pro-apoptotic and anti-apoptotic proteins were assessed in HEC-1b
and ARK-2 cancer cells after 24-hour treatment with cisplatin (IC50), increasing
concentrations of QC (IC50 and IC50 ×2), and combination of cisplatin (IC50) with QC
(IC50) using whole-cell lysates immunoblotting.
a significant difference in the magnitude of tumor growth compared to
controls. In contrast, both combination and maintenance treatments
were successful in significantly slowing tumor growth: xenografts ex-
hibited only a 5.9-fold (P = 0.001) and 3.8-fold (P = 0.008) change in
tumor volume, respectively, compared to control xenografts which
had a 16.5-fold increase in their tumor volume.

3.6. Maintenance therapywith quinacrine prolongs survival of endometrial
cancer mouse xenografts

In order to investigate the role of QC as maintenance therapy, xeno-
grafts were followed for survival as described in Methods. The shortest
survival was observed in the controls with amedian survival of 30 days,
followed by the QC group with 46 days, the carboplatin plus paclitaxel
group with 54 days, the combination group with 68 days, whereas me-
dian survival for the maintenance group was not reached at the end of
the experiment at 72 days (Fig. 5). The survival study was terminated
at day 72 as no mice were surviving in the control, QC, carboplatin
plus paclitaxel, or combination groups. At the end of the experiment, 4
out of a total of 8 mice from maintenance group were alive, and 4
were previously sacrificed at low tumor volumes due to skin ulceration
and thus censored. Overall survival of all treatment groups was signifi-
cantly longer compared to controls. In order to assess whether mainte-
nance conferred improved survival over standard chemotherapy,
survival between these groups was compared. Importantly, mainte-
nance exhibited a significant survival advantage compared to standard
chemotherapy (P = 0.001).

3.7. Quinacrine treatment is well-tolerated

The safety profile of QC has been extensively studied in the past
and its use has been found to be safe and tolerable. In order to assess
how well QC was tolerated, the body weight of mice was measured
every 48 h across all treatment groups and compared to controls.
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Fig. 4. Combination andmaintenance treatment delay endometrial cancer tumor growth and stabilize disease in vivo. Treatment started at day 3 of the experiment, approximately 7 days
post-implantation.Micewere treatedwithQC100mg/kg via oral gavage every 48 h andwith carboplatin/paclitaxel via intraperitoneal injection at 16mg/kg and 20mg/kg, respectively on
days 3, 7, and 11 as perMaterials andMethods. (N=8–10/group). A. Tumor volumewas calculated using themodified formula for ellipsoid volume (volume= π/6 × length ×width2). *P
b 0.05 across all groups at each time point (Kruskal-Wallis one-way analysis of variance); #P=0.002 control vs. combination and P=0.005 control vs. maintenance on day 30 (Dunnett's
test). B. Tumor growth (TG) within each group was calculated as follows: (tumor volume on day 30 – tumor volume on day of treatment initiation)/(tumor volume on day of treatment
initiation). Tablewith themedian and IQR of TG aswell as outlier box plots of TG across treatment groups; themedian (IQR), mean, outliers and the “shortest half” (themore dense 50% of
the observations as depicted by the red brackets) are graphed. *P b 0.05: Combination treatment vs. control (P = 0.001), maintenance vs. control (P = 0.008) (Dunnett's test).
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No significant reduction in weight was observed in any of the treat-
ment groups compared to controls (Fig. 6A). QC was thus well-toler-
ated as monotherapy, in combination with standard chemotherapy,
and as maintenance.

One interesting adverse effect that has previously been observed
with QC treatment in both animal and human studies is reversible yel-
low skin pigmentation. Consistent with this observation, xenografts
who received QC exhibited yellow skin discoloration, primarily in the
trunk, which subsided within 2 weeks following QC discontinuation
(Fig. 6B). Longer duration of QC treatment did not result in more pro-
nounced skin discoloration with maintenance group only exhibiting
very subtle yellow skin changes after 72 days of QC treatment.
3.8. Quinacrine and tumor necrosis (H&E staining)

Tumor necrosis was observed both in treatment groups and controls
(Supplementary Fig. S4B) suggesting that necrosis, to a certain extent,
was a result of the relatively aggressive nature of the HEC-1b EC
model used. Tumors from QC monotherapy demonstrated significantly
increased tumor necrosis compared to controls (41.6% vs. 30.1%, P =
0.01; Supplementary Fig. S4C). However, neither standard chemothera-
py nor combination treatment was associated with a significant in-
crease in tumor necrosis compared to controls (P = 0.64 and P =
0.07, respectively). In contrast, maintenance resulted in significantly
greater tumor necrosis compared to controls (50.8% vs. 30.1%, P =
0.01) (Supplementary Fig. S4A and B).

3.9. Quinacrine and cell proliferation (Ki-67 staining)

An alternative way to assess antitumor activity in vivo is by correlat-
ing treatment with reduction in cell proliferation using Ki-67 immuno-
staining. It was noted that treatment groups that included QC had Ki-67
labeling indices numerically lower compared to controls and chemo-
therapy only suggesting that QC may result in enhanced antitumor ac-
tivity (Supplementary Fig. S5B). QC monotherapy, combination
treatment and maintenance were all associated with significantly
lower Ki-67 labeling index compared to controls (P=0.002 for all com-
parisons). However, tumor cell proliferation was significantly lower in
maintenance compared to chemotherapy only (P b 0.001). In agreement
with the tumor volume study conclusions, maintenance with QC was
successful in further decreasing tumor cell proliferation and stabilizing
disease compared to standard chemotherapy.

3.10. Quinacrine and angiogenesis (CD31 staining)

QC alone, in combination with standard chemotherapy, or as main-
tenance resulted in significantly lower iMVDs compared to controls (P
=0.02, P=0.005, P=0.008, respectively). This couldmirror an overall
decrease in the aggressiveness of the tumor. Specifically, this decrease
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Fig. 5. Maintenance therapy with quinacrine prolongs survival of endometrial cancer
mouse xenografts. Treatment began on day 3 of the experiment, approximately 7 days
post-implantation. Mice were treated with QC 100 mg/kg via oral gavage every 48 h and
with carboplatin/paclitaxel via intraperitoneal injection at 16 mg/kg and 20 mg/kg,
respectively on days 3, 7, and 11 as per Materials and Methods. (N = 8–10/group). Mice
were followed for survival and were sacrificed once tumor volume reached 1000 mm3,
tumor ulcerated, became necrotic or infected or there was N10% loss of body weight. A.
Kaplan-Meier survival curves reveal improved survival following maintenance
treatment compared to standard chemotherapy (P = 0.001). *P b 0.01 (level of
significance after Bonferroni adjustment for a total of 5 comparisons): QC monotherapy
vs. control P = 0.008, carboplatin plus paclitaxel vs. control P = 0.001, combination
treatment vs. control P b 0.001, maintenance treatment vs. control P b 0.001,
maintenance treatment vs. carboplatin plus paclitaxel; #P = 0.001 (log-rank). B. Median
survival in days across treatment groups.

Fig. 6. Quinacrine treatment is well-tolerated as monotherapy and in combination
treatment with standard chemotherapy in endometrial cancer xenografts. A. Effect of QC
on mice body weight across all treatments groups. (N = 8–10/group). B. QC treatment is
associated with a temporary yellow skin discoloration during active drug administration.
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in the angiogenic potential may explain why the growth of the tumors
in themaintenance group appeared halted during QCmaintenance, de-
spite initially growing to a certain volume.
4. Discussion

Our study is the first to provide evidence that QC is effective against
EC in vitro and in vivo. QC was successful in inhibiting EC cell viability in
vitro across a range of EC cell lines representing different grades, histo-
logic subtypes and sensitivity to standard chemotherapy. QC treatment
was also associatedwith a dose-dependent decrease in the levels of pro-
teins associated with chemo-resistance (MCL-1 and XIAP). Consistent
with the in vitro findings, its use was associated with considerable
tumor necrosis and inhibition of tumor cell proliferation in vivo. QC
monotherapy delayed tumor growth in the mouse xenografts albeit
not to the extent seen with standard chemotherapy. The EC xenograft
model was developed using the most cisplatin-resistant EC cell line of
those studied which could explain, at least in part, the suboptimal per-
formance of QC monotherapy and standard chemotherapy in delaying
tumor growth compared to controls. Despite this, overall survival with
QCmonotherapywas superior to controls and, importantly, comparable
to standard chemotherapy. One could hypothesize that the significant
anti-angiogenic effect observed in QC monotherapy group may have
contributed to rendering the tumors less aggressive, leading to
enhanced survival compared to controls despite comparable tumor
volume between these groups.
QC when co-administered with carboplatin and/or paclitaxel signifi-
cantly enhanced their anticancer activity, as previously shown in other tu-
mors [15,16]. In addition, we found evidence to suggest that the level of
response to combination treatment may correlate with chemoresistance,
withmore chemo-resistant disease exhibiting greater response. Although
strong synergy was observed between all drug combinations across both
HEC-1b and ARK-2, the level of synergism was higher in the most-
chemoresistant HEC-1b. Furthermore, the ability of QC to re-sensitize
cells to cisplatin or paclitaxel was greater in the more chemo-resistant
HEC-1b. Taken together, these data suggest that QC combined with stan-
dard chemotherapy may have greater therapeutic benefit when treating
more aggressive chemo-resistant disease. Our in vivo study corroborates
this finding. Finally, QC combined with paclitaxel exhibited the highest
level of synergism among all drug combinations which could be proven
beneficial in the treatment of Taxol-resistant disease, commonly encoun-
tered in recurrent EC.

Our in vivo study using a chemo-resistant EC mouse model corrobo-
rated our vitro results. QC augmented the antiproliferative effect of stan-
dard chemotherapy as evidenced by the significant decrease in tumor
volume. What is even more interesting is the difference in the rate of
tumor growth across treatment groups. Controls exhibited a relatively
constant rate of tumor growth throughout the observation period. In
contrast, during the active treatment period (up to day 11) as well as
the immediate post-treatment period (up to approximately day 16), xe-
nografts from all three treatment groups of interest (standard chemo-
therapy, combination and maintenance) were relatively stable in size.
Following that period (after day 16), tumors from the standard chemo-
therapy group started to grow, while from the other two groups they
remained relatively stable. This suggests that, in addition to potentiating
its antitumor activity, QC combined with standard chemotherapy stabi-
lizes disease. Importantly, this delay in tumor progression was associat-
ed with improved survival. Combination treatmentwas associated with
a 14-week prolongation of median survival (26% increase) compared to
50
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standard chemotherapy. Finally, maintenance further prolonged surviv-
al compared to standard chemotherapy with median survival not being
reached during the duration of our study. These suggest that QC could
be used initially as adjunct to standard chemotherapy for disease stabi-
lization and then asmaintenance for long-termdisease suppression and
prolongation of survival.

Use of angiogenic growth factors inhibitors or endothelial cell-spe-
cific cytotoxic agents to target tumor's blood supply has been recog-
nized as an important adjunct to the traditional approach of inhibiting
directly tumor cell proliferation [23,24]. Although we did not study di-
rectly QC's ability to target endothelial cells or decrease levels of angio-
genic growth factors, we evaluated its ability to alter tumor's angiogenic
potential by assessing the intratumor microvessel density by immuno-
histochemistry. Standard chemotherapy did not result in any significant
change in the tumor's angiogenic environment, whereas QC as mono-
therapy, combination or maintenance resulted in a significant decrease
inmicrovessel density. Importantly, the greatest benefit was notedwith
maintenance. Further studies are required to identify the exact mecha-
nism of action by which QC alters the angiogenic make-up of the tumor
(i.e. direct cytotoxic effect of endothelial cells vs. angiogenic growth fac-
tors inhibition). Albeit not a distantmetastasismodel, this finding offers
evidence to suggest that QCmay lead to a decrease in themetastatic po-
tential of the tumor in addition to decreasing the rate of tumor growth.
Of note, HEC-1b was originally characterized as an endometrioid grade
2 EC; however, upon review by a Mayo expert EC pathologist, it is now
thought to be more consistent with serous EC which could also explain
the more aggressive and chemo-resistant behavior observed both in
vitro and in vivo. Serous EC tends to bemore aggressive and is associated
with distant disease at time of diagnosis. Taken together, our preclinical
data suggest that QC combined with standard chemotherapy may de-
crease tumor's potential for distant metastasis in patients with histolo-
gies associated with poorer prognosis.

