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Abstract

Intrinsic and acquired resistance to anti-EGFR antibody therapy, frequently mediated by mutant or 

amplified KRAS oncogene, is a significant challenge in the treatment of colorectal cancer (CRC). 

However, the mechanism of KRAS-mediated therapeutic resistance is not well understood. In this 

study, we demonstrate that clinically used anti-EGFR antibodies, including cetuximab and 

panitumumab, induce killing of sensitive CRC cells through p73-dependent transcriptional 

activation of the pro-apoptotic Bcl-2 family protein PUMA. PUMA induction and p73 activation 

are abrogated in CRC cells with acquired resistance to anti-EGFR antibodies due to KRAS 
alterations. Inhibition of aurora kinases preferentially kills mutant KRAS CRC cells and 

overcomes KRAS-mediated resistance to anti-EGFR antibodies in vitro and in vivo by restoring 

PUMA induction. Our results suggest that PUMA plays a critical role in meditating the sensitivity 

of CRC cells to anti-EGFR antibodies, and that restoration of PUMA-mediated apoptosis is a 

promising approach to improve the efficacy of EGFR-targeted therapy.
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Introduction

Colorectal cancer (CRC) is the second-leading cause of cancer-related death in the United 

States [1]. Nearly half of CRC patients ultimately develop metastatic disease with a five-year 

survival rate only ~14% [1]. Current therapeutic treatments of CRCs include conventional 

chemotherapy and recent targeted therapy, which often involves monoclonal antibodies 

against VEGF-A (e.g. bevacizumab) or epidermal growth factor receptor (EGFR) (e.g. 

cetuximab and panitumumab) [2]. Apoptosis induction has been implicated as a critical 

mechanism of targeted agents including anti-EGFR antibodies [3, 4]. Stress-induced 

apoptosis in mammalian cells is mediated by the Bcl-2 family proteins, which regulate cell 

death through a series of events, including permeabilization of the outer mitochondrial 

membrane, cytosolic release of cytochrome c, and activation of caspases [5]. However, the 

mechanisms by which anti-EGFR antibodies induce the death of CRC cells are not well 

characterized. Furthermore, anti-EGFR antibodies are effective only in a subset of CRC 

patients with wildtype KRAS or BRAF. Extended use of anti-EGFR antibodies almost 

invariably leads to acquired resistance due to selection of cells with mutant KRAS, BRAF, 

or other oncogenes [6, 7].

KRAS encodes a small GTPase that mediates signals from growth factor receptors to 

downstream PI3K/AKT and MEK/ERK effector pathways [8]. KRAS mutations, mostly at 

codons 12, 13, and 61, lock KRAS into a constitutively active GTP-bound form, resulting in 

hyperactive PI3K/AKT and RAF/MEK/ERK signaling [9], as well as resistance to anti-

EGFR antibody therapy [10]. It has been shown that continuous exposure of sensitive CRC 

cells to anti-EGFR antibodies enriches a small fraction of cells with a KRAS mutation or 

genomic amplification, which underlies acquired resistance to anti-EGFR antibodies [11, 

12]. However, the exact mechanisms by which mutant KRAS confers resistance to anti-

EGFR therapy remains unclear. A variety of approaches have been explored to target mutant 

KRAS, such as directly inhibiting KRAS [13], and targeting KRAS downstream effector 

pathways [4, 14]. Despite these efforts, mutant KRAS has remained one of the most 

challenging oncology targets. Novel mechanistic insight and targeting approaches for 

KRAS-mediated resistance are urgently needed.

In this study, we identified p53-upregulated modulator of apoptosis (PUMA), a BH3-only 

Bcl-2 family member [15], as a critical mediator of apoptotic response to anti-EGFR 

antibodies in CRC cells. PUMA induction by anti-EGFR antibodies is mediated by the p53 

homologue p73, and consistently abrogated in CRC cells with acquired resistance. We also 

found that inhibitors of aurora kinases can overcome the resistance to anti-EGFR antibodies 

by restoring PUMA induction, providing a rationale to improve the efficacy of EGFR-

targeted therapy.

Results

PUMA induction mediates apoptotic response to anti-EGFR antibodies in CRC cells

To determine the response mechanisms, we analyzed several CRC cell lines that are 

exquisitely sensitive to anti-EGFR antibodies [16]. Treating DiFi and CCK-81 CRC cells 

with cetuximab or panitumumab suppressed cell growth in a dose-dependent manner (Fig. 
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1A and S1A) [11]. Cetuximab or panitumumab at 5 or 10 nM markedly induced cell death 

with characteristics of apoptosis, including nuclear condensation and fragmentation (Fig. 

1B), Annexin V staining of plasma membrane (Fig. 1C), and activation of caspase-9 and 

caspases-3/7 (Fig. 1D, 1E, S1B, and S1C). We also detected permeabilization of 

mitochondrial outer membrane by MitoTracker staining (Fig. 1F), as well as cytosolic 

release of mitochondrial cytochrome c (Fig. 2G), following cetuximab or panitumumab 

treatment. The growth suppressive and apoptotic effects of the anti-EGFR antibodies were 

abolished by the pan-caspase inhibitor z-VAD-fmk (Fig. 1, A and G), indicating a critical 

role of apoptotic cell death.

