
 

Background: Despite advances in targeted therapies for cancer TNBC remains an aggressive breast 
cancer subtype with limited treatment options. Mutations in p53 are common in TNBC, however, the 
exact contribution of individual p53 mutations to response to therapy and mechanisms of acquired 
resistance are unknown. The purpose of this study was to characterize the activity of ENMD-2076, a 
multi-target Aurora kinase A and angiokinase inhibitor, on p53 mutant TNBC patient derived tumor 
xenografts (PDTX), including differences in molecular pathways that determine cellular fate between 
sensitive and resistant models.  
Methods: Three TNBC PDTX models harboring different p53 mutations were used for ENMD-2076 
treatment studies. Athymic nude mice were injected with tumor tissue and tumor volumes were 
measured twice a week.  When the mean tumor volumes reached 150 mm3, mice were randomized 
and treated with vehicle control or ENMD-2076 200 mg/kg by oral gavage daily.   A subset of animals 
were sacrificed at Day 4, 30, and at the time of acquired resistance for correlative tissue testing which 
included immunofluorescence (IF) for p53, p73, BCL2, BAX, p16, phospho Aurora A (pAA), phospho 
histone H3 (pHH3) immunohistochemistry (IHC) for cleaved caspase 3 (CC3), Ki67, H&E, and 
senescence associated beta-galactosidase (SA –β-gal) activity. Tumor growth inhibition (TGI) was 
calculated at Day 30 and sensitive models were treated until resistance when additional correlative 
tissue samples were obtained. 
Results: ENMD-2076 had robust anti-tumor activity against the CU_002 and CU_005 TNBC PDTX 
models (TGI 71.3%, p value <0.0001; TGI 66.1% p value < 0.0002, respectfully).  The CU_004 TNBC 
PDTX model was intrinsically resistant to ENMD-2076 treatment (TGI 37%, p value 0.07). In the two 
sensitive PDTX models, we observed an increase in p53, p73, BAX and the apoptotic marker CC3 
and a decrease in the anti-apoptotic protein BCL2 and Ki67 following treatment at Day 30. Consistent 
with Aurora kinase A inhibition, we detected a decrease in pAA and an increase in pHH3 expression in 
both sensitive and resistant PDTX models following treatment at Day 4 and Day 30. At the time of 
acquired resistance, defined by at least doubling of tumor volumes from the maximal response, we 
observed loss of p73, p53, and BAX expression and an increase in p16 staining and SA β-gal activity 
consistent with senescence. These findings were also observed in the intrinsically resistant CU_004 
model.   
Conclusions: ENMD-2076 has pro-apoptotic anti-cancer activity in a subset of p53 mutated TNBC 
PDTX models. Sensitivity is associated with the induction of p73 which may mediate the response in 
the absence of functional p53.  Intrinsic and acquired resistance to ENMD-2076 in TNBC PTDX 
models is associated with loss of p73 expression and an increase in markers associated with 
senescence including p16 expression and SA β-gal activity.  These data support the role of 
senescence as a potential mechanism of resistance to Aurora kinase inhibitors in p53 mutated TNBC 
and support the continued development of combination therapies including with inhibitors of pathways 
which mediate senescence.  

 ABSTRACT 

Although triple-negative breast cancer (TNBC) is collectively identified by the lack of estrogen receptor 
expression and HER2 amplification, the complexity of the disease is due in part to its molecular 
heterogeneity. The genotypic variations within TNBC have been utilized to subcategorize the disease in 
hopes of understanding the mechanisms that govern the varying responses to treatment.  
Aurora kinase inhibitors have been a promising class of cancer therapeutics for the treatment of TNBC. 
The induction of mitotic catastrophe by these agents greatly affects TNBC proliferation due to the high  
cellular growth fraction associated with this cancer. ENMD-2076 is an orally bioavailable Aurora and 
angiogenic kinase inhibitor. The antiproliferative activity of ENMD-2076 is more specific for Aurora A 
kinase (50% inhibitory concentration [IC50] 14 nM) as compared to Aurora B kinase (IC50 350 nM).  
Additionally, ENMD-2076 has multiple targets that inhibit angiogenic activity and growth factor signaling. 
characterized by highly vascularized tumors with early metastatic potential.  