In a previous study of QC in colorectal cancer, the investigators found
that mice tolerated doses up to 150 mg/kg every other day [19]. We
elected in our studynot to use themaximum tolerated dose as previous-
ly described but rather test a dose that would fall within already
established dosing schemas in humans. Based on a previously validated
formula for translation of drug doses fromanimal to human studies [25],
a dose of 100 mg/kg in mice would translate into 8.1 mg/kg in humans:
this mounts to 568 mg per day for an average person of 70 kg with
800mgper day being themaximumpreviously used dose. It is thus pos-
sible that the regimen for EC treatmentmay fall within already safe and
tolerable protocols. Finally, from a cost-effectiveness standpoint, in an
era of rapidly expanding healthcare costs, QC could represent amore af-
fordable treatment adjunct, evenwhen used asmaintenance for disease
suppression, compared to the very expensive new drugs such as the
anti-VEGF agents.

An inherent limitation of in vitro studies is that cells are being stud-
ied outside their “normal” environment and host organisms, which
means that cell-to-cell and cell-to-stromal interactions, known impor-
tant regulators of biological behavior, cannot be readily replicated in
the in vitro setting. In order to address this limitation, we tested QC's
ability to exert anticancer effects in vivo in an EC xenograft model
using mice as host organism. An additional limitation is that we used a
subcutaneous EC model instead of an orthotopic model. Orthotopic
tumor xenografts are traditionally thought to mirror tumor-host inter-
actions, tumor-specific metastatic patterns, and drug-tumor-host inter-
play more accurately than heterotopic xenografts. The decision to use a
subcutaneousmodelwas based on the prior experience of our laborato-
ry with the use of subcutaneous xenografts and, conversely, lack of ex-
perience in implantation of EC cells in murine uteri as well as
technical difficulties with following intrauterine tumor growth. None-
theless, subcutaneous tumor xenografts are considered important in
drug development research due to recognized merits such as reproduc-
ibility, reliable assessment of tumor establishment, growth, and re-
sponse to treatment.
5. Conclusion

In summary, QC exhibited strong synergism in vitrowhen combined
with cisplatin, carboplatin or paclitaxel with the highest level of syner-
gism observed in the most chemo-resistant EC cell line. Combination
treatment (QC plus standard chemotherapy) significantly augmented
the antiproliferative ability of these chemotherapeutic agents as evi-
denced by the significant decrease in tumor burden, and, importantly,
significantly prolonged median survival compared to standard chemo-
therapy alone. Maintenance therapy with QC was proven superior to
combination treatment as it resulted in long-term stabilization of dis-
ease and further prolongation of overall survival compared to combina-
tion. This is the first study to provide preclinical data to support QC's
efficacy as an adjunct to standard chemotherapy in the treatment of
EC. These findings support the introduction of QC in a phase I/II clinical
trial investigating the role of QC in combination with platinum-based
chemotherapy for patients with chemo-resistant EC.
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Quinacrine upregulates p21/
p27 independent of p53 
through autophagy-mediated 
downregulation of p62-Skp2 axis in 
ovarian cancer
DeokBeom Jung1, Ashwani Khurana1, Debarshi Roy1, Eleftheria Kalogera2, Jamie  
Bakkum-Gamez2, Jeremy Chien3 & Viji Shridhar1

We have previously shown that the anti-malarial compound Quinacrine (QC) inhibits ovarian cancer 
(OC) growth by modulating autophagy. In the present study we extended these studies to identify 
the molecular pathways regulated by QC to promote apoptosis independent of p53 status in OC. QC 
exhibited strong anti-cancer properties in OC cell lines in contrast to other anti-malarial autophagy 
inhibiting drugs. QC treatment selectively upregulated cell cycle inhibitor p21, and downregulated F 
box protein Skp2 and p62/SQSTM1 expression independent of p53 status. Genetic downregulation of 
key autophagy protein ATG5 abolished QC-mediated effects on both cell cycle protein p21/Skp2 as well 
as autophagic cargo protein p62. Furthermore, genetic silencing of p62/SQSTM1 resulted in increased 
sensitivity to QC-mediated apoptosis, downregulated Skp2 mRNA and increased accumulation of 
p21 expression. Likewise, genetic knockdown of Skp2 resulted in the upregulation of p21 and p27 and 
increased sensitivity of OC cells to QC treatment. In contrast, transient overexpression of exogenous 
p62-HA plasmid rescued the QC-mediated Skp2 downregulation indicating the positive regulation of 
Skp2 by p62. Collectively, these data indicate that QC-mediated effects on cell cycle proteins p21/Skp2is 
autophagy-dependent and p53-independent in high grade serious OC cells.

The Majority of high grade serous Ovarian Cancers (OC) that harbor p53 mutations and deletions are often 
associated with high mortality1. So far, limited therapeutic options are available to treat these cancers that are 
associated with high recurrence rates. There are currently in development various therapeutic agents that are 
being considered for their ability to promote tumor regression. Preclinical tumor models have confirmed tumor 
regression via drug-induced apoptotic and autophagic pro-death signaling mechanisms in several cancers2,3. Both 
pro-survival as well as pro-apoptotic roles have been associated with autophagy. Autophagy is a catabolic process 
where portions of the cytoplasm and defective organelles are engulfed in autophagosomes for delivery to the 
lysosomes for bulk degradation. Autophagy is induced by various cellular events such as nutrient deprivation in 
the form of glucose or amino acid starvation. Under nutrient deprived conditions, autophagy provides amino 
acids and other macromolecules following degradation of cellular organelles and membranes leading to cancer 
cell survival4. However, drug-induced autophagy, also known as type II programmed cell death, has been shown 
to promote apoptosis and cell death5. Therefore, agents regulating autophagy by either promoting or inhibiting 
it might have differential impact on tumor growth. Autophagy involves at least 40 known autophagy-related 
proteins including ATG56. Both chemical inhibitors (such as Bafilomycin A and 3-MA) and genetic silencing of 
ATG5 and ATG7 have been shown to inhibit autophagy and promote or augment apoptosis in response to treat-
ment with combination of therapeutic agents in cancer cells7–9.
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Both pro-apoptotic and autophagy modulators are in clinical trials to treat several types of cancers includ-
ing OC10. Specifically anti-malarial agents have been shown to be effective in attenuating cancer growth both  
in vitro and in vivo in mouse models. The anti-malarial drug Quinacrine (QC) alters a range of cellular activities 
including stabilization of p53, inhibition of NFkB and in modulating heat shock response in cancer cells11,12. We 
previously showed that QC induces autophagic mediated cell death to promote chemosensitivity of OC cells  
in vitro and attenuated tumor growth in HeyA8MDR mouse xenografts in vivo13. QC selectively degraded p62 
and promoted autophagic flux more in the chemo-resistant cells compared to their isogenic sensitive counter-
parts. However, underpinning QC mediated mechanisms have remained elusive.

Among other anti-cancer properties of anti-malarial agents, these agents have also been found to be effective 
inhibitors of cell cycle and cell proliferation11,14. Majority of autophagy modulators promote apoptosis by tar-
geting distinct and essential pathways in addition to causing cell cycle arrest. However, it is not known if there 
is an association between cell cycle and autophagic cell death15,16. Specifically, the molecular mechanism linking 
autophagy induction and cell cycle arrest is not well documented. Among the cell cycle inhibitors, p21 and p27, 
two tumor suppressor proteins targeted for degradation by S-phase kinase–associated protein 2 (Skp2)17–21, play a 
significant role in inhibition of cellular growth22. Studies have shown SKp2 is overexpressed in several cancers23–25. 
Specifically high Skp2 expression was reported in 61% of ovarian tumors. In another study, elevated levels of Skp2 
and downregulation of p27 was associated with late stage disease26 as well as with lower p21 levels27. The relation-
ship between Skp2 and p53 is controversial with studies supporting both p53- dependent and -independent regu-
lation of Skp2’s activity28,29. In this context, it is important to note that the majority of high grade serous OC have 
mutated p53. Therefore, identifying chemical entities that regulate cell cycle and cell proliferation independent of 
p53 status might be a useful strategy to target cancers such as OC.

In the present study we examined anti-tumor activities of QC in several OC cell lines with different p53 status. 
Mechanistically, we have characterized the effects of QC on two critical molecular signaling pathways, namely, the 
attenuation of p62 to promote autophagic flux leading to SKp2 downregulation to restrain cell cycle progression 
resulting in the inhibition of cancer growth and proliferation.

Results
Autophagy modulators affect cell cycle differentially. Our previous finding showed that QC induces 
autophagy in OC cells. To determine if other autophagy modulators have similar effects, we first analyzed auto-
phagy and cell cycle related proteins by Western blot analysis (Fig. 1A). We observed that when C13 cells are 
treated with QC, Bafilomycin A (BafA) and 3-methyladenine (3-MA) at indicated doses, QC treatment resulted 
in degradation or downregulation of p62 expression in C13 cells whereas BafA and 3-MA in stabilization of p62 
expression (Fig. 1A). LC3B was also stabilized by treatment with both QC and BafA. Importantly, QC but not 
BafA or 3-MA treatment stabilized the cell cycle inhibitor p21 expression in these cells. Furthermore, QC treat-
ment downregulated Skp2, an F-box protein known to target p21/p27 for degradation, while BafA and 3-MA 
showed no effect on Skp2/p21 expression. These data indicate that while autophagy inhibitors BafA and 3MA 
stabilized p62 expression, QC treatment downregulated p62 expression, which is an indication of autophagy 
induction9. Since p21 is a direct target of p53 and QC has been reported previously to stabilize p5311, we next 
examined whether QC is able to promote these observed changes in a p53-dependent manner. QC treatment of 
p53 null SKOV3ip1 and p53 mutant OV90 (S215R) cell lines resulted in the downregulation of p62, Skp2 and 

Figure 1. Autophagy modulators have differential effects on p62, p21 and Skp2 expression. C13 cells were 
treated with increasing concentrations of QC (5 and 10 µM), Bafilomycin A (50 and 100 nM) and 3-MA (5 and 
10 mM) for 24 hours. (A) Western blot analysis in QC, Bafilomycin A, 3-MA treated C13 cells using anti-p62/
SQSTM1, anti-LC3B, anti-p21, anti-Skp2, anti-p53 and anti-PDI antibodies. (B) SKOV3ip1 cells (p53 null),  
(C) OV90 cells (p53 mutated) were treated with QC (5 and 10 µM) for 24 hours. The protein expression levels 
were assayed by western blot analysis.
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upregulation of p21 expression (Fig. 1B and C). These data indicate that QC-mediated effects on p62, Skp2 and 
p21 expression are independent of p53 expression. To further verify these findings, we generated stable clones 
expressing wild type p53, R249S, R273H and R280H mutant forms of p53 in SKOV3ip1 cells that are void of p53 
expression as described in the materials and methods. Western blot analysis showed that QC treatment downreg-
ulated p62 and Skp2 expression and upregulated p21 and LC3B expression in these cells irrespective of p53 status 
(Fig. 2). Of note, QC treatment also stabilized p53 expression in wild type and mutant p53 expressing SKOV3ip1 
stable clones further confirming that QC-mediated effects are independent of p53 status. This is consistent with 
previous reports that QC stabilization of p53 results in p53-dependent and p53-independent tumor cell death12.