To investigate how anti-EGFR antibodies induce apoptosis, we analyzed the expression of 

Bcl-2 proteins in DiFi cells treated with cetuximab or panitumumab. We found that the BH3-

only protein PUMA is markedly induced at both the protein and mRNA levels in a time- and 

dose-dependent manner (Fig. 2A and S2A). Another BH3-only protein Bim was also 

induced by cetuximab treatment, but other Bcl-2 family members were not substantially 

changed (Fig. S2B). The induction of PUMA and Bim was also detected in other sensitive 

CRC cell lines, including CCK-81, HCA-46, and OXCO-2 cells (Fig. S2, C–E).

We then determined the role of PUMA and Bim in the apoptotic response to anti-EGFR 

antibodies. Knockdown of PUMA by siRNA abolished cetuximab- and panitumumab-

induced viability loss, caspase activation, as well as nuclear fragmentation in DiFi cells (Fig. 

2, B–E). In contrast, knockdown of Bim did not affect the killing of DiFi cells (Fig. S2F). 

PUMA depletion also suppressed cetuximab-induced permeabilization of the mitochondrial 

outer membrane and release of cytochrome c (Fig. 2, F and G). The requirement for PUMA 

rather than Bim for cetuximab- and panitumumab-induced apoptosis was verified in CCK-81 

and HCA-46 cells (Fig. S2, G and H). These results suggest that PUMA induction plays a 

pivotal role in mediating the sensitivity and apoptotic response to anti-EGFR antibodies in 

CRC cells.

PUMA induction by anti-EGFR antibodies is mediated by p73

PUMA expression is regulated at the transcriptional level by several transcription factors, 

such as p53, FoxO3A, the p65 subunit of NF-κB, and the p53 homologue p73 [15]. Upon 

analyzing these transcription factors, we identified p73 as the key mediator of PUMA 

induction in response to EGFR antibodies. Increased p73 expression and Y99 

phosphorylation were observed at 2–8 hr following cetuximab treatment (Fig. 3A, 3B, S3A 

and S3B), suggesting activating phosphorylation of p73 [17]. Enhanced binding of p73 to 

the PUMA promoter was detected by chromatin immunoprecipitation (ChIP) in cetuximab-

treated cells (Fig. 3C). Knockdown of p73 by siRNA substantially reduced PUMA 

induction, caspase-3 activation, and viability loss in cetuximab-treated DiFi cells (Fig. 3, A 

and D). In contrast, knockdown of p53 did not affect PUMA induction by cetuximab (Fig. 

S3C), consistent with no change in p53 binding to the PUMA promoter (Fig. S3D). 

Knockdown of FoxO3A also had no effect on PUMA induction (Fig. S3E), despite its de-

phosphorylation following cetuximab treatment (Fig. S3F).

We further investigated upstream events of p73 activation and PUMA induction. Treating 

DiFi cells with cetuximab potently suppressed phosphorylation of AKT and ERK1/2 (Fig. 
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3B), which are the key effectors of EGFR-mediated oncogenic signaling [18]. PUMA 

induction was detected in DiFi cells treated with the PI3K inhibitor pictilisib (GDC-0941) or 

dactolisib (NVP-BEZ235) (Fig. S3G), or the MEK inhibitor trametinib (Fig. S3H). 

Combined inhibition of PI3K and MEK further enhanced PUMA induction (Fig. S3H), 

suggesting that PUMA induction by cetuximab is mediated by both PI3K/AKT and 

MEK/ERK inhibition. It was previously shown that AKT negatively regulates p73 [17, 19]. 

Transfection of constitutively-active AKT suppressed cetuximab-induced p73 accumulation 

and phosphorylation, PUMA induction, as well as viability loss (Fig. 3, E and F). Our 

previous studies showed that PUMA can be induced by other transcriptional factors in 

response to ERK inhibition [20, 21]. Therefore, our findings support a model in which anti-

EGFR antibodies inhibit PI3K/AKT and MEK/ERK to relieve their suppression on p73 and 

other transcription factors, which in turn bind to the PUMA promoter to activate PUMA 
transcription (Fig. 3G).

KRAS-mediated resistance to anti-EGFR antibodies abrogates PUMA induction by p73

Therapeutic resistance represents one of the most significant challenges for targeted 

therapies. CRCs with mutant or amplified KRAS are invariably insensitive to anti-EGFR 

antibody therapy [6, 22, 23]. Acquired resistance to anti-EGFR therapy is associated with 

enrichment of KRAS-mutant tumor cells [11, 12]. To elucidate the resistance mechanisms, 

we analyzed DiFi cells with acquired resistance to cetuximab [11, 14]. Compared to the 

parental DiFi cells, the cetuximab-resistant cells exhibited much reduced viability loss, 

caspase-3 activation, and Annexin V staining, following cetuximab or panitumumab 

treatment (Figs. 4A, 4B, and S4A). Consistent with previous studies [11, 14], the cetuximab-

resistant DiFi cells had markedly elevated KRAS expression due to KRAS genomic 

amplification, and expressed a much lower level of total EGFR (Fig. 4C). In response to 

cetuximab, the resistant cells showed residual AKT and ERK phosphorylation, in contrast to 

complete AKT and ERK inhibition in the parental cells (Fig. 4C).

