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ABSTRACT

In cancer, upregulated Ras promotes cellular transformation and proliferation 
in part through activation of oncogenic Ras-MAPK signaling. While directly inhibiting 
Ras has proven challenging, new insights into Ras regulation through protein-protein 
interactions may offer unique opportunities for therapeutic intervention. Here we 
report the identification and validation of Aurora kinase A (Aurora A) as a novel Ras 
binding protein. We demonstrate that the kinase domain of Aurora A mediates the 
interaction with the N-terminal domain of H-Ras. Further more, the interaction of 
Aurora A and H-Ras exists in a protein complex with Raf-1. We show that binding of 
H-Ras to Raf-1 and subsequent MAPK signaling is enhanced by Aurora A, and requires 
active H-Ras. Thus, the functional linkage between Aurora A and the H-Ras/Raf-1 
protein complex may provide a mechanism for Aurora A’s oncogenic activity through 
direct activation of the Ras/MAPK pathway.

INTRODUCTION

The Ras family of proteins (H-, K-, and N-Ras) 
are well characterized oncogenic drivers in a variety of 
cancer types [1, 2]. Ras proteins are GTPases, which 
function as molecular switches to regulate molecular 
signaling cascades in response to extracellular signals. 
Ras binds to and hydrolyzes GTP, cycling between 
active, GTP-bound and inactive, GDP-bound states [3, 
4]. Structurally, the switch I and II domains of Ras also 
change in conformation when either GTP or GDP is 
bound [5]. Ras activity is facilitated by GTPase-activating 
proteins (GAPs) that facilitate hydrolysis of GTP to 
GDP, thereby returning Ras to an inactive state [6–8]. 
Conversely, guanine nucleotide exchange factor proteins 
(GEFs) bind to GDP-bound Ras, and help to exchange 
GDP for GTP and activate Ras. Point mutations in critical 
regions of Ras also affect activity. The oncogenic Ras 
G12V mutation prevents hydrolysis of GTP, locking the 
protein in an active conformation [9–11]. This mutation 

is commonly observed in patients and is known to drive 
cancer progression. In contrast, the dominant negative 
Ras S17N mutant inhibits RasGEF activity, maintaining 
its inactive Ras conformation[12].

Activated Ras recruits distinct effector proteins 
to initiate cellular signaling cascades and physiological 
processes [13–15]. Specifically, Ras sustains pro-growth 
and proliferative signaling through activation of the 
Ras-Raf-MEK-ERK (mitogen activated protein kinase, 
MAPK) pathway [16]. Hyperactive Ras-MAPK signaling 
increases the transcription of genes that drive the cellular 
growth and survival required for cancer progression [17].

Ras-MAPK signaling can upregulate transcription of 
the mitotic kinase, Aurora kinase A (Aurora A) [18]. Aurora 
A belongs to a family of serine/threonine kinases (Aurora 
A, B, and C) that function in different spatial and temporal 
points in the cell to facilitate mitosis [19, 20]. Aurora A 
expression is upregulated during mitosis where it facilitates 
alignment of microtubules to the centromeres, then is 
quickly degraded during mitotic exit [21, 22]. Amplification 
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of Aurora A occurs at the DNA, RNA, and protein levels 
in several cancer types, such as breast, glioblastoma, 
pancreatic, and bladder cancers [23–26]. Recent literature 
has revealed details about the physiological impact of Aurora 
A overexpression beyond its canonical role in the cell cycle. 
For example, Aurora A can aid in oncogenic processes 
through forming different protein-protein interactions with 
many proteins, including GTPases [27, 28]. This may be 
facilitated by the observed mis-localization of Aurora A to 
both the cytoplasm and nuclear compartments in tumor tissue 
[29, 30]. Clinical data further support the role of Aurora A 
in cancer as overexpression of Aurora A is correlated with a 
worse prognosis and patient outcome [30, 31].