QC-mediated p62 downregulation is independent of proteasomal degradation. It has been 
shown that p62 is degraded via proteasomal- as well as autophagic-dependent manner30. Therefore, to determine 
whether QC-mediated p62 degradation is proteasome-dependent, we co-treated cells with QC and proteasomal 
inhibitors such as lactacystin and velcade for 24 hours. Western blot analysis revealed that QC-mediated p62 
degradation was not altered upon inhibition of proteasomes with either 10 µM lactacystin or 2 µg/ml velcade 
treatment. Importantly, inhibition of proteasomal activity further stabilized p21 and p27 expression (Fig. 3A). 
We suspected that the induction of p21 and p27 expression in response to QC treatment might also inhibit 
CDK activities. Therefore, we determined the phosphorylation status of CDK substrates by Western blot analysis 
using anti-phospho CDK substrate antibody. Treatment with QC attenuated phosphorylation of several CDK 
substrates indicating that QC blocked CDK activities irrespective of proteasomal inhibition (Fig. 3A). Similarly, 
Western blot analysis using anti-ubiquitin antibody revealed that proteasomal inhibitors arrested proteins modi-
fied with poly-ubiquitinated chains demonstrating the efficacy of proteasomal inhibitors. These data indicate that 
QC-mediated p62 downregulation is independent of proteasomal degradation.

To determine whether QC-mediated p62 degradation is autophagy dependent, we utilized mouse embryonic 
fibroblasts (MEFs) lacking ATG5 expression. ATG5 plays a critical role in promoting autophagy and it has been 
shown that depletion of ATG5 inhibits autophagy31,32. Therefore, we next examined the effect of QC treatment on 
wild type and ATG5 null MEFs. Western blot analysis revealed that QC treatment promoted p62 downregulation, 
induced LC3B expression and increased apoptosis as indicated by increased PARP cleavage in WT MEFs but 
not in ATG5 null MEFs (Fig. 3B). Skp2 levels were too low to be detected in wild type MEFs whereas they were 
elevated in p62 null MEFs. Collectively, these data indicate that ATG5 is essential for QC-mediated effects. To 
further verify these effects, we next investigated the effect of QC on shRNA-mediated ATG5 depleted C13 cells. 
C13 cells were stably selected with shRNA against ATG5 and NTC respectively as described in materials and 
methods. Western blot analysis confirmed complete knockdown of ATG5 in C13HBF2 stable clone (Fig. 3C). 
While QC treatment downregulated p62 and Skp2 expression in NTC-C13 cells, it did not affect p62 and Skp2 

Figure 2. Empty vector clones and p53 mutant clones generated in SKOV3ip1 cells were treated with QC for 
24 hours. Western blot analysis of transfected cells using anti-p62 /SQSTM1, p21, p53, Skp2, LC3B and anti-beta 
tubulin antibodies.
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levels in ATG5 knockdown C13 cells. It is important to note that upon ATG5 knockdown in C13 as well as in 
ATG5 null MEFs cells, elevated basal level of p62 expression was also associated with elevated Skp2 expression.

Similarly, significant upregulation of p21 expression was observed in QC-treated NTC-C13 cells but not in 
ATG5 depleted C13 cells. Consistent with these results, QC treatment in ATG5 depleted cells resulted in dimin-
ished apoptotic response as reflected by lower level of cleaved PARP and cleaved caspase 3 expression (Fig. 3C). 
Importantly, no change in LC3B induction was observed in NTC and ATG5 depleted clones. Taken together, 
these data indicate that QC-mediated apoptosis and autophagic response is dependent on ATG5 levels.

We next wanted to examine the temporal regulation of autophagy and apoptosis upon treatment with QC. 
Western blot analysis of QC treated C13 and Hey8MDR cells show that p62 expression was downregulated as 
early as 4 hours following treatment in C13 cell and 8 hours in HeyA8MDR cells, whereas appearance of cleaved 
PARP was detected in a 16 to 24 hours window (Fig. 3D). These data suggest that QC treatment triggers auto-
phagic clearance of p62 leading to apoptosis in both C13 and HeyA8MDR cancer cells.

To determine whether PARP cleavage was due to the activation of initiator caspases as well as effector caspases, 
we did immunoblotting in C13 and HeyA8MDR cells treated with 5.0 and 10 µM QC for 24hrs. We observed 
activation of Caspase 8 and Caspase 9, and increased the activity of Caspase 3, indicating that both extrinsic and 
intrinsic apoptotic pathways are activated by QC (Fig. S1).

p62 knockdown promotes QC-mediated p21 upregulation via Skp2. We have previously reported 
that QC downregulated p62 expression and that p62 expression plays a critical role in promoting cell survival13. 
Since we observed parallel changes in p62, Skp2 and p21 expression upon QC treatment, we next wanted to 
determine the relationship between p62 and cell cycle inhibitor p21. To further determine the role of p62 in 
QC-mediated cell death, we generated p62 knockdown cells via lentiviral mediated shRNA in OV2008 cells as 
described in materials and methods. We treated NTC and p62 knockdown OV2008 cells with QC and evaluated 
the effect on apoptosis and cell cycle proteins. Western blot analysis showed that treatment with QC resulted 
in extensive apoptosis in p62 depleted cells when compared to NTC OV2008 cells as reflected in the levels of 
cleaved PARP (Fig. 4A). Importantly, p62 knockdown also resulted in diminished basal levels of Skp2 which was 
further downregulated upon QC treatment in OV2008 cells. The decrease in Skp2 expression was also found to 

Figure 3. (A) Effect of co-treatment of QC and proteasome inhibitors Lactacystin (10 µM) and Velcade  
(2 µg/ml) for 24 hours on C13 cells. Cells were harvested and subjected to Western blot analysis using anti- p62/
SQSTM1, anti-p27, anti-p21, anti-PDI, anti-Ubiquitin, anti-phospho-CDK/MAPK substrates and anti-PDI 
antibodies. (B) Effect of QC treatment on wild type and ATG5 null Mouse embryonic fibroblasts (MEFs). MEFs 
were treated with increasing concentrations of QC (5 and 10 µM) for 24 hours followed by Western blot analysis 
using anti-ATG5, anti-cleaved PARP, anti-Cathepsin L, anti-p62/SQSTM1, anti-LC3B, anti-Skp2 and anti-PDI. 
(C) Effect of QC treatment on NTC and ATG5 knockdown (HBF2) C13 cells. NTC and ATG5 knockdown C13 
cells were treated with QC at 5 and 10 µM for 24 hours followed by Western blot analysis using anti-ATG5, anti-
cleaved PARP, anti-cleaved caspase 3, anti-p62/SQSTM1, anti-LC3B, anti-Skp2, anti-p21 and anti-beta tubulin 
antibodies. (D) C13 and HeyA8/MDR cells were treated with QC (5 µM) for 0, 2, 4, 8, 16, 24 hours. Western blot 
analysis was performed using anti-cleaved PARP, anti-p62/SQSTM1, anti-LC3B and anti-GAPDH antibodies.
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be associated with an increase in p21 expression which was further increased upon QC treatment in p62 depleted 
OV2008 cells. In order to confirm that the effects are not specific to only OV2008 cancer cells, we generated 
NTC and two separate p62 shRNA expressing stable clones in C13 cells. Consistent with our previous findings, 
QC treatment downregulated p62 and promoted increased apoptosis in p62 knockdown clones as indicated by 
cleaved PARP expression without causing any significant change in autophagy in NTC and p62 shRNA clones. 
Interestingly, knockdown of p62 in C13 cells also resulted in p21 upregulation and Skp2 downregulation, changes 
that were further enhanced upon QC treatment (Fig. 4B). Together, these data indicate that p62 positively regu-
lated Skp2 levels in these cells.

QC-mediated p21 stabilization is post-transcriptional. We next investigated whether the increase 
in p21 expression was due to its increased transcription or post-translational stabilization. To this end, we tran-
siently transfected pcDNA3.1-p21 Flag expression vector in OV2008 NTC and OV2008 p62 shRNA cells followed 
by QC treatment. Western blot analysis showed that QC treatment, upregulated p21-Flag expression in NTC as 
well as p62shRNA cells (Fig. 5A). Interestingly, p21 expression was high at basal levels in p62 knockdown cells 
and was significantly more upregulated upon treatment with QC when compared with NTC cells. These data 
indicate that p21 was stabilized at the post-transcriptional level upon QC treatment.

We further tested the effect of p62 expression on p21 stability. For this purpose, we utilized two contrasting 
cellular models 1) ATG5 depleted C13 cells to achieve high levels of cellular p62 and 2) p62 knockdown c13 cells 
showing depleted cellular p62 levels. The cells were treated with 20 µg/ml cyclohexamide (CHX) for indicated 
time intervals. Western blot analysis showed that ATG5 knockdown C13 cells had increased levels of p62 and 
Skp2 expression which remained stable up to 6 hours of cyclohexamide treatment, whereas NTC cells exhibited 
increased degradation of p62 (Fig. 5B). Interestingly, CHX treatment had more pronounced effect on stability 
of p21 levels in ATG5 depleted cells harboring high levels of both p62 and Skp2. Half-life of p21 was markedly 
lower in ATG5 deficient cells. In contrast, p62 knockdown C13 cells showed high levels of p21 expression owing 
to lower levels of Skp2 thereby enhancing the half-life of p21 (Fig. 5C). These experiments further confirm the 
mechanistic basis of QC-mediated cellular changes involving the p62-Skp2 axis.

QC promotes Skp2 downregulation in an autophagy dependent manner. In order to determine 
if Skp2/p21 regulation by QC and p62 is autophagy dependent given that p62 is a bona fide autophagy cargo pro-
tein, we co-treated C13 cells with QC and autophagy inhibitor BafA and then checked Skp2 expression. Western 
blot analysis revealed that QC downregulated p62, Skp2 and upregulated p21 and p27 respectively (Fig. 6A). 
Co-treatment with BafA rescued QC mediated downregulation of p62 and Skp2 expression. Consistent with these 
data, BafA also blocked QC mediated upregulation of p21 and p27. To determine whether BafA also rescued Skp2 
levels at transcriptional level, the above treated samples were subjected to qPCR as described in materials and 
methods. Real time PCR analysis revealed that co-treatment with BafA rescued QC mediated Skp2 mRNA down-
regulation (Fig. 6B). These data support the hypothesis that autophagy inhibition with BafA prevents the down-
regulation of Skp2 thereby resulting in downregulation of the cell cycle inhibitors p21 and p27. Furthermore, our 
data show that QC treatment downregulated Skp2 at the transcriptional level.

Figure 4. (A) Effect of QC treatment on NTC and p62 knockdown (shRNA 280) OV2008 cells for 24 hours. 
Cells were harvested and subjected to Western blot analysis using anti-cleaved PARP, anti-cleaved PARP, 
anti-p62/SQSTM1, anti-p21 and anti-beta actin antibodies. (B) Effect of QC treatment on NTC and p62 
knockdown (shRNA clone1and shRNA clone2) C13 cells for 24 hours. Cells were harvested and subjected to 
Western blot analysis using anti-cleaved PARP, anti-cleaved PARP, anti-p62/SQSTM1, anti-p21 and anti-beta 
actin antibodies.
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We next determined whether p62 overexpression in p62 depleted cells will rescue its effects. For this purpose, 
we generated C13 cells stably expressing shRNA targeting 3′UTR region of p62 which were then transfected 
with pcDNA-p62-HA plasmid. Western blot analysis revealed efficient p62 knockdown in these cells (Fig. 7A). 
Transfection of full length p62 plasmid restored expression of Skp2 and downregulated p21 expression in p62 
depleted cells. These data indicate that p62 positively regulates Skp2 expression. We further evaluated whether 
p62 knockdown affects Skp2 mRNA. To this end, we utilized NTC and p62 knockdown C13 cells treated with QC. 
Real time analysis showed that QC treatment as well as p62 knockdown downregulated Skp2 mRNA in C13 cells 
(Fig. 7B), whereas there was no effect of QC on p62 mRNA (Fig. 7C).