Analysis of Bcl-2 family proteins revealed that the induction of PUMA, but not Bim, by 

cetuximab was substantially reduced in the resistant cells compared to the parental cells 

(Fig. 4D). A similar observation on PUMA induction was made in the parental and 

panitumumab-resistant HCA-46 cells (Fig. S4C). Reduced PUMA induction coincided with 

lack of p73 accumulation and Y99 phosphorylation, but increased basal level of p73 in the 

resistant cells (Fig. 4E). Transfected exogenous p73 also lacked Y99 phosphorylation in the 

resistant cells (Fig. S4D). Furthermore, ChIP analysis revealed that cetuximab-induced 

binding of p73 to the PUMA promoter was abrogated in the resistant cells (Fig. 4F). These 

results suggest that lack of PUMA induction and p73 phosphorylation underlies reduced 

apoptosis in the resistant cells. Indeed, restoring PUMA with a PUMA-expressing 

adenovirus (Ad-PUMA) potently killed cetuximab-resistant DiFi cells, just as the parental 

cells (Fig. 4G). Treatment with the BH3 mimetic ABT-737 also markedly enhanced the 

effects of cetuximab in the resistant cells (Fig. S4E). Together, these results indicate that 

deficiencies in PUMA induction and p73 phosphorylation mediate resistance to anti-EGFR 

antibodies in CRC cells with oncogenic KRAS.
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Aurora kinase inhibition preferentially kills KRAS-mutant CRC cells and restores 
sensitivity to anti-EGFR antibodies in the resistant cells

To overcome mutant-KRAS-mediated therapeutic resistance, we attempted to identify 

anticancer agents that can re-sensitize KRAS-mutant CRC cells by restoring PUMA 

induction. We showed that MEK inhibition could restore cetuximab sensitivity in KRAS-

mutant CRC cells [11]. PI3K inhibition also modestly enhanced apoptosis and PUMA 

induction in cetuximab-resistant DiFi cells (Fig. S4F). To identify other agents that can 

effectively kill KRAS-mutant CRC cells, we analyzed isogenic CRC cells with either a 

mutant or wildtype (WT) KRAS allele generated by gene targeting [24]. Upon screening of 

a panel of anticancer agents including inhibitors of various oncogenic kinases, we found 

inhibitors of aurora kinases could preferentially kill KRAS-mutant cells compared to 

isogenic KRAS-WT cells (Fig. S5A). ZM-447439 (ZM), an inhibitor of aurora kinases 

A/B/C, induced significantly higher levels of growth inhibition (Fig. 5A), nuclear 

fragmentation (Fig. 5B), and caspase-3 activation (Fig. 5C), in DLD1 cells with only KRAS 
G13D mutant allele (G13D/-), compared to those with only WT allele (+/-). Alisertib 

(MLN8237), an inhibitor of aurora kinases A, had similar effects on KRAS G13D/− DLD1 

cells (Fig. S5, B–E). The observed difference in apoptosis is not due to changes in cell 

proliferation, as the isogenic DLD1 cells analyzed have similar proliferation rates, and 

knockdown of mutant KRAS in G13D/− DLD1 cells did not affect cell proliferation and 

viability (Fig. S5F). Analysis of Bcl-2 family proteins revealed enhanced induction of the 

BH3-only proteins PUMA and Noxa in both the parental (G13D/+) and KRAS-mutant 

(G13D/-) cells, compared to the isogenic WT (+/-) cells (Fig. 5D). The increased killing of 

KRAS-mutant cells by ZM was largely due to enhanced PUMA induction, and abrogated in 

the isogenic PUMA-knockout HCT116 and DLD1 cells (Fig. S5G) [20]. However, ZM did 

not preferentially kill non-isogenic CRC cell lines with mutant KRAS, compared to those 

with WT KRAS (Fig. S5H).

The above findings prompted us to test whether aurora kinase inhibition could restore 

sensitivity to anti-EGFR antibodies in the resistant CRC cells with an alteration in KRAS. 

Indeed, a combination of ZM and cetuximab potently suppressed the growth of cetuximab-

resistant DiFi cells (Fig. 5E), which was accompanied by enhanced nuclear fragmentation 

and caspase-3 activation (Fig. 5F). Consistent with the role of PUMA as a key mediator of 

sensitivity, the combination treatment restored PUMA induction in the resistant cells (Fig. 

5G). The aurora kinase A inhibitor alisertib had similar effects on cetuximab-resistant DiFi 

cells (Fig. S6, A–C). In line with the proposed model (Fig. 3G), the ZM/cetuximab 

combination eliminated the residual phosphorylation of AKT and ERK in the resistant cells 

(Fig. 5H). Furthermore, ZM could also re-sensitize cetuximab-resistant OXCO-2 cells (Fig. 

S6D), and enhance the killing effect of cetuximab on KRAS-mutant CRC cell lines, 

including SW837, HCT116, LoVo, and HCT8 (Fig. S6E).

Aurora kinase inhibition overcomes in vivo resistance to anti-EGFR antibody therapy

To determine the in vivo efficacy of the combination treatment, parental and cetuximab-

resistant OXCO-2 cells were used to establish xenograft tumors in nude mice. Tumor-

bearing mice were treated with ZM, cetuximab, or their combination for 2 weeks, and 

monitored for tumor growth (Fig. 6A). Strikingly, the combination treatment almost 
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completely suppressed the growth of cetuximab-resistant tumors, while ZM or cetuximab 

alone only slightly inhibited tumor growth (Fig. 6, A–B). Analysis of tumor tissues collected 

at an early time point revealed that the combination treatment, but not single agent, restored 

PUMA induction in the resistant tumors (Fig. 6C). Furthermore, the ZM/cetuximab 

combination therapy strongly induced apoptosis as evidenced by markedly increased 

TUNEL and active caspase-3 staining, in both the parental and cetuximab-resistant OXCO-2 

tumors (Fig. 6, D–E). Collectively, these results indicate that aurora kinase inhibitors can be 

used to overcome KRAS-mediated resistance to anti-EGFR antibodies by restoring PUMA-

dependent apoptosis.