Interestingly, literature provides evidence of 
cooperation between Ras-MAPK signaling and Aurora A 
beyond transcriptional regulation. Aurora A amplification co-
occurs in several cancer types with deregulated Ras signaling 
[32–35]. Also, Aurora A can enhance the transformation of 
fibroblasts harboring activating Ras mutations, while knock-
down of Aurora A correlates to decreased MAPK signaling 
[36]. Although these studies point towards a function for 
Aurora A upstream of MAPK signaling, how Aurora A 
engages the MAPK pathway is critical to further elucidate 
its role as an oncogene in cancer.

Here we report that the protein-protein interaction 
of Aurora A and H-Ras is a mechanism by which Aurora 
A functions upstream of H-Ras to promote MAPK 
signaling. The Aurora A and H-Ras interaction validated 
in this study provides a novel link and potential positive 
feedback loop between two oncogenic proteins known to 
drive proliferation and survival in cancer. Blocking this 
interaction may have promising therapeutic potential to 
inhibit Ras-MAPK activity in cancer.

RESULTS

Aurora A is a novel H-Ras binding partner

To gain insight into Aurora A signaling pathways and 
oncogenic activities, we tested whether Aurora A directly 
interacted with a variety of signaling proteins, including 
Ras. We first used the homogeneous, solution-based time-
resolved Föster resonance energy transfer (TR-FRET) assay 
to detect binding [37]. The assay has a stringent distance 
requirement (<10 nm) between two interacting partners for 
the generation of TR-FRET signals. Therefore, TR-FRET 
signals in this assay format indicate the interaction between 
two proteins. To monitor the interaction of Aurora A and 
H-Ras, TR-FRET was performed using HEK 293T cell 
lysate with co-expressed GST H-Ras and Venus-Flag Aurora 
A. Co-expression of GST H-Ras and Venus-Flag Aurora 
A led to the generation of TR-FRET signals in a dose-
dependent manner (Figure 1A). As background controls, no 
TR-FRET signal was detected with GST H-Ras or Venus-
Flag Aurora A expression alone. Such a specific increase of 
the TR-FRET signal supports the direct interaction between 
Aurora A and H-Ras.

To confirm the Aurora A/H-Ras interaction detected 
by TR-FRET, a GST pull-down was performed as a 
secondary affinity-based binding assay. GST pull-downs 
were conducted with lysates from HEK 293T cells co-
expressed with GST H-Ras with Venus-Flag Aurora 
A. Aurora A was found to pull down with GST H-Ras 
complex, but not in control lanes with GST (Figure 1B), 
demonstrating the association of Aurora A with H-Ras and 
confirming the previous TR-FRET results.

TR-FRET and GST pull-down assays are both in 
vitro cell lysate-based assays, thus, we further validated 
the interaction of Aurora A with H-Ras in vivo by 
utilizing a fluorescence (Venus)-based protein-fragment 
complementation assay (PCA). In this assay, N-Venus or 
C-Venus fragments are fused to two interacting proteins. 
The association of these proteins leads to functional 
reconstitution of Venus and allows the detection of green 
fluorescence signal using imaging. For this purpose, 
Aurora A and H-Ras were fused with N-Venus and 
C-Venus, respectively, and co-expressed in HEK 293T 
cells. The percentage of cells with positive protein-
protein interactions (reconstituted Venus) was revealed 
by fluorescence imaging. Co-expression with N-Venus 
or C-Venus established background (Figure 1C). Co-
expression of N-Venus Aurora A and C-Venus H-Ras 
resulted in an increase in the number of fluorescent cells 
compared to the expression of N-Venus Aurora A or 
C-Venus H-Ras with negative controls. Reconstitution of 
the Venus signal resulting from the interaction of Aurora 
A and H-Ras validates the presence of the interaction in 
living cells. The interaction was also detected in Cos7 
fibroblast cells, MCF7 breast cancer cells, and 8-MG-BA 
glioblastoma cells (data not shown).