Skp2 knockdown promotes QC mediated p21 upregulation. Our data shows that p62, by positively 
regulating cell cycle protein Skp2 leads to the degradation of p21 and p27. To gain further insight into whether 
Skp2 directly regulated p21 and p27 in OC cells, we generated stable knockdown of Skp2 in C13 (p53 wild type), 
OV90 (p53 mutant) and SKOV3ip1 (p53 null) cells. Two separate shRNA against the coding region of Skp2 was 
utilized and stable knockdown was determined by western blot analysis. Knockdown of Skp2 in C13 and OV90 
cells resulted in upregulation p21 expression. In contrast, Skp2 knockdown in SKOV3ip1 cells did not show any 
change in p21 expression (Fig. 8A).

Figure 5. (A) Effect of QC treatment on exogenous pcDNA-p21-Flag expression. Transiently transfected NTC 
and p62 shRNA OV2008 cells with empty vector and pcDNA-p21-Flag vector. Cells were exposed to QC (5 and 
10 µM) for 24 hours. Cells were harvested and subjected to Western blot analysis using anti-Flag and beta-actin 
antibodies. (B) C13 NTC and ATG5 knockdown (HBF2) C13 cells were treated with Cyclohexamide (20 µg/ml) 
for 0, 0.5, 1, 2, 4 and 6 hours. Cell lysates were subjected Western blot analysis using anti-p62/SQSTM1, Skp2, 
p21 and anti-GAPDH antibodies. (C) C13 NTC and p62 knockdown cells were treated with Cyclohexamide 
(20 µg/ml) for 0, 0.5, 1, 2, 4 and 6 hours. Cell lysates were subjected Western blot analysis using anti-p62/
SQSTM1, Skp2, p21, p27 and anti-GAPDH antibodies.
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To further understand the effect of QC in this context, we treated NTC and Skp2 shRNA OV90 and SKOV3ip1 
cells with increasing concentrations of QC. Western blot analysis revealed that while Skp2 knockdown stabilized 
p21 in OV90 cells, QC treatment upregulated p21 in Skp2 knockdown cells both in OV90 (Fig. 8B) and Skov3ip1 
cells (Fig. 8C). While these data demonstrate that QC mediated upregulation of p27 and p21 is Skp2-dependent, it 
appears that there may be additional mechanisms that could contribute towards upregulation of p21 in SKOV3ip1 
cells. Equally important is the observation that there was no effect on QC mediated p62 degradation in these 
Skp2 deficient cells which also exhibited increased PARP cleavage indicating that Skp2 is downstream of p62. 
We observed activation of Caspase 8 and Caspase 9, and increased the activity of Caspase 3, indicating that both 
extrinsic and intrinsic apoptotic pathways are activated by QC (Fig. S1).

Discussion
Autophagy modulators have been used against several diseases including cancer. In this study, we have char-
acterized the cellular effects mediated by anti-malarial drug Quinacrine (QC) in OC cell lines. Previously, we 
have shown that QC effectively attenuated growth of OC cells both in vitro and in vivo by promoting autophagic 
mediated cell death13. Although QC has been shown to modulate autophagy, the cellular mechanisms responsible 
for mediating its effects are not clearly defined. We have now uncovered a unique mechanism of action for QC 
that affects two major players of two distinct pathways (namely autophagy and cell cycle) critical for supporting 
proliferation and survival of cancer cells. Mechanistically, we show that QC has two important cellular targets 
p62/SQSTM1 and F-box protein Skp2. Although QC has been shown to exert antitumor activity in several solid 
tumor cell line models, this is the first paper to show that QC-induced autophagic degradation of p62 leads to 
cell cycle inhibition by upregulating CDK inhibitors p21 and p27 expression in OC cells. In addition, it is a com-
mon perception that autophagy and cell cycle arrest are a result of stress-induced nutrient deprivation and/or a 

Figure 6. (A) Co-treatment of QC and autophagy inhibitor Bafilomycin A in C13 cells. C13 cells were treated 
with QC and Bafilomycin A as indicated. Cell lysates were subjected to Western blot analysis using anti-p62/
SQSTM1, anti-Skp2, anti-p27, anti-p21 and anti-beta actin antibodies. (B) The mRNA expression levels of Skp2 
were assayed by Real-time PCR. GAPDH was used as an internal control in the mRNA analysis experiments.

Figure 7. Effect of exogenous expression of p62-HA in p62 knockdown C13 cells. (A) Western blot analysis 
using anti-Skp2, anti-p62/SQSTM1, anti-p27, anti-p21 and anti-HSP90. (B,C) Real time PCR analysis of Skp2 
and p62 mRNA expression in NTC and p62 (sh280) C13 cells upon QC treatment. GAPDH was used as an 
internal control in the mRNA analysis experiments.
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result of small molecule inhibitor treatment15. Our data thus challenges the notion that autophagy is essentially a 
pro-survival pathway supporting cancer growth.

P62 is a known bona fide substrate for autophagy. Induction of autophagy triggers breakdown of several cel-
lular proteins leading to either cell survival or cell death in a context dependent manner6,10,33–35. In this study, we 
show that QC-mediated downregulation of p62 and Skp2 expression promoted apoptosis. Autophagy inhibition, 
but not proteasomal inhibition, rescued QC-mediated p62 degradation. Similarly, ATG5-null MEFs exhibited 
increased levels of p62, Skp2 and no autophagic accumulation of LC3B in response to QC treatment. More impor-
tantly, we show that QC-mediated effects on p62, Skp2 and p21 are independent of p53 status. Data also indicated 
that QC-mediated autophagic degradation of p62 was intact in cells lacking functional p53. Although QC has 
been shown to stabilize p53 and promote apoptosis, our data shows that QC-mediated effects on autophagy 
and cell cycle inhibitors are independent of p53. More specifically, we show that QC treatment upregulated p21 
(a transcriptional target of p53) at the protein level. These data emphasize that downregulation of both critical 
cell survival proteins p62 and Skp2 is required for QC-mediated autophagy. Additionally we also show that QC- 
mediated cell death involves both the intrinsic and extrinsic pathways to induce apoptosis.

Both p62 and Skp2 are well known for their proliferative and pro-tumorigenic roles in multiple cancers. It 
is important to note that they are both elevated in OC and have been shown to serve as poor prognostic factor 
in overall survival in this patient population36,37. Importantly, elevated levels of both p62 and Skp2 have been 
associated with therapeutic resistance38–40 and as such. efforts are currently underway to identify small molecule 
inhibitors37,39,41–43 to block their function and/or activity. While several reports indicate that autophagy plays a 
pro-survival role in a variety of cancers44, other studies indicate that autophagy induced by anti-neoplastic agents 
results in cell death44. In our experimental conditions, QC treatment induced autophagy and resulted in cell 
death in multiple OC cells. By using ATG5 deficient MEFs and specific shRNA targeting ATG5 in C13 OC cells, 
we showed that induction of apoptosis by QC was completely blocked in MEFs and to a significant degree in C13 
cells depleted of ATG5 expression. The observed modest change in C13 can be attributed to the presence of other 
ATG related genes that could play role in autophagy. Nevertheless, ATG5 depletion had effect on QC mediated 
apoptosis and on its cellular targets. Consistent with these findings, QC treatment in ATG5 deficient cells or 
co-treatment with autophagy blocker Bafilomycin A in C13 cells also attenuated degradation of p62 as well as 
downregulation of Skp2 expression.

It is not surprising that downregulation of Skp2 expression by QC was associated with upregulation of cell 
cycle inhibitors such as p21 and p27 given that Skp2 has been shown to promote proteasomal degradation of p21 
and p27. It has been also shown that autophagy is associated with several phases of the cell cycle45. However, the 
molecular mechanism linking both of these processes is not clearly defined. Our data provided explanation of p53 
independent p21 upregulation observed in p53 null/mutated OC upon QC treatment. Other investigators have 
also reported QC mediated cell cycle inhibition in other cancer types46. Our data expands this understanding and 

Figure 8. (A) Western blot analysis of Skp2, p21 protein expression in NTC and Skp2 shRNA clones in C13, 
OV90 and Skov3ip1. (B) OV90 NTC and Skp2 shRNA1 (HAX49), shRNA2 (HAX50) were exposed with QC at 
5 and 10 µM for 24 hours. Cells were harvested and subjected to Western blot analysis using anti-p27, anti-p21, 
anti-LC3B, anti-cleaved PARP, and anti-GAPDH antibodies. (C) Skovip3 NTC and Skp2 shRNA1 (HAX49), 
shRNA2 (HAX 50) were exposed with QC at 5 and 10 µM for 24 hours. Cells were harvested and subjected to 
Western blot analysis using anti-p62/SQSTM1, anti-Skp2, anti-p21, anti-p27, anti-LC3B, anti-cleaved PARP, 
anti-PDI and anti-GAPDH antibodies.
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highlights the presence of a relationship between cell cycle and autophagy. By blocking autophagy by chemical 
inhibitor Bafilomycin A, we demonstrate that QC’s effects on p21 and Skp2 were reversed. This prompted us to 
ask whether p62 downregulation has any role in Skp2/p21 regulation. Genetic silencing of p62 downregulated 
Skp2 expression and caused upregulation of cell cycle inhibitors p21 and p27. Further treatment with QC resulted 
in extended half-life of p21 in p62 and Skp2 deficient cells thereby resulting in significant upregulation of these 
cell cycle inhibitors. Further, we confirmed that p62 positively regulated Skp2 mRNA. These findings reveal the 
connection between autophagic substrate p62 and Skp2 and hence cell cycle inhibitor p21. Ultimately, our work 
indicates a link between autophagy and cell cycle. Additionally, we showed temporal regulation of apoptosis and 
autophagy upon QC treatment. Onset of autophagy in the form of p62 degradation was present as early as 4 hours 
of QC treatment in C13 cells whereas apoptotic marker appeared at later time points. These findings suggest that 
autophagy is an early indicator leading to apoptosis upon QC treatment.

Upon genetic silencing of either p62 and/or Skp2 expression, OC cells became sensitive to QC treatment. This 
was associated with pronounced upregulation of cell cycle inhibitors p21 and p27 (Model in Fig. 9) in three differ-
ent OC cell lines carrying wild type p53, mutant p53 and p53 null. These findings along with other findings using 
SKOV3 cell lines overexpressing wild type and mutant p53 indicated that QC mediated effects on autophagy and 
cell cycle were largely independent of p53. However, it is plausible that presence of p53 and its resulting stabili-
zation by QC might further promote apoptotic effects. Indeed, previous reports indicated that QC stabilized p53 
without causing any genotoxicity and that it promoted apoptosis in colon, breast and cervical cancers47–49.

In conclusion, in this study, we showed that QC is able to induce apoptosis by modulating autophagy and cell 
cycle independent of p53 status. This is particularly clinically relevant given that the majority of high grade serous 
OC harbors p53 mutations. Importantly, our work provides additional insight into the mechanisms by which QC 
arrests cell growth in OC. Finally, these findings suggest that Skp2, an important oncogene that is overexpressed 
in OC and is associated with chemo resistance, may be a novel target for QC treatment.

Conclusions
We demonstrate that QC treatment promotes anti-tumorigenic effects in OC cells by downregulating the protein 
expression of p62 and Skp2 and by triggering the protein expression of p21 and p27. We propose a novel molec-
ular mechanism of action for QC in OC where the cell cycle related protein p21 and the oncogene Skp2 are both 
altered upon QC treatment in an autophagy dependent but p53 independent manner.

Materials and Methods
Cell culture. SKOV3, C13, OV2008, OVCAR 3 and 293 T cells were grown in recommended growth media 
according to American Type Culture Collection (ATCC) (VA, USA) as described previously13. OV90 cells were 
grown in OSE media consisting of 50:50 medium 199:105 (Sigma-Aldrich, St. Louis, MO) supplemented with 
15% fetal bovine serum, and sodium bi-carbonate (2.2 gm/L). Antibiotic penicillin and streptomycin was added 
in all the growth media (Thermo Fisher Scientific, Waltham, MA, USA). All cell lines were kept in humidified 
incubator at 37 C with 5% CO2. The authenticity of the cell lines used in this report was confirmed by STR geno-
typing at the Genome Analysis Core, Rochester, MN. ATG5 wild type and null mouse embryonic fibroblasts were 
gift from Dr. Dan Billadeau, Mayo Clinic, Rochester, MN.