Discussion

Conventional chemotherapeutics including 5-fluorouracil, irinotecan, and oxaliplatin lack 

specificity and are ineffective against most CRCs [25]. Incorporation of targeted agents such 

as anti-EGFR antibodies has significantly improved CRC treatment [2]. Anti-EGFR 

antibodies suppress proliferation of most CRC cells, but also induce apoptosis with 

ambiguous mechanisms in some CRC cells [26, 27]. Our data show that inhibition of EGFR 

oncogenic signaling results in the accumulation and Y99 phosphorylation of p73, which in 

turn binds to the PUMA promoter to induce PUMA expression, leading to mitochondrial 

dysfunction and apoptosis induction. The induction of PUMA by p73 via AKT inhibition 

was also found to be involved in apoptosis induced by EGFR tyrosine kinase inhibitors 

(TKIs) in head and neck cancer cells [19]. The mechanism by which AKT inhibition 

promotes p73 activation remains to be determined. It has been shown that p73 expression is 

negatively regulated by AKT through the transcriptional co-activator YAP1 [17, 28]. c-Abl 

kinase promotes p73 Y99 phosphorylation in response to genotoxic stress [29]. It is likely 

that YAP1 and c-Abl are involved in regulating p73 phosphorylation and PUMA induction 

in response to anti-EGFR antibodies.

A number of previous studies showed that induction of BH3-only proteins is critical for 

initiating apoptosis in response to targeted drugs in different types of cancer cells. For 

example, Bim induction was found to be necessary for apoptosis in response to MEK or 

EGFR inhibition in non-small cell lung cancer (NSCLC) and melanoma cells [30, 31]. Bim 

also mediates apoptosis induced by combined inhibition of Bcl-XL and MEK in KRAS-

mutant CRC and lung cancer cells [32]. Bim and PUMA are both involved in apoptosis 

induced by MEK and PI3K inhibition in NSCLC cells [33]. In contrast, our results indicate 

that PUMA rather than Bim functions as a key mediator of apoptosis induced by anti-EGFR 

antibodies in sensitive CRC cells. The discrepancy could be explained by the stimulus- and 

cell-type-specific role of BH3-only proteins in apoptosis [34]. Although PUMA is required 

for apoptosis induced by different stimuli in CRC cells [15, 19, 20], it may have a less 

critical role than Bim or other BH3-only proteins in different types of cancer cells. Our study 

is also different from other studies on CRC cells as we analyzed CRC cell lines that are 

intrinsically sensitive to EGFR inhibition, instead of commonly used CRC cell lines which 

are often insensitive to EGFR inhibition alone; and we used anti-EGFR antibodies rather 

than EGFR TKIs or other small-molecule inhibitors to induce apoptosis.
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Resistance to EGFR-targeted therapy represents a significant problem in the treatment of 

CRC patients. Retrospective analyses of clinical data and patient specimens revealed that 

alterations in the KRAS oncogene are largely responsible for the resistance to anti-EGFR 

antibodies [22, 35]. Several recent studies showed that a small fraction of pre-existing 

KRAS-mutant cells, which can be detected in circulating tumor DNA (ctDNA) from liquid 

biopsies, become enriched upon anti-EGFR antibody treatment, and eventually prevail 

leading to acquired resistance and disease relapse [36]. We show that acquired resistance to 

anti-EGFR antibodies can be caused by defective apoptosis due to lack of p73 and PUMA 

activation. It remains to be answered how p73 activity is compromised in the resistant cells, 

which might involve residual activities in AKT/ERK and/or other upstream kinases such as 

c-Abl.

Using isogenic CRC cells, we identified increased sensitivity of KRAS-mutant cells to 

aurora kinase inhibitors by restoring PUMA induction and the apoptotic response to anti-

EGFR antibodies in the resistant cells with a mutant or amplified KRAS. The restored 

PUMA expression in the resistant cells by the combination treatment is likely due to the p65 

subunit of NF-κB, which was shown to promote PUMA induction in response aurora kinase 

inhibition [20]. Previous synthetic lethal screens identified preferential killing of isogenic 

KRAS-mutant cells by the inhibitors of polo-like kinase 1 (PLK1) and the microtubule 

poison paclitaxel [37]. These observations, along with ours, suggest that CRC cells with 

KRAS alterations are addicted to hyperactive mitotic kinases, which lead to enhanced cell 

cycle progression and cell proliferation in cells with increased KRAS activity [8].

There is an unmet clinical need for targeting KRAS-mutant tumors to circumvent 

therapeutic resistance, and a variety of rational combination strategies have been explored. 