Animal Studies: Four to six week-old female athymic nude mice were obtained from Harlan laboratories. For patient-derived xenografts, approximately 3mm3  of tumor tissue 
was injected into each flank of the mouse using a 14 gauge trocar entering at the neck. When the tumors reached a mean volume of 150 mm3, mice were randomized to vehicle 
or ENMD-2076 groups. The tartrate salt of ENMD-2076 was provided by CASI, Inc. and prepared at 40 mg/mL in water for oral gavage administration used in vivo. Mice initiated 
treatment with either ENMD-2076 200 mg/kg daily or vehicle control (sterile saline) daily by oral gavage and tumor volume was evaluated twice a week by caliper measurements 
according to the equation:  volume = (length x width2) x 0.52. 
Immunofluorescence (IF): Freshly harvested PDTX samples were placed into individual cryomolds (Sakura Finetek, Torrane, CA) and embedded in OCT Compound (Sakura 
Finetek, Torrane, CA). Cryomold blocks were frozen in liquid nitrogen and individually cut into 5 µM thick slides by the UCCC Pathology Core Facility. Slides were fixed in a 1:1 
ratio solution of methanol and acetone at -20°C for 10 minutes. Air-dried slides were blocked with 1% BSA in 1X PBS for one hour at 37 C. Slides were incubated with the 
following primary antibodies: phospho-Histone H3, phospho-Aurora A, p53 (Cell Signaling Technology, Beverly, MA), BAX, p73, BCL2 (Abcam, Cambridge, MA), or p16 (Santa 
Cruz Biotechnology, Santa Cruz, CA). Incubation with secondary antibodies, AlexaFluor 555 (Invitrogen, Carlsbad, CA) or AlexaFluor 488 (Life Technologies, Carlsbad, CA), was 
followed by counterstaining with 300 nM DAPI in 1X PBS. Slides were mounted with Fluoromount-G mounting media (SouthernBiotech, Birmingham, Alabama), cover slipped 
and sealed with clear nail polish. Images were acquired using the Olympus FV-1000 confocal microscope at 60X magnification.    
Senescence: Frozen OCT blocks of PDTX tumor tissue were processed and cut into slides as described above for IF. Slides were then fixed and stained for senescence-
associated β-galactosidase (SA-β-gal) activity utilizing the Senescence β-gal Staining Kit (Cell Signaling Technology, Danvers, MA).  Images were acquired using a Zeiss 
microscope at 40X magnification. 
Immunohistochemistry: Harvested tumor samples were formalin fixed and processed into FFPE blocks. Samples were stained for Ki-67 Cline SP6 (Thermo Scientific), 
Cleaved Caspase-3 (Cell Signaling), or H&E by the UCCC Histology Core Facility.  Images were acquired using a Zeiss microscope at 10X magnification. 
p53 Mutational Analysis: Genomic DNA was extracted from tissue of the PDTX models using Quick-gDNA MiniPrep Kit (Zymo Research, Irvine, CA). Sanger sequencing was 
preformed by the Colorado Molecular Correlates Laboratory.  
Quantification of IF Pixel Intensity: Images from three different representative fields of view were taken to calculated the mean pixel intensity of IF pixel expression above 
background. A threshold for background was calculated using the Otsu method. Image analysis was implemented using Cell Profiler. 
RNA Sequencing Data Analysis: RNA from the PDTX models was extracted using the NucleoSpin® RNA Kit (Macherey-Nagel, Bethlehem, PA). mRNA sequencing was 
preformed by the University of Colorado Genomics and Microarray Core. Sequencing reads were mapped against the human genome using Tophat (version 2.0.13). We used 
the UCSC reference annotation (hg19) as a guide, and allowing 2 mismatches for the initial alignment and 2 mismatches per segment with 25bp segments. we employed 
Cufflinks (version 2.2.1) to assemble the transcripts using the RefSeq annotation as the guide and computed the transcripts’ FPKM values by using the merged assembly as the 
guide. 
Statistical Analysis: Treatment and vehicle groups in vivo were compared by unpaired parametric t-test with Welch’s corrections using a commercially available statistical 
program (Prism 4.0, Graph Pad). 