Reagents and Antibodies. Quinacrine (Q3251), Bafilomycin A (B1793), 3-Methyladenine (3MA) (M9281) 
and Cyclohexamide (C7698) and were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Lactacystin 
(426100) and Velcade (5043140001) were from Calbiochem, USA. p21-Flg Construct was purchased form 
Addgene (MA,USA). Primary antibodies used for western blot are shown in Table 1. Densitometry analyses were 
performed using ImageJ, and graphs were plotted using GraphPad Prism.

Transient Transfections. OC cells were transiently transfected with Lipofectamine 2000 (Thermo Fisher 
Scientific, MA, USA) according to manufacturer’s protocol. Briefly, plasmids were transfected in cancer cells 
in serum free medium followed by addition of serum containing medium. After 48 hours of transfections, cells 

Figure 9. Schematic representation of effects mediated by QC.
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were either left untreated or treated with indicated doses of QC. Cells were later collected for either Western blot 
or Real time PCR analysis. For stable transfections with p53 wild type and mutant constructs, SKOV3 cells were 
selected in the presence of Blasticidin 20 µg/ml (Sigma, St. Louis, MO, USA) concentrations for several weeks and 
single clones were picked and confirmed by Western blot analysis. p53 construct were purchased from Addgene 
(MA, USA).

Lentiviral mediated shRNA infection. Lentivirus particles were produced by transient transfection of 
pTRC2-p62, pTRC2-Skp2, pTRC2-ATG5 (Sigma, St. Louis, MO, USA), along with packaging vectors (pVSV-G 
and pGag/pol) in 293 T cells. The shRNA [non-target (NTC) shRNA vector, Sigma] containing a hairpin 
insert that generates siRNAs with five base pair mismatches to any known human gene was used as control 
shRNA. The lentiviral supernatant stocks were collected 48 hours after transfection. The supernatant was fil-
tered with 0.45 μm filter and was either used for infection or stored at −80 °C. Vector titers were determined 
by transducing cells with serial dilutions of concentrated lentivirus supernatant in complete growth medium 
containing 8 μg/ml polybrene (Invitrogen, MA, USA). After 48 hours the growth medium was supplemented 
with puromycin 2 μg/ml. The numbers of surviving colonies were counted under the microscope and titer of 
lentiviral supernatant was calculated using the formula: Transducing units = number of colonies x lentiviral 
dilution. All lentiviral stocks used in the study were selected at a multiplicity of infection of 10. shRNA tar-
get sequence for p62/SQSTM1 GCCCTCCATTTGTAAGAACAA; shRNA target sequences for Skp2, are 
Sh1-AGTCGGTGCTATGATATAATA and Sh2- GCCTAAGCTAAATCGAGAGAA; shRNA target sequence for 
ATG5CCTTTCATTCAGAAGCTGTTT.

Western Blot analysis. Protein lysates were prepared by lysing the OC cell lines in lysis buffer (Cell 
Signaling Inc, MA, USA) containing 50 mM Tris–HCl (pH 7.4), 350 mM NaCl, 0.25% Nonidet P-40, 1 mM EDTA, 
1 mM EGTA, 1 mM dithiothreitol, 1 mM glycerol phosphate, 1 mM sodium orthovanadate, and 30% glycerol with 
protease inhibitors. Protein was estimated by BCA method, separated on SDS-PAGE and transferred onto PVDF 
membrane using Trans-Blot Turbo (Bio-Rad, CA, USA). The membranes were blocked with 5% BSA in TBST 
for 1 hour (50 mM Tris-HCL, pH 8.0, 10 mM NaCl and 0.1% Tween 20) at room temperature followed by incu-
bation with the indicated antibodies at 4 °C overnight. Membranes were washed with TBST and incubated with 
either mouse or rabbit-800 IR dye and finally scanned under Odyssey Fc Imaging system (Bio-Rad, CA, USA). 
Experiments were conducted three times.

RNA isolation and cDNA synthesis. RNA extraction was performed using Qiagen RNA isolation kits fol-
lowing manufacturer’s instruction. 1 µg of RNA was reverse transcribed using the quantitect reverse transcription 
cDNA synthesis kit following manufacturer’s instruction (Qiagen, MD, USA).

Quantitative real time PCR. Quantitative real-time PCR (qRT-PCR) was carried out using SYBR-Green PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA), using the CFX96 TouchTM Real-Time PCR detection System 
(Bio-Rad, CA, USA). Oligonucleotides were synthesized by Integrated DNA Technologies (IDT). Primer sequences for 
the genes analyzed are p62FP:5′-TGAAACACCGGACATTCGG-3′, p62RP: 5′-TCAGGAAATTCACACTCCGGATC, 
Skp2FP:5′CTGGGTGTTCGTGATTCTCTG-3′, Skp2RP: 5′-GCTGGGTGATGGTCTCTG-3′ and GAPDH 
FP:5′-ACATCGCTCAGACACCATG-3′ and GAPDH RP:5′-TGTAGTTGAGGTCAATGAAGGG- After an initial 
step of 3 min denaturation at 95 °C, the amplification conditions were 45 cycles of 95 °C 10 sec, for denaturation and 
55 °C 30 sec for annealing and elongation, with a final extension at 72 °C for 10 min. Normalization across samples was 

Primary Antibodies Catalog # Company

Caspase 8 66093 Proteintech group

Cathepsin L sc6498 Santa Cruz Biotechnology

Caspase 3 #9661S Cell Signalling Technology

Caspase 9 9501S Cell Signalling Technology

Cleaved PARP #9541S Cell Signalling Technology

GAPDH (14C10) #2118S Cell Signalling Technology

HSP-90 ADI-SPA-830-488 Enzo life Sciences

LC3B (D11) #3868S Cell Signalling Technology

p21 (F-8) sc-271610 Santa Cruz Biotechnology

p27 Kip1 (D69C12) #3686S Cell Signalling Technology

p53 (D01) sc-126 Santa Cruz Biotechnology

PDI ADI-SPA-890 Enzo life Sciences

Phospho-MAPK/CDK Substrates #2325S Cell Signalling Technology

Skp2 (D3G5) XP #2652S Cell Signalling Technology

SQSTM1 (D3) -p62 sc-28359 Santa Cruz Biotechnology

Ubiquitin (P4D1) #3936S Cell Signalling Technology

β-actin A2228 Sigma Aldrich

β-tubulin GTX11312 Genetex Inc

Table 1. List of Antibodies.

62



www.nature.com/scientificreports/

1 1SCiENtifiC RepoRts |  (2018) 8:2487  | DOI:10.1038/s41598-018-20531-w

performed using the average of the constitutive gene human GAPDH primers and calculated by 2−ΔΔCt method as 
previously described50. Binding efficiencies of primers sets for both target and reference genes were similar. All samples 
were run in triplicates and repeated twice. Expression levels of the genes in the two designated groups were analyzed by 
an unpaired t test using GraphPad PRISM (version 6.0; GraphPad Software).
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A B S T R A C T

Quinacrine, also known as mepacrine, has originally been used as an antimalarial drug for close to a century, but
was recently rediscovered as an anticancer agent. The mechanisms of anticancer effects of quinacrine are not
well understood. The anticancer potential of quinacrine was discovered in a screen for small molecule activators
of p53, and was specifically shown to inhibit NFκB suppression of p53. However, quinacrine can cause cell death
in cells that lack p53 or have p53 mutations, which is a common occurrence in many malignant tumors including
high grade serous ovarian cancer. Recent reports suggest quinacrine may inhibit cancer cell growth through
multiple mechanisms including regulating autophagy, FACT (facilitates chromatin transcription) chromatin
trapping, and the DNA repair process. Additional reports also suggest quinacrine is effective against chemore-
sistant gynecologic cancer. In this review, we discuss anticancer effects of quinacrine and potential mechanisms
of action with a specific focus on gynecologic and breast cancer where treatment-refractory tumors are asso-
ciated with increased mortality rates. Repurposing quinacrine as an anticancer agent appears to be a promising
strategy based on its ability to target multiple pathways, its selectivity against cancer cells, and the synergistic
cytotoxicity when combined with other anticancer agents with limited side effects and good tolerability profile.

1. Introduction

Quinacrine was discovered in the 1920s and historically used as an
antimalarial drug both for prophylaxis and treatment [1,2]. Quinacrine
(4-N-(6-chloro-2-methoxyacridin-9-yl)-1-N,1-N-diethylpentane-1,4-dia-
mine) is an acridine derivative available as quinacrine dihydrochloride
for oral administration [3]. Quinacrine has also been used as an anti-
microbial for giardiasis [4,5], an anti-inflammatory for systemic lupus
erythematous and rheumatoid arthritis [6–10], and an intrapleural
sclerosing agent for malignant pleural effusions and pneumothorax
prophylaxis in patients with high risk of recurrence [11–16]. Further-
more, it is still used in some countries for female sterilization and is
under clinical evaluation for Creutzfeldt-Jakob disease [17,18]. With
regards to its use as a potential anticancer agent, quinacrine has the
unique advantage of having a long history of clinical use without any
significant clinical concerns for increased risk of secondary cancers
[18–21], which would be of relevance if used as a cancer treatment.
Importantly, quinacrine has a favorable side effect profile with mostly
low grade toxicity in contrast to most anticancer therapeutics, and side

effects are typically reversible upon discontinuation [1,2,10].
In this review, we discuss recent research of quinacrine with a focus

on treatment-refractory female cancers. Ovarian and endometrial can-
cers are often treated with first line platinum-based combination
treatments such as carboplatin with paclitaxel. However, significant
proportions of these patients are diagnosed with advanced stage dis-
ease, unfavorable histologic subtypes, or suffer disease recurrence
[22,23]. To further highlight the magnitude of the problem with
available systemic treatments for gynecologic cancers, endometrial
cancers have a low (∼50%) response rate to platinum-based first line
therapies and ovarian cancers will ultimately develop chemoresistance
to platinum-based treatments [22,24,25]. We also highlight emerging
quinacrine studies in breast cancer, as approximately 30% of women
diagnosed with breast cancer will experience recurrence after initial
treatment [26]. Breast cancer disproportionately affects women, al-
though it is not limited by gender.
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2. Repurposing drugs as cancer therapeutics

Drug repurposing is finding new indications for approved pharma-
ceuticals, while drug repositioning is typically reserved for new in-
vestigations on failed drug candidates [27–29]. The traditional process
of designing and discovering of new chemical entities for clinical use is
often a strenuous and expensive endeavor. It has been estimated that
the de novo development of most drugs takes 10–17 years and costs over
$800 million [30]. A comprehensive and industry-wide analysis con-
ducted by Paul et al. determined that the average drug development
time is 13.5 years and an estimated $1.8 billion is required to bring new
chemical entities to market [31]. A study by Prasad and Mailankody on
the FDA approval of 10 cancer drugs from 2006 to 2015 reported a drug
development median time of 7.3 years (range 5.8–15.2 years) and
median cost of $648 million (range $157 million to $1951 million)
[32]; while this suggests that there may have been some progress in cost
and time development in recent cancer therapies, it remains a process
lacking efficiency.