For example, MEK/EGFR dual inhibition has been shown to be effective against KRAS-

mutant tumors [14]. A recent study showed that EGFR inhibition can increase the sensitivity 

to DNA damage [38], providing a rationale for combining anti-EGFR antibodies and DNA-

damaging agents. Defective apoptosis is a hallmark of cancer and ubiquitously involved in 

therapeutic resistance [39]. Targeting defective apoptosis in tumor cells has recently 

emerged as an attractive therapeutic strategy with the recent FDA approval of the Bcl-2-

selective inhibitor ABT-199 (Venetoclax) for the treatment of chronic lymphocytic leukemia 

(CLL) [40]. Our results suggest that targeting PUMA-mediated apoptosis by restoring 

PUMA expression or mimicking its functional BH3 domain is a promising approach for 

improving the efficacy of EGFR-targeted therapy in resistant tumor cells. The translational 

relevance of our findings needs to be further substantiated using additional anti-EGFR 

antibody resistant models including patient-derived xenograft (PDX) tumor models.

In summary, our study provides a novel insight on how EGFR inhibition triggers death of 

CRC cells through p73-mediated PUMA induction, which is blunted in resistant cells with 

KRAS alterations. Our results provide a rationale for further exploring aurora kinase 

inhibitors to improve the efficacy of EGFR-targeted therapy, especially in KRAS-altered 

tumors.
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Materials and Methods

Cell culture and drug treatment

Human CRC cell lines, including parental and cetuximab-resistant DiFi, CCK-81, and 

OXCO-2, and parental and panitumumab-resistant HCA-46, were previously described [11, 

14]. Cetuximab-resistant DiFi cells (R1 clone) were established by treating parental DiFi 

cells with a constant dose of cetuximab (0.35 μM) for one year [11]. Cetuximab-resistant 

OXCO-2 cells (R1 clone) and panitumumab-resistant HCA-46 cells were generated by 

continuous exposure of the parental cells to the drug at a concentration of 1.4 μM for 3–9 

months [14]. Isogenic HCT116 and DLD1 cells with different KRAS genotypes [24] were 

obtained from Dr. Bert Vogelstein at Johns Hopkins University. CRC cell lines were tested 

for the absence of mycoplasma approximately every 6 months. All CRC cell lines were 

cultured in McCoy’s 5A modified media (Invitrogen, Carlsbad, CA, USA), and maintained 

in a non-humidified incubator at 37°C with the addition of 5% CO2. Cell culture media were 

supplemented with 10% FBS (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin 

consisting of 100 units/mL penicillin and 100 μg/mL streptomycin (Invitrogen).

Cells were plated at 20–30% density in 12-well plates for drug treatment. Anticancer agents 

utilized include: cetuximab and panitumumab (supplied through UPCI Pharmacy), dactolisib 

(NVP-BEZ235), free base, pictilisib (GDC-0941), free base, sorafenib, 17-AAG, 

PF-02341066 (crizotinib), vandetanib, erlotinib hydrochloride salt, dasatinib free base, 

tozasertib free base, (LC Laboratories, Woburn, MA,USA), ZM-447439, MG-132, 

volasertib (BI 6727), ABT-737, alisertib (Selleck Chemicals, Houston, TX, USA), sunitinib 

(Cayman Chemical, Ann Arbor, MI, USA), trametinib (ApexBio, Boston, MA), and z-Val-

Ala-DL-Asp(OMe)-fluoromethylketone (z-VAD-fmk) (Bachem, Torrance, CA, USA). 

Antibodies were diluted in PBS, and chemical agents in DMSO (Sigma, St. Louis, MO, 

USA).

Analysis of cell viability and apoptosis

Cell viability was analyzed by MTS and CellTiter-Glo assays as previously described [41]. 

For crystal violet staining, attached cells were washed with HBSS and stained by incubating 

cells at room temperature with a 0.05% crystal violet solution containing 3.7% 

paraformaldehyde prepared in distilled water. Apoptosis was analyzed by staining floating 

and attached cells with Hoechst 33258 (Invitrogen) and by counting condensed and 

fragmented nuclei, which were divided by the total number of cells counted to obtain the 

final percentages. Unless otherwise specified, each condition was analyzed in duplicate per 

experiment counting at least 300 cells per sample. Apoptosis was also analyzed by Annexin-

V/PI staining, Caspase-3/-7 activity Assay, and mitochondrial outer membrane 

permeabilization as previously described [41, 42].

Transfection and adenovirus infection

Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instructions. Briefly, cells were plated at 20–30% density in 12-well plates 

24 hr prior to transfection. siRNAs were transfected in 1× Opti-MEM (Invitrogen) with 200 

or 400 pmol of siRNA per well of a 12-well plate for 4 hr before the addition of McCoy’s 
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5A medium. The sequences utilized for each siRNA are described in Table S1. For plasmid 

transfection, the equivalent of 0.2 μg of plasmid per well of a 12-well plate was utilized. 

Plasmids utilized included N-terminal HA-tagged pcDNA3.1 empty vector (control 

plasmid), HA-tagged p73α in a pcDNA3 vector [42], and N-terminal myristolated, 

constitutively-active AKT1 in a pUSEamp(+) vector (#21–151, EMD Millipore, Burlington, 

MA, USA). Drug treatments were performed approximately 24 hr following transfection. 

For adenovirus infection, cells were infected at either 20 or 40 MOI for 24 hr with a GFP-

tagged PUMA-expressing adenovirus (Ad-PUMA) described previously [43].