Finally, to test the interaction of endogenous 
Aurora A and H-Ras, co-immunoprecipitation was 
conducted using lysates from HEK 293T cells and the 
human breast cancer cell line, MCF7. Aurora A and Ras 
were isolated from cells using an Aurora A or pan-Ras 
antibody, respectively, but not an IgG control antibody 
(Figure 1D). Western blotting confirmed the presence of 
Ras in the Aurora A immunocomplex. Similarly, Aurora 
A was detected in the Ras immunocomplex, providing 
additional evidence for the Aurora A/H-Ras interaction at 
endogenous protein levels.

Overall, the Aurora A/H-Ras interaction was 
confirmed by four complementary approaches for 
monitoring protein-protein interactions, supporting Aurora 
A as a binding partner of H-Ras. Thus, the binding of 
Aurora A and H-Ras may provide a new mechanism for 
Ras regulation.

Aurora A interacts with H-Ras through the 
switch I and II regions

Ras proteins contain several key conserved regions 
that are involved in protein binding and oncogenic activity. 
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To further characterize the Aurora A/H-Ras interaction, we 
next determined the structural domains that mediate binding 
using deletion analysis coupled with GST pull-downs. H-Ras 
truncations were generated and tested for their ability to bind 
Aurora A. The GST H-Ras truncations tested for binding are 
shown in Figure 2A: a region that includes the switch I and 
II domains (SI&II, amino acids 1-66), deletion of the switch 
I domain (ΔSI, amino acids 36-189), deletion of the switch 
I and II domains (ΔSI&II, amino acids 66-189). Our results 
show that when co-expressed in HEK 293T cells, binding 
of Aurora A was detected with full-length H-Ras but not 
with GST (Figure 2B). Aurora A was detected in complex 

with H-Ras SI&II and ΔSI truncations. In contrast, Aurora 
A was not detected in complex with H-Ras ΔSI&II. These 
data suggest that the N-terminal of H-Ras is necessary for 
the interaction with Aurora A since deletion of this region 
abrogates binding (Figure 2B). It appears that truncations 
containing the switch II region (36-66) showed positive 
interactions while removal of this region led to loss of 
Aurora A binding, which supports the importance of the 
36-66 region in Aurora A interaction. However, whether 
the region of Ras containing amino acids 36-66 is sufficient 
for Aurora A binding requires further studies with refined 
fragments.

Figure 1: Detection of the Aurora A/H-Ras interaction. A. TR-FRET assay performed using lysates from HEK 293T cells in 
which GST H-Ras was co-expressed with Venus-Flag Aurora A or vector controls. TR-FRET signal calculated as X/Y*Z; Tb ex 340 nm; Tb 
em 486 nm (X); Venus em 520 nm (Y); Z = 104). TR-FRET signals were recorded using an EnVision multilabel plate reader. Data shown 
are average signals with SD from duplicate samples. B. GST pull-down assay conducted after GST H-Ras complexes were isolated from 
HEK 293T cell lysates with co-expressed Venus-Flag Aurora or appropriate controls. The presence of Venus-Flag Aurora A in the GST 
H-Ras protein complex (GST PD) and protein expression levels in the cell lysate (Input) was detected by Western blotting using anti-Flag 
or anti-GST antibody, respectively. C. A Venus protein-fragment complementation (Venus PCA) assay was conducted in living HEK 293T 
cells co-expressing N-Venus Aurora A and C-Venus H-Ras or vector controls. Interaction between tagged proteins allowed reconstitution of 
fluorescent Venus protein. The percentage of Venus positive cells was quantified by fluorescence imaging and scoring from two independent 
experiments. The percentage represents the number of cells with positive interactions compared to the total number of cells (determined 
by Hoechst staining). Representative images: Venus (positive protein-protein interaction), Hoechst (nucleus), Merge (overlap of Venus 
and Hoechst signals). D. Co-immunoprecipitation assay performed using lysates from HEK 293T and MCF7 cells. The Aurora A/Ras 
interactions are shown in both directions with IP-Aurora A and IP-Ras.
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Figure 2: Interactions between Aurora A/B and Ras proteins are mediated through conserved domains. A. Diagram of 
GST H-Ras protein domains and truncations used for deletion analysis: FL (amino acids 1-189), SI&II (amino acids 1-66), ΔSI (amino acids 
36-189), ΔSI&