Drug repurposing and drug repositioning has the potential to reduce
the time and cost required to obtain approval for new clinical indica-
tions, which can support a relatively rapid bench-to-bedside transition.
Drug repurposing is believed to shorten the time of drug development
from an estimated 10–17 years to 3–12 years while reducing costs by
approximately 40% [27,33–35]. The main sources for cost reductions in
drug repurposing are derived from the fact that the pharmacodymanic/
pharmacokinetic and toxicity profiles are well established for these
previously FDA approved drugs [36,37]. Repurposing of the anti-
diabetic drug metformin for the treatment of several cancers including
breast, ovarian, endometrial, and uterine cancer has progressed in
clinical trials.2 Similarly, aspirin has been found to exert a small effect
in reducing incidence of metastatic cancer [38,39]. Repurposed drugs,
especially when generic versions are available, have the potential to
greatly reduce costs incurred by cancer patients. The National Center
for Health Statistics recently reported a third of uninsured patients did
not take their medications as prescribed in order to reduce costs [40],
which underlines the problem that the financial burden to patients has
important clinical implications.

Numerous studies suggest that targeted therapies selectively
blocking individual enzymes or single pathways seldom result in ef-
fective cancer treatment while FDA approved less selective systemic
therapies (e.g. DNA damaging agents) often damage nonmalignant
tissue leading to toxicity. Thus, there is an increase need of drugs that
can bind with promiscuity and modulate multiple targets, yet have
minimal effects on normal cells [41,42]. Within this context, quinacrine
has captured researchers’ interest for its ability to target multiple
pathways with limited side effects. Reports of individuals taking qui-
nacrine as an antimalarial agent note that patients experience only
minor side effects such as headache, dizziness, or gastrointestinal
symptoms (e.g. diarrhea, anorexia, nausea, abdominal cramps) [10]. As
an anticancer agent, quinacrine has been reported to have cytotoxic
potential in cancer cells of the colon, lung, blood, prostate, kidney, and
head and neck through diverse but often overlapping mechanisms
[43–47]. Quinacrine has also shown potential as an anticancer agent in
gynecologic and breast cancers based on studies from our group and
others, which is discussed in the next sections.

3. Mechanisms of quinacrine as an anticancer agent

Quinacrine was found to induce p53 in a small molecule screen
using renal cell carcinoma cells, where the untreated cells had minimal
wild-type TP53 protein expression [44]. This finding was further

validated by showing that activation of p53 by quinacrine occurred
through suppression of basal and inducible activities of NFκB. In a se-
parate small molecule library screen, quinacrine was found to be active
against leukemia patient samples spanning three subtypes with con-
current minimal toxicity in peripheral blood mononuclear cells from
healthy donors [45]. In this latter study, subsequent gene expression
analysis indicated that quinacrine modulates ribosomal biogenesis in
leukemia cells lines. These studies along with many recent studies in-
dicate that the cytotoxic mechanisms of quinacrine against malignant
cells span across multiple pathways.

The ability of quinacrine to exhibit cancer cell cytotoxicity through
different mechanisms is fundamental to its use as an anticancer agent.
In general, quinacrine has been shown to intercalate into DNA, impact
nuclear proteins, target multi-drug resistance and arachidonic path-
ways, induce p53, and inhibit NFκB signaling. In the following sections,
we focus on the multiple mechanisms associated with the anticancer
functions of quinacrine.

3.1. Quinacrine intercalation of DNA and interaction with nuclear proteins

It is primarily believed that the cytotoxic effect of quinacrine, and
other acridine agents, is at least partially linked to DNA intercalation
and regulation of nuclear proteins [1,2,48–52]. Quinacrine has been
shown to intercalate into DNA through heterogeneous binding with a
high affinity towards AT rich sequences [49,53,54]. In addition to its
traditional intercalative abilities, quinacrine also has a diaminobutyl
“tail” that is capable of inserting into the minor groove of DNA [1].
Importantly, this interaction increases the binding affinity between
quinacrine and DNA [1,55,56]. Given its ability to intercalate DNA,
quinacrine has been long thought of as a DNA damaging agent and its
potential to induce DNA damage has been investigated. In spite of this
original hypothesis, several studies suggest that quinacrine is not mu-
tagenic and does not induce DNA damage (for review see [1]). This is
further supported by the safe use of quinacrine in humans for re-
productive sterilization and malaria prophylaxis [57–59]. In contrast,
recent work in breast cancer cell lines does suggest that quinacrine may
increase single-stranded DNA damage [60]. These results are promising
for the use of quinacrine as an anticancer agent and will be discussed in
more detail later in this review (Section 4.1). Although this DNA in-
tercalation may be necessary for its antitumor properties, other me-
chanisms are also thought to play an important role for the ability of
quinacrine to exert sufficient antitumor effects [2].

One possible mechanism of action is the targeting of nuclear pro-
teins such as telomerases, topoisomerases, and polymerases (Table 1).
Malignant cells have telomerase activity which prevents telomere de-
gradation needed for their growth and is otherwise inactive in normal
somatic cells after birth. Acridine derivatives like quinacrine stabilize
the G-quadruplexes in telomeric DNA, which inhibits telomerase ac-
tivity resulting in growth arrest and malignant cell death [61–64].
Quinacrine has also been shown to inhibit the re-ligation activity of
topoisomerases as a result of its intercalative ability leading to death of
malignant cells, which overexpress these enzymes [60,65]. However, it
is noted that the quinacrine concentrations required to inhibit these
nuclear enzymes are often well above the half growth inhibitory (GI50)
doses, suggesting that other mechanisms may be more cytotoxic [1,2].
Furthermore, quinacrine demonstrates the ability to inhibit both DNA
and RNA polymerases in a variety of models including yeast, viruses,
bacteria, and Novikoff hepatoma cells [56,66–69]. Quinacrine was re-
cently detected in a cytotoxic screen against acute myeloid leukemia,
and in subsequent transcriptome analysis quinacrine was found to in-
hibit RNA polymerase I as well as modify gene expression similar to
ellipticine [45]. This finding suggests that quinacrine may target ribo-
somal biogenesis, which has been shown to be altered in cancer [70].2 Clinical Trials Using Metformin Hydrochloride, National Cancer Institute,

2019 (www.cancer.gov/about-cancer/treatment/clinical-trials/intervention/
metformin-hydrochloride).
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3.2. Quinacrine inhibition of the arachidonic acid pathway

Interruption of the arachidonic acid pathway has shown chemo-
prevention potential for cancers such as prostrate, lung, gastro-
intestinal, and esophageal [71–75]. The arachidonic acid pathway in-
volves the activation of phospholipase A2 (PLA2) and produces a
variety of biologically active metabolites through the lipooxygenase
(LOX), cyclooxygenase (COX), and cytochrome P450 (CYP450) path-
ways [76]. Quinacrine has been shown to have a direct inhibitory effect
on the activity of the PLA2 enzyme, with a binding site close to the
active site (Table 1) [77–81]. Another proposed mechanism by which
quinacrine inhibits PLA2 is based on its ability to interact with mem-
brane phospholipids. Research using erythrocyte and platelet phos-
pholipids demonstrates that quinacrine directly interacts with mem-
brane phospholipids, primarily phosphatidylethanolamine, leading to
the formation of less polar derivatives [80]. This quinacrine-phospho-
lipid interaction is hypothesized to impact membrane structure and
function which may in turn alter the activity of phospholipases and
other cellular processes [79–84].

Irrespective of the precise mechanism, inhibition of PLA2 by qui-
nacrine treatment results in decreased arachidonic acid formation [85].
This in turn inhibits leukotrienes (LOX), prostanoids (COX), and eico-
sanoids (MOX/CYP450), which have been previously implicated in
preventing apoptosis and promoting cancer progression [82,86–97].
Furthermore, quinacrine reduces production of prostaglandin E2, a
downstream metabolite of arachidonic acid, which is known to induce
pro-inflammatory responses leading to tumorigenesis in various carci-
nomas [98–100]. In addition, quinacrine has been suggested as a direct
inhibitor of P-glycoprotein (ATP-binding cassette transporter encoded
by MDR1 gene) (Table 1), which is overexpressed in multi-drug re-
sistant cells [79,82,101,102]. This transporter, along with other trans-
porters involved in multi-drug resistance pathways, promotes drug ef-
flux from the cells. Quinacrine was observed to enhance vincristine
anti-tumor effects in multi-drug resistant chronic myelogenous leu-
kemia cells [101]. The effect of quinacrine in multi-drug resistance
pathways has also been reported in prostate cancer and hamster
ovarian cells where it has been suggested that combinatorial therapy
with paclitaxel can reverse the chemoresistant phenotype [43,102].
Although there are multiple potential targets in the arachidonic acid
and multi-drug resistance pathways as described above, it is thought
that quinacrine-induced inhibition of PLA2 accounts for the increased
sensitivity of cancer cells to standard chemotherapies like vincristine
[43,103,104].

3.3. Quinacrine inhibits the NFκB pathway and induces p53 expression

As previously mentioned, quinacrine was identified to induce p53 in

a small molecule screen using renal cell carcinoma cells [44]. Quina-
crine was validated as a result from this screen by showing that acti-
vation of p53 occurred through suppression of basal and inducible ac-
tivities of NFκB (Table 1). Interestingly, Gurova et al. found that
inhibition of NFκB signaling by quinacrine involved the sequestration of
p65 in the nucleus where it was trapped in an inactive state [44].
Previously, quinacrine-induced PLA2 inhibition was thought to reduce
NFκB signaling by preventing tumor necrosis factor-induced translo-
cation of p65 to the nucleus [105]. However, in light of the findings by
Gurova et al, the inhibition of NFκB signaling appears to occur down-
stream of p65 nuclear translocation [44]. This finding was further
supported by Harada et al. who showed that quinacrine treatment did
not interfere with p65 nuclear translocation but instead interfered with
p65 binding to DNA at one of its promoters [106]. Additionally, Gurova
and colleagues tested a variety of PLA2 inhibitors in renal cell carci-
noma and found that these were not able to induce p53 or inhibit NFκB
signaling [44], suggesting that quinacrine-induced p53 expression is
through a mechanism separate from quinacrine-induced PLA2 inhibi-
tion.

Work by Gurova et al. also showed that treatment with 10 μM of 9-
aminoacridine (9AA), which shares a common scaffold with quinacrine,
reduces phosphorylation of the p65 NFκB subunit at Ser-536 [44].
However, these results contrast those by Harada et al. who used qui-
nacrine concentrations up to 50 μM and observed minimal serine-536
reduction [106]. The interest surrounding the reduced phosphorylation
of p65 stems from the observation that reduced p65 phosphorylation
could serve as a mechanism leading to the recruitment of histone
deacetylases and repression of NFκB signaling [44,106]. This theory is
supported by experiments showing that inhibition of histone deacety-
lase activity by trichostatin A results in NFκB signaling that cannot be
inhibited by 9AA [44].

Although differences in p65 phosphorylation illustrate quinacrine
may inhibit NFκB signaling via alternative mechanisms, recent dis-
coveries have elucidated a mechanism that is independent of p65
phosphorylation. A possible explanation on how quinacrine inhibits
NFκB signaling and induces p53 is through FACT (Facilitates Chromatin
Transcription) protein complex chromatin trapping (c-trapping). FACT
is a nuclear complex that is formed by a heterodimer made up of two
proteins: SSRP1 (homologous to yeast Pob3) and Spt16/p140 (homo-
logous to yeast Spt16/Cdc68) [107]. FACT plays a role in RNA poly-
merase II-driven transcription and serves as a histone chaperone that
facilitates nucleosome reassembly [108]. FACT facilitates RNA poly-
merase II-driven transcription by displacing H2A/H2B dimers from the
nucleosome allowing transcript elongation [107,109]. This process is
carried out through interactions of Spt16 with H2A/H2B dimers and
SSRP1 with H3-H4 tetramers [107]. Work in yeast demonstrates that
the requirement of FACT for RNA polymerase II is gene-specific and

Table 1
Quinacrine targets in cancer cell signaling.