Western blotting

Western blotting was performed as previously described [41] using antibodies against: β-

Actin (A5441, Sigma), cleaved caspase-3 (#9661, Cell Signaling, Danvers, MA, USA), 

cleaved caspase-9 (#9502, Cell Signaling), Mcl-1 (#559027, BD Biosciences, San Jose, CA, 

USA), Bax (#610983, BD Biosciences), Bid (#2002, Cell Signaling), Bcl-xL (#610212, BD 

Biosciences), Bim (#2819, Cell Signaling), Bcl-2 (#M0887, Agilent DAKO, Santa Clara, 

CA, USA), cytochrome c (sc-7159, Santa Cruz Biotechnology, Santa Cruz, CA, USA), COX 

IV (A21348, Invitrogen), PUMA [44], Bak (#06–536, EMD Millipore), Noxa (#OP180, 

EMD Millipore), p73 (A300–126A, Bethyl Laboratories, Montgomery, TX, USA), p-p73 

(#4665, Cell Signaling), p-AKT (#4058, Cell Signaling), total AKT (#9272, Cell Signaling), 

p-ERK1/2 (#4376, Cell Signaling), total ERK1/2 (#9102, Cell Signaling), p-FoxO3A 

(#9464, Cell Signaling), total FoxO3A (07–702, EMD Millipore), p53 (sc-126, Santa Cruz), 

p-EGFR (#2234, Cell Signaling), total EGFR (#610016, BD Biosciences), KRAS (sc-30, 

Santa Cruz), p-Aurora A/B/C (#2914, Cell Signaling), total Aurora A (#4718, Cell 

Signaling), total Aurora B (#3094, Cell Signaling), and HA (#12CA5, Roche, Indianapolis, 

IN, USA).

Reverse-transcription (RT) and quantitative PCR

RNA extracts were prepared from cells using the Quick-RNA MiniPrep kit (Zymo Research, 

Irvine, CA, USA) according to the manufacturer’s instructions. cDNA was prepared from 

total RNA using SuperScript III Reverse Transcriptase (Invitrogen). Following reverse 

transcription, quantitative PCR was performed using a cycling profile consisting of 95°C for 

2 minutes (Stage I), 30 cycles of 95°C for 20 seconds, 58°C for 30 seconds, and 70°C for 30 

seconds (Stage II), and 65°C for 5 seconds (Stage III). Fold changes were determined by 

subtracting Cq values of the loading control from the Cq values of the gene of interest. The 

results were normalized to untreated controls. PCR primers are listed in Table S2.

Immunoprecipitation

Cells were lysed in buffer consisting of 50 mM Tris, 150 mM NaCl, 1% NP-40, 1 mM 

EDTA, and 10% glycerol prepared in distilled water. The final pH was adjusted to 7.5. 

Protease-inhibitor tablets (Roche) were also added to the buffer prior to lysis. Cell lysates 

were incubated with EZview Red Protein G Affinity Gel (Sigma) beads utilizing an antibody 

against p-p73 (#4665, Cell Signaling). Following an overnight incubation at 4°C, the bead-

protein complex was washed, lysed in 2× Laemmli buffer and analyzed by Western blot.
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Xenograft tumor experiments

The described animal experiments were approved by the University of Pittsburgh 

Institutional Animal Care and Use Committee (IACUC). Female Nu/Nu mice (Charles 

River, Wilmington, MA, USA) aged 5–6 weeks were utilized for all xenograft experiments. 

Mice were maintained on-site in a sterile environment in micro-isolator cages and were 

given continuous access to water and chow. Following a one-week rest period, mice were 

injected subcutaneously with 5×106 OXCO-2 parental and cetuximab-resistant cells (R1 

clone) on two flanks. After one week of tumor growth, treatments were initiated by 

intraperitoneal (i.p.) injection with 40 mg/kg ZM-447439 in 10% DMSO every other day, 

0.8 mg of cetuximab every 3 to 4 days, or their combination. Treatments were terminated 

either at day 5 (for immunostaining) or at day 15 (for tumor volume measurement). Control 

mice received 10% DMSO opposite ZM-443439 treatment and combination treatment, or 

HBSS opposite cetuximab treatment. 10% DMSO and ZM-447439 preparations were 

diluted in a solution of filter-sterilized 50% HBSS/50% PEG300. Tumor growth was 

measured every other day by two not-blinded investigators with calipers, and tumor volumes 

were calculated using the formula 0.5 × length × width2. After the mice were sacrificed, 

tumors were excised and prepared for immunostaing by fixing in 10% formalin followed by 

paraffin embedding. As all treated animals were analyzed, no randomization was needed.

Statistical Analysis

For animal experiments, the sample size (n=6 in each group) was estimated based on our 

previous experience working with ZM-447439 on xenograft tumors [20]. The statistical 

significance between two groups was determined with Student’s t-test, whereas the 

comparisons of multiple groups were carried out by one-way ANOVA, followed by 

Bonferroni’s post-test using GraphPad Prism IV software. A probability value of *P < 0.05 

was considered to be significant. Error bars in the figures represent the standard error of the 

means.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ChIP chromatin immunoprecipitation

CRC colorectal cancer

EGFR epidermal growth factor receptor

IP immunoprecipitation
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KO knockout