 
 

Figure 1. ENMD-2076 mechanism of action as a 
multi-targeted kinase inhibitor.  
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Figure 2. Changes in the pharmacodynamic effect following 
ENMD-2076 treatment at day 4 and day 30 included a decrease in 
pAA and an increase in pHH3 expression consistent with Aurora 
kinase A inhibition in both A) sensitive and B) resistant models. 
IF images are shown at 60X magnification. Scale =  5µM.  

Figure 3. Tumor growth curves and statistical analysis for p53 mutated TNBC PDTX models treated with ENMD-2076 (200 mg/kg) daily 
oral gavage for 30 days. Tumor growth inhibition compared to vehicle at day 30 for models CU_TNBC_002 , CU_TNBC_005, and 
CU_TNBC_004 were 71.3%, 66.1% and 37.0%, respectively. The growth curves for individual tumors that developed acquired resistance 
to treatment are depicted in blue with the dark blue circle indicating the time of tumor collection. **** p < 0.0001, ***p < 0.001 

Figure 4. Changes in cellular growth were assayed in PDTX models treated for 30 days with vehicle, ENMD-2076 (200 mg/kg), and at time the of 
acquired resistance by IHC staining for Ki67, cleaved caspase 3 (CC3), and H&E (A-C). Representative fields are shown at 10X magnification. Scale = 
10 µM. Induction of senescence was determined in the PDTX models by senescence-associated beta-galactosidase (SA- β-Gal) activity staining blue 
and via IF analysis of p16 expression (D-F). Images are shown at 40X magnification for SA- β-Gal and 60X for p16 images; scales both = 5 µM. 

Figure 7. Heat maps depicting the changes in apoptotic genes 
during the course of ENMD-2076 treatment. RNA sequencing 
results were normalized across each gene and have a fold 
change >1.5 in any comparison within the PDTX model. Arrows 
point to genes associated with the development of senescence 
associated secretory phenotypes.  
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Figure 6. Quantification of IF pixel intensity from 
three representative fields.  

CONCLUSIONS 

FUNDING 
• NIH/NCI 1K23CA172691-01A1 (PI Diamond) 
• NIH/NCI 5P30CA046934-25 

 
 
•  ENMD-2076 exhibits differing degrees of antiproliferative activity towards TNBC PDTX 

models. 
•  We observed an increase in apoptosis in response to ENMD-2076 treatment at day 30 in 

PDTX models CU_TNBC_002 and CU_TNBC_005, as compared PDTX model 
CU_TNBC_004 which was intrinsically resistant. This may be explained in part due to the 
different p53 mutational profiles of the PDTX models.  

•  ENMD-2076 treatment resulted in a decrease in Ki67 staining and an increase in cleaved 
caspase 3 consistent with apoptosis in the sensitive models and an increase in SA-β-Gal 
staining and decrease in p16 expression in the resistant models consistent with 
senescence. 

•  Acquired resistance to prolonged ENMD-2076 exposure in the two sensitive PDTX models 
resulted in the expression of senescence markers, matching the phenotypic expression in 
the intrinsically resistant model CU_TNBC_004. These findings support the role of 
senescence as a mechanism of resistance to Aurora A inhibition in TNBC. 

•  Understanding the role of mutant p53 in mediating response to Aurora kinase inhibition in 
TNBC may lead to a p53-based patient selection strategy. 

Figure 5. Phenotypic changes in the PDTX models were confirmed through IF analyzation of apoptotic BAX and pro-survival BCL2 expression. The molecular 
mechanism that modulates the apoptotic or senescent response to ENMD-2076 was identified to strictly rely on the upregulation of p53 and p73 expression in 
sensitive models. Representative images are shown at 60X magnification. Scale = 5 µM. 
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