Reported target Function/pathway of target Quinacrine Effect Ref(s)

RNA Polymerase I Transcribes ribosomal RNA Inhibitor [45]
NFκB Transcription factor involved in cell proliferation and inflammation Inhibitor [44]
PLA2 Catalyzes arachidonic acid release and provides precursors for eicosanoids Inhibitor [79,80,82]
P-Glycoprotein Activator for multidrug resistance pathway Inhibitor [79,82]
FACT (complex of SSRP-1 and SPT16/

Cdc68)
Nucleosome assembly promoting transcription, DNA replication, and repair Inhibitor [47,110]

Topoisomerase I & II Regulates supercoils of double-stranded DNA Inhibitor [60]
p62 (SQSTM1) Autophagosome receptor protein for selective autophagy Inhibitor [134,135]
CHK1 & CHK2 Cell cycle checkpoint kinases involved in ATR-CHK1 and ATM-CHK2 single-stranded break and

double-stranded break repair, respectively
Inhibitor [136,141]

p53 Tumor suppressor protein that regulates the cell cycle and apoptosis Activator [44]
APC Binds DNA polymerase β and blocks strand displacement synthesis in long-patch base excision

repair
Activator [137,142]

TRAIL Binds DR4 and DR5 to induce mitochondrial apoptotic cascade Activator [138,139]
INP2 Induces autophagy Activator [135]
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further work using HT1080 T fibrosarcoma cells demonstrated that
FACT is enriched in areas that are highly transcribed [110,111]. In
addition, FACT has also been shown to play a role in homologous re-
combination and DNA repair along with assisting in DNA replication-
coupled nucleosome assembly [112–118].

As mentioned earlier, quinacrine has a diaminobutyl side chain that
can insert into the minor groove of DNA [1]. Likewise, SSRP1 also binds
to the minor groove through its HMG binding domain [119]. This HMG
binding domain also allows SSRP1 to bind distorted DNA structures
such as bent and cruciform DNA produced by cisplatin treatment
[113,120,121]. Treatment with quinacrine, and structurally similar
curaxins, alters the shape of the DNA helix and disassembles nucleo-
somes across the genome, thus creating multiple binding sites for FACT
[122]. FACT is trapped onto the chromatin and in turn induces phos-
phorylation of p53 by FACT-associated CK2 [54]. This subsequently
reduces NFκB signaling due to the lack of free active FACT [54].

Further research has been conducted in an effort to determine the
component of chromosomes onto which FACT is specifically trapped.
Work by Safina et al. offers two possibilities as they divide the phe-
nomenon of FACT chromatin trapping into two phases. In phase one,
partial nucleosome unfolding leads to the binding of the Spt16 subunit
of FACT to the open nucleosome (n-trapping) [123]. In phase two,
complete disassembly of the nucleosome leads to alternative DNA
structures such as Z-DNA promoting the binding of the SSRP1 subunit
of FACT (z-trapping) [123]. Although the precise nature of FACT
chromatin trapping has not been reported for quinacrine, recent re-
search using the structurally similar curaxin has showed that FACT
becomes specifically bound to uncoiled nucleosomes upon curaxin
treatment [110,123]. This suggests that curaxin promotes n-trapping of
FACT, but more research is warranted to determine whether FACT
specifically binds to nucleosomes or Z-DNA upon quinacrine treatment
[110]. Regardless, quinacrine has been shown to reduce resistance to

the tyrosine kinase inhibitor erlotinib by inhibiting FACT, NFκB sig-
naling, and cell cycle progression in non-small cell lung cancer [47].
Overall, these studies suggest that a possible anticancer mechanism of
quinacrine is by trapping FACT on the chromosome/nucleosome.

Interestingly, FACT expression is low in most adult tissues except
those that are associated with undifferentiated cells such as cells of the
hematological and reproductive systems [124]. Even though gyneco-
logic tissue was found to have high FACT expression, SSRP1 was found
to be highly expressed in ovarian cancer compared to normal ovarian
tissue [124,125]. Further research has demonstrated that FACT is ele-
vated in breast cancer cell lines compared to normal breast tissue and
that high FACT expression correlates with aggressive disease
[126,127]. Additionally, high SSRP1 expression was found to be sig-
nificantly associated with shorter disease-free survival in patients with
early-stage and low-grade breast cancer [128]. Taken together, these
studies suggest that the ability of quinacrine to induce FACT c-trapping
would be a promising therapeutic strategy in cancer cells with high
FACT expression such as those found in gynecologic and breast cancer.

4. Quinacrine studies in gynecologic and breast cancer

The high mortality associated with many cancers is often due to
recurrent, metastatic disease as well as treatment-refractory tumors,
which can result from acquired resistance to systemic chemotherapy
[24,129–133]. Findings from recent work in gynecologic and breast
cancer has expanded the knowledge of the mechanisms by which qui-
nacrine can induce cancer cell cytotoxicity. Quinacrine was shown to
resensitize chemoresistant ovarian cancer cells to carboplatin/cisplatin
therapy [134] by targeting pathways of autophagy and apoptosis
[134,135]. Additionally, studies in breast cancer have found that qui-
nacrine can inhibit DNA damage repair as well as topoisomerase ac-
tivity as a monotherapy and in synergistic combination with other
therapies [60,136,137]. Quinacrine has also been shown to inhibit
endometrial cancer cell proliferation and tumor progression both in
vitro and in vivo, and, importantly, to enhance cell sensitivity to cis-
platin and paclitaxel [22]. Overall, this data suggest that quinacrine
treatment may be an effective treatment strategy for treatment-re-
fractory gynecologic and breast cancer.

4.1. Quinacrine effects in breast cancer

The anticancer effects of quinacrine and associated mechanisms of
action in breast cancer cell models have been extensively studied by the
research program of Dr. Chanakya Kundu. This group has elucidated a
variety of potential quinacrine anticancer mechanisms in breast cancer
by showing that quinacrine is able to alter DNA damage repair and
promote DNA damage, cause cell cycle arrest, inhibit topoisomerase,
and sensitize cancer cells to tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) (Fig. 1) [60,136,138,139]. They found that
quinacrine is cytotoxic in MCF-7 and MDA-MB-231 breast cancer cells
(clonogenic IC50 of 4.5 μM and 5.2 μM, respectively), while it has
limited cytotoxic effects in the non-tumorigenic MCF-10A normal
breast epithelial cell model [60]. The cytotoxicity of quinacrine corre-
sponded with an S phase cell cycle arrest as well as apoptosis with in-
creased BAX/Bcl-xL ratio, PARP cleavage, p53, and p21 levels in MCF-7
cells (Fig. 1). The investigators also reported that WT p53 MCF-7 and
ZR75-1 breast cancer cells exhibited lower quinacrine IC50 values via
MTT assay (7.0 and 8.5 μM, respectively) compared to the MDA-MB-
231 and T47D cells which have mutated p53 (11 and 12 μM, respec-
tively) [136]. The same group deleted TP53 gene in colon cancer cells
which resulted in a similar decrease in quinacrine cytotoxic sensitivity
[140].

A contrasting study by a separate group recently reported that p53
knockdown in MCF-7 cells resulted in increased quinacrine cytotoxic
effects at lower concentrations (shown at 2.5 μM) compared to un-
modified MCF-7 cells [141]. This latter study also reported that

Fig. 1. Quinacrine promotes TRAIL-mediated death receptor signaling. TRAIL
is a homotrimeric ligand that interacts with death receptors, such as DR5 and
DR4. Death receptors contain an intracellular death domain that can increase
BAX and promote p53 signaling, both activating apoptotic pathways.
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phosphorylated CHK1 and CHK2 were suppressed by quinacrine in
these p53-null cells. This differential effect of quinacrine based on p53
status between these two studies was not addressed, but it does raise the
question whether quinacrine enhanced the very low expression levels of
p53 (assuming knockdown was not 100%) or whether cell death is
based on alternative CHK1/2 pathways. Regardless, these studies in
combination suggest that the p53 status of cancer cells impacts at least
partially quinacrine cytotoxicity, and further suggest that the cell death
efficacy of quinacrine cannot be solely predicted based on the p53
status of cancer cells.

The Kundu laboratory also demonstrated that quinacrine is able to
induce DNA damage in a dose-dependent manner using MCF-7 breast
cancer cells. Using an alkaline comet assay they found that cells treated
with 0–20 μM of quinacrine showed increasing tail lengths and cells
treated with 20 μM showed substantial DNA damage with a tail length
increase of approximately 45% compared to 8% in the control [60].
Similarly, we have found that quinacrine can promote both single- and
double-stranded DNA damage in various ovarian cancer cells lines
(unpublished data). The Kundu group further attributed this induction of
DNA damage to the ability of quinacrine to inhibit topoisomerase ac-
tivity as they found quinacrine inhibits topoisomerase activity at con-
centrations similar to those that induce DNA damage [60]. However,
more research is warranted to better understand the mechanism by
which quinacrine induces DNA damage. Nonetheless, these results are
novel as prior studies suggest that quinacrine does not induce DNA
damage as previously mentioned. Importantly, this group also found
that quinacrine showed high efficiency in killing tumor cells but had
little effect on normal breast tissue [60].

Both quinacrine and etoposide (a known topoisomerase inhibitor)
were found to inhibit NFκB signaling and the Wnt-TCF pathway in MCF-
7 cells [142]. They further demonstrated that quinacrine increased
adenomatous polyposis coli (APC) protein expression, and APC
knockdown attenuated quinacrine-induced Wnt-TCF signaling changes
along with lessening single-stranded DNA damage (via alkaline comet
assay). Collectively, these studies in breast cancer models suggest that
quinacrine can cause apoptosis by inducing DNA damage, cell cycle
arrest, and inhibition of topoisomerase activity with increased cyto-
toxicity in p53 knockdown breast cancer cells.

Quinacrine treatment has further been shown to impact the DNA
damage response in MCF-7 cells. Work by Preet et al. showed that
quinacrine treatment resulted in increased Ser428 phosphorylation of
ATR and decreased expression of CHK1 along with several cyclin de-
pendent kinases (CDC2, CDC6, MDM2) suggesting that it induces
stalled replication forks [136]. They further showed that quinacrine
modifies base excision repair signaling with corresponding decreases in
replication protein A, Pol ß, FEN1, and XRCC1. When quinacrine was
combined with CHK1 inhibitor SB218078, modified base excision re-
pair signaling was enhanced leading to further increases in DNA da-
mage and indicative evidence of mitotic catastrophe. Siddharth et al.
generated a metastatic breast cancer stem cell model by transforming
MCF-10A cells via cigarette smoke extract and selectively culturing
cells that had undergone epithelial-to-mesenchymal transformation. In
this model, the authors demonstrated that quinacrine negatively regu-
lated base excision repair when combined with the PARP inhibitor ABT-
888 (veliparib), which correlated to increasing the APC protein ex-
pression [137]. In summary, these studies suggest that quinacrine im-
pacts the DNA damage repair pathway, though it has not been de-
termined whether this is by DNA intercalation.

Studies have also determined that quinacrine enhances the apop-
totic activity of TRAIL, which is a natural ligand for death receptor 5
(DR5) [143,144]. Das et al. used molecular docking simulation to show
that quinacrine binds at the TRAIL-DR5 interface, effectively forming a
bridge between ligand and receptor. In breast cancer cell lines, they
showed that the combination of quinacrine and ectopic TRAIL en-
hanced cellular death signaling via the intrinsic apoptotic pathway
when compared to monotherapy [139]. The authors also noted that

adding quinacrine to transformed MCF-10A cells increased DR5 ex-
pression causing a mild increase in apoptosis while DR5 knockdown in
these cells reduced quinacrine-induced apoptosis. TRAIL binding to
DR5 promotes the recruitment of FADD, an adaptor molecule and active
caspase 8 formation, thereby, inducing the mitochondrial intrinsic
apoptotic cascade in select cancer cells, including the carcinogen-in-
duced cancer cells. This group later showed that TRAIL can enhance the
quinacrine induction of autophagy-induced cell death by regulating
interactions between DR5 and p21, suggesting a downstream me-
chanism of quinacrine and TRAIL combination therapy [138]. Ad-
ditionally, the ability of quinacrine to inhibit NFκB signaling may be an
integral component for increasing TRAIL sensitivity considering that
constitutive activation of NFκB has been implicated in TRAIL resistance
[144]. In support of this hypothesis, inhibition of NFκB by quinacrine
has been shown to act synergistically with TRAIL to induce cytotoxicity
in colon cancer [144].