NSCLC non-small cell lung cancer

PUMA p53-upregulated modulator of apoptosis

RT-PCR reverse transcriptase-polymerase chain reaction

siRNA small interfering RNA

TKIs tyrosine kinase inhibitors

TUNEL terminal deoxynucleotidyl transferase mediated dUTP nick end 

labeling

z-VAD carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone
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Figure 1. Anti-EGFR antibodies induce mitochondria-dependent apoptosis in sensitive CRC cells
(A) MTS analysis of DiFi colon cancer cells treated with cetuximab (Cmab) or 

panitumumab (Pmab) at the indicated doses for 72 hr. For comparison, DiFi cells pre-treated 

with 10 μM z-VAD-fmk (z-VAD) for 1 hr were also analyzed. (B) Apoptosis in DiFi cells 

treated Cmab or Pmab at the indicated doses for 72 hr was analyzed by counting condensed 

and fragmented nuclei after nuclear staining with Hoechst 33258. (C) Apoptosis in DiFi 

cells treated 10 nM Cmab or Pmab for 72 hr was analyzed by Annexin V/PI staining 

followed by flow cytometry. (D) Caspase-3/7 activity in DiFi cells treated with 10 nM Cmab 

or Pmab for 24 hr was measured using the Caspase-3/-7 Activation kit. (E) Western blotting 

of cleaved (C) caspase-3 and caspase-9 in DiFi cells treated as in (D). (F) Mitochondrial 

membrane integrity in DiFi cells treated with 10 nM of Cmab or Pmab for 72 hr was 

analyzed by MitoTracker Red CMXRos staining followed by flow cytometry. (G) DiFi cells 

with or without pre-treatment with 10 μM z-VAD-fmk (z-VAD) for 1 hr were treated with 10 

nM Cmab for 72 hr. Apoptosis was analyzed as in (B). Results in (A), (B), (D) and (G) were 

expressed as means ± s.e.m. of triplicates in two independent experiments. *, P <0.05; **, P 
<0.01; ***, P <0.001
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Figure 2. PUMA is a critical mediator of the apoptotic response to anti-EGFR antibodies
(A) DiFi cells were treated with 10 nM cetuximab (Cmab) or panitumumab (Pmab). Upper, 
western blotting of PUMA at indicated time points after treatment. Lower, real-time RT-PCR 

analysis of PUMA mRNA expression at indicated time points after treatment. (B) Western 

blotting of PUMA, cleaved (C) caspase-3, and caspase-9 in DiFi cells transfected with 

control scrambled or PUMA siRNA for 24 hr and treated with 10 nM Cmab or Pmab for 24 

hr. (C) Crystal violet staining of DiFi cells transfected with siRNA as in (B), re-plated, and 

treated with 10 nM Cmab or Pmab for 48 hr. (D) MTS analysis of DiFi cells transfected with 

siRNA as in (B), re-plated, and treated with Cmab or Pmab at the indicated doses for 72 hr. 

(E) Apoptosis in DiFi cells transfected and treated as in (D) was analyzed by counting 

condensed and fragmented nuclei after nuclear staining with Hoechst 33258. (F) 
Mitochondrial membrane integrity in DiFi cells transfected and treated with Cmab as in (D) 

was analyzed by MitoTracker Red CMXRos staining followed by flow cytometry. (G) 
Cytochrome c (Cyto c) release in DiFi cells transfected and treated with Cmab as in (D) was 

analyzed by Western blotting of mitochondrial and cytosolic fractions isolated from treated 

cells. β-Actin and cytochrome oxidase subunit IV (COX IV) were used as a control for 

loading and fractionation, respectively. Results in (A), (D), and (E) were expressed as means 

± s.e.m. of triplicates in two independent experiments. *, P <0.05.
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Figure 3. PUMA induction by anti-EGFR antibodies is mediated by p73
(A) DiFi cells transfected with control scrambled or p73 siRNA for 24 hr were re-plated and 

treated with 10 nM cetuximab (Cmab). Expression of p73 at 8 hr, and PUMA and cleaved 

(C) caspase-3 at 24 hr after cetuximab treatment was analyzed by western blotting. Cells 

without siRNA transfection and re-plating were used as the control for analyzing p73 at 8r 

after treatment. (B) Western blotting of indicated proteins in DiFi cells treated 10 nM 

cetuximab at the indicated time points. Phospho-p73 (p-p73, Y99); phospho-AKT (p-AKT, 

S473); phospho-ERK1/2 (p-ERK1/2, T202/Y204). (C) DiFi cells transfected with either a 

control empty vector or a HA-p73α construct were treated with 10 nM Cmab for the 

indicated times. Binding of transfected p73α to the PUMA promoter was analyzed by 

chromatin immunoprecipitation (ChIP) using anti-HA antibody with IgG as control, 

followed by PCR amplification and analysis of PCR products by agarose gel electrophoresis. 