4.2. Quinacrine effects in gynecologic cancers

Work by our lab has shown quinacrine to exhibit cytotoxicity to-
wards ovarian and endometrial cancer cells [22,134,135]. Our recent
reports in ovarian cancer models highlight the ability of quinacrine to
induce autophagy, which suggests autophagy as another mechanism by
which quinacrine acts as an anticancer agent.

The induction of autophagic vacuoles in cancer cells upon quina-
crine treatment may be a significant mechanism of cancer cell cyto-
toxicity. The autophagic process generally eliminates intracellular ag-
gregates and damaged organelles, and this process can contribute to cell
death when hyperactivated [145,146]. LC3B induction and degradation
of p62 are the most common markers of the canonical autophagy
pathway. In cancer cell biology, it still remains a matter of controversy
whether autophagy is oncogenic (by promoting cell survival in the
presence of nutrient stress) or tumor suppressive (through cell cycle
arrest, supporting genome and organelle integrity, and inhibition of
inflammation) [147,148]. Mohapatra et al. reported that quinacrine
induction of autophagy was dependent on p53- and p21-associated
mechanisms [140], and quinacrine also induces p21 expression in high
grade serous ovarian cancer cells with loss-of-function p53 mutations
[135]. In ovarian cancer, induction of autophagy is associated with
increased sensitivity to platinum-based and paclitaxel chemotherapy
[149–151]. The TP53INP2 (INP2) gene has been reported as essential
for autophagy induction [152]. The INP2 protein translocates upon
induction and interacts with the transmembrane protein vacuole
membrane protein-1 in the cytoplasm where it colocalizes in the au-
tophagosomes with LC3, LC3-related proteins, and Beclin1. High ex-
pression of LC3 and Beclin1 strongly correlates with the overall survival
of ovarian cancer patients [153]. Furthermore, knockdown of INP2
leads to deregulated autophagosome formation. Recent studies dis-
covered that quinacrine treatment up-regulates the INP2 expression in
ovarian cancer cells irrespective of their p53 mutational status and
sensitizes tumor cells to cisplatin [134,135].

Quinacrine was also found to selectively degrade the autophagic
cargo protein p62 (sequestosome 1, SQSTM1), an ubiquitin-binding
scaffold protein that is required for both the formation and degradation
of polyubiquitin-containing bodies by autophagy. Quinacrine-induced
p62 degradation promotes the autophagic flux in chemoresistant
ovarian cancer cells compared to their isogenic sensitive counterparts
[134]. Quinacrine also upregulates the cell cycle inhibitor p21 and
downregulates p62 in high grade serous ovarian cancer cells, suggesting
that this effect is independent of p53 status [135]. In the same study,
p62 knockdown increased p21 expression suggesting quinacrine-in-
duced p21 expression is through p62 inhibition. When the key autop-
hagy protein ATG5 was silenced, the quinacrine regulation of p21 and
p62 was diminished further suggesting that these mechanisms are
through autophagic pathways. In colon cancer cells, it was shown that
quinacrine-induced autophagy was decreased in p53 and p21 null cells
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compared to parental cells [140]. Quinacrine was also shown to support
a p21 interaction with DR5 in breast cancer cells, which promotes au-
tophagic and apoptotic cell death when combined with TRAIL [138].
With this observation, future mechanistic studies are needed to broaden
the knowledge on how the induction of autophagy by quinacrine is
essential to the sensitization of cancer cells to cisplatin/carboplatin-
induced toxicity.

Quinacrine has been evaluated both in vitro and in vivo using en-
dometrial cancer cell lines [22]. Endometrial cancer is the most
common gynecologic malignancy in developed countries [154]. Many
women are diagnosed at an early stage and respond well to carboplatin
and paclitaxel chemotherapy. While this is the majority of patients,
there is a subset with advanced-stage disease, unfavorable histology, or
recurrent disease who have poor prognosis with first-line treatment
response rates as low as 50%. To assess quinacrine in vitro, we used five
different endometrial cancer cells lines (Ishikawa, Hec-1B, KLE, ARK-2,
and SPEC-2) that represent different levels of platinum sensitivity,
histologies, pathology grades, and p53 gene status [22]. Quinacrine
inhibited endometrial cancer cell viability in all five cell lines with
higher inhibitory concentrations in Hec-1B, which was the least sensi-
tive to cisplatin among these cell lines. Quinacrine was combined se-
parately with cisplatin, carboplatin, and paclitaxel and these drug
combinations resulted in synergistic cell death in these endometrial
cancer cell lines. The strongest effect was noted when quinacrine was
combined with platinum-based chemotherapy in Hec-1B cells. While
quinacrine treatment did not significantly delay tumor growth in a
subcutaneous Hec-1B cell mouse xenograft model, it did result in pro-
longation of survival, an effect that was further enhanced when com-
bined with carboplatin. Quinacrine maintenance therapy resulted in
long-term stabilization of disease, which was evidenced by lack of
significant tumor progression and further prolongation of overall sur-
vival. Quinacrine monotherapy, in combination with standard che-
motherapy, and maintenance therapy was well-tolerated with no sig-
nificant weight loss compared to control mice. A yellow skin
discoloration was noted during the active treatment phase, which was
entirely reversible within few days upon discontinuation of the treat-
ment. Co-administration of quinacrine with standard chemotherapy
significantly augmented the anti-proliferative effect of carboplatin as
evidenced by the significant decrease in tumor burden of mice. Com-
bination treatment was associated with a 14-week prolongation of
median survival compared to standard chemotherapy alone, suggesting
that quinacrine could be an important adjunct therapy to standard
platinum-based chemotherapeutic regimens for patients with recurrent
endometrial cancer.

5. Combining quinacrine with chemotherapy

Quinacrine has been evaluated in combination with systemic che-
motherapies such as platinum agents and paclitaxel. Quinacrine was
found to restore cisplatin sensitivity in head and neck cancer cells [46].
There are three other reports of quinacrine in combination with cis-
platin. Quinacrine was found to enhance cisplatin cytotoxicity in mul-
tiple cell lines including HeLa cervical cancer cells [155]. We previously
reported that quinacrine synergizes with cisplatin in ovarian cancer
cells, particularly in chemotherapy resistant cells, and that it synergizes
with carboplatin in a xenograft mouse model of drug-resistant ovarian
cancer cells [134]. Recently, we reported that quinacrine synergizes
with cisplatin, carboplatin, and paclitaxel in TP53-mutated endometrial
cancer cells, and further, these combinations inhibited endometrial
cancer xenograft tumor growth in mice [22]. Importantly, combinatory
treatment of quinacrine with chemotherapy significantly prolonged
endometrial cancer xenograft mouse median survival compared to
standard chemotherapy alone. Quinacrine has also been reported to
synergize with paclitaxel in vitro and in xenograft mouse models for
prostate cancer cells [43].

In addition to being used in combination with systemic

chemotherapy, quinacrine has also been applied in combination studies
with a variety of targeted therapies. It has been used in combination
with vorinostat, a pan-histone deacetylase (HDAC) inhibitor, for the
treatment of T-cell acute lymphoblastic leukemia cells. In these cells,
quinacrine was found to increase apoptotic cell death and also induce
cell death in a xenograft mouse model [156]. Interestingly, the authors
of this latter study noted that both quinacrine alone and in combination
with vorinostat increased p62 in the mitochondria, suggesting a mito-
phagy blockade in these cells. In addition, quinacrine in combination
with the antiangiogenic agent cediranib reduced tumor size in a mouse
model of intracranial glioma, while neither treatment alone was ef-
fective [157]. Furthermore, quinacrine has displayed cytotoxic synergy
in combination with cytarabine (an antimetabolic that incorporates
ribose stereoisomer into DNA), azacitidine (methyltransferase in-
hibitor), and geldanamycin (HSP90 inhibitor) [158]. Finally, quina-
crine has also been found to synergize with PARP inhibitors, CHK1
inhibitors, and tyrosine kinase inhibitors as described above
[47,136,137]. Recent approvals of PARP inhibitors for ovarian cancer
have lengthened patient median progression-free survival, mainly for
patients with homologous recombination repair deficiencies. We have
found that adding PARP inhibitors with quinacrine has synergistic cell
death effects in ovarian cancer cells (unpublished data), which may be
related to quinacrine-induced inhibition of DNA damage repair and this
remains a part of our ongoing studies.

6. Clinical trials with quinacrine for cancer indications

Quinacrine is currently in a Phase 1/2 clinical trial in combination
with capecitabine in colorectal adenocarcinoma (NCT01844076) at the
Fox Chase Cancer Center. Quinacrine has completed a Phase 1 trial in
combination with erlotinib for recurrent/late-stage non-small cell lung
cancer (NCT01839955, 2013–2016) [159] and a Phase 2 trial for an-
drogen-independent prostate cancer as a monotherapy (NCT00417274,
2006–2008). The erlotinib and quinacrine Phase 1 trial aimed to de-
termine the maximum tolerated doses in non-small cell lung cancer
[159]. This trial evaluated nine patients and found that this drug
combination was well tolerated (two patients with dose limiting toxi-
city), but had limited efficacy for advanced non-small cell lung cancer.
The maximum tolerated dose of quinacrine was determined to be 50mg
every other day when combined with 150mg of erlotinib. Among the 9
patients of this trial, one patient had stable disease at 8 months and one
patient experienced partial response to this treatment. In the clinical
trial for prostate cancer, 31 patients received 100mg of quinacrine
daily and the incidence of serious adverse events was less than 10%
suggesting that treatment was well tolerated. With regards to efficacy,
improvement in prostate specific antigen response has not yet been
reported. Another trial in advanced renal cell carcinoma using quina-
crine treatment at 100mg daily (NCT00574483) was withdrawn in
2015 for reevaluation of compound development by the same group
sponsoring the prostate cancer trial. This sponsor, Cleveland BioLabs,
does not report quinacrine (CBL0102) as part of their current drug
development pipeline. Currently, while the structurally similar curaxin
compounds are surfacing as be more attractive for clinical trial devel-
opment based on higher potency data [159], curaxins lack established
safety data as compared to quinacrine, which is a long-established
therapeutic. Collectively, these trials offer a guarded enthusiasm for the
use of quinacrine as an anticancer agent and highlight the necessity for
more precisely defined treatment indications that may need to be de-
rived from additional mechanistic and drug combination studies.

7. Conclusion

Repurposing quinacrine as an anticancer agent has shown pro-
mising results in cell and mouse models, and may be valuable adjunct to
current chemotherapy. Importantly, quinacrine has consistently been
shown to have little activity on non-malignant cells, which though not
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fully understood. These characteristics place quinacrine in the unique
position to offer anticancer activity alone or in combination with other
treatments while carrying low overall treatment toxicity. Recent studies
in gynecologic and breast cancer have expanded our knowledge on
potential anticancer mechanisms of action associated with quinacrine
treatment. These studies have shown that quinacrine is able to promote
DNA damage, stimulate FACT chromatin trapping, and induce autop-
hagy in addition to previously described mechanisms (Fig. 2). None-
theless, the primary cytotoxic mechanism by which quinacrine exerts
its anticancer effects is still not clearly identified and thus further me-
chanistic research is warranted. Understanding the cytotoxic selectivity
of quinacrine against cancer cells may be critical for future clinical trial
design and, specifically, for optimal selection of patient population and
mechanistically justified combinatory treatments. This includes on-
going studies of adding quinacrine to recently approved PARP in-
hibitors for ovarian and breast cancers, which may have treatment
potential for non-BRCA mutated tumors based on DNA damage repair
inhibition by quinacrine. Future clinical trials are needed to prove the
efficacy of quinacrine in the clinical setting as an anticancer treatment
alone or in combination with systemic chemotherapy and/or targeted
therapies as well as confirm its safety profile in these combinations.
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