(D) Crystal violet staining (upper panel) and MTS analysis (lower panel) of DiFi cells 

transfected with siRNA as in (A) and treated with Cmab at the indicated doses for 72 hr. (E) 
Western blotting of indicated proteins in DiFi cells transfected with control empty vector or 

constitutively active AKT for 6 hr, and then treated with 10 nM cetuximab for 8 or 24 hr. (F) 
Crystal violet staining (upper panel) and MTS analysis (lower panel) of DiFi cells 

transfected as in (E) and treated with Cmab at the indicated doses for 72 hr. (G) A model of 

PUMA induction by anti-EGFR antibodies.
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Figure 4. KRAS-mediated resistance to anti-EGFR antibodies abrogates PUMA induction
(A) MTS analysis of parental (red) and cetuximab-resistant (Cmab-R, black) DiFi cells 

treated with cetuximab (Cmab) or panitumumab (Pmab) at the indicated doses for 72 hr. (B) 
Western blotting of cleaved (C) caspase-3 in the parental and Cmab-R DiFi cells treated with 

10 nM of Cmab or Pmab for 24 hr. (C) Western blotting of indicated proteins in the parental 

and Cmab-R DiFi cells. Lysates of Cmab-R DiFi cells were prepared from cells cultured in 

medium with 10 nM cetuximab (Cmab+), or without cetuximab (Cmab-) for 6 days. p-

EGFR (Y1068); p-AKT (S473); p-ERK1/2 (T202/Y204). (D) Western blotting of indicated 

Bcl-2 family proteins in the parental and Cmab-R DiFi cells treated with 10 nM of Cmab for 

24 hr. (E) Western blotting of phosphorylated (p-p73, Y99) and total p73 in the parental and 

Cmab-R DiFi cells treated with 10 nM Cmab for 8 hr. (F) Parental and Cmab-R DiFi cells 

transfected with control empty or HA-p73α-expressing vector were treated with 10 nM 

cetuximab for 8 hr. Binding of transfected p73α to the PUMA promoter was analyzed by 

chromatin immunoprecipitation (ChIP) using anti-HA antibody, followed by PCR 

amplification and analysis of PCR products by agarose gel electrophoresis. (G) Parental and 

Cmab-R DiFi cells were infected with EGFP-PUMA-expressing adenovirus (Ad-PUMA) at 

the indicated MOI for 24 hr. Upper, analysis of apoptosis by nuclear fragmentation; lower, 
western blotting of PUMA. Results were expressed as means ± s.e.m. of triplicates in two 

independent experiments. ***P<0.001.
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Figure 5. Aurora kinase inhibition overcomes KRAS-mediated resistance to anti-EGFR 
antibodies by restoring PUMA induction
(A) MTS analysis of isogenic DLD1 cells with +/− or G13D/− KRAS genotype treated with 

7.5 μM sunitinib, 12 μM crizotinib, or 15 μM ZM-447439 (ZM) for 48 hr. (B) DLD1 cells 

with indicated KRAS genotypes were treated with 15 μM ZM. Apoptosis at the indicated 

time points was analyzed by counting condensed and fragmented nuclei after nuclear 

staining with Hoechst 33258. (C) Western blotting of cleaved (C) caspase-3 in DLD1 cells 

with the indicated KRAS genotypes treated with 15 μM ZM for 24 or 48 hr. (D) Western 

blotting of PUMA and Noxa in DLD1 cells with the indicated KRAS genotypes treated with 

15 μM ZM for 16 hr. (E) Cetuximab-resistant (Cmab-R) DiFi cells were treated for 48 hr 

with 10 nM cetuximab, 15 μM ZM, or their combination. Growth inhibition was assessed 

using the CellTiter-Glo assay. (F) Cmab-R DiFi cells were treated with 10 nM cetuximab, 

15 μM ZM, or their combination. Apoptosis was analyzed by nuclear fragmentation as in 

(B) after treatment for 72 hr (upper panel), and by western blotting of cleaved (C) caspase-3 

after treatment for 24 hr (lower panel). (G) Western blotting of indicated Bcl-2 family 

proteins in Cmab-R DiFi cells treated for 24 hr with 10 nM cetuximab, 15 μM ZM, or their 

combination. (H) Western blotting of indicated proteins in parental (P) and cetuximab-

resistant (R) DiFi cells treated with 15 μM ZM-447439 (ZM), 10 nM cetuximab, or their 

combination for 24 hr. p-Aurora A (T288); p-Aurora B (T232); p-AKT (S473); p-ERK1/2 

(T202/Y204). Results in (A), (B), (E), and (F) were expressed as means ± s.e.m. of 

triplicates in two independent experiments. *, P <0.05; **, P <0.01; ***, P <0.001.
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Figure 6. Aurora kinase inhibition overcomes KRAS-mediated resistance to anti-EGFR 
antibodies in vivo
(A) 5×106 parental and cetuximab-resistant OXCO-2 cells were injected subcutaneously into 

female nude mice. Following tumor growth for one week, treatment was initiated with 

ZM-447439 (ZM; 40 mg/kg) alone, cetuximab (Cmab; 0.8 mg) alone, or their combination 

by intraperitoneal (i.p.) injection at the times indicated by the arrows. Tumor volumes were 

calculated every other day (n=6 in each group). (B) Representative pictures of tumors at the 

end of the experiment in (A). (C) Representative cetuximab-resistant OXCO-2 tumors in the 

initial 5 days of treatment as in (A) were harvested, lysed, and analyzed for PUMA 

expression by western blotting. (D) TUNEL staining of the parental and cetuximab-resistant 

OXCO-2 tumors treated as in (C). Left, representative TUNEL staining pictures with arrows 

indicating example positive cells. Scale bars, 25 μm. Right, quantification of TUNEL 

signals. ***, P <0.001. (E) Active caspase-3 staining of the parental and cetuximab-resistant 

OXCO-2 tumors treated as in (C). Left, representative staining pictures with arrows 

indicating example positive cells. Scale bars, 25 μm. Right, quantification of active 

caspase-3 signals. ***, P <0.001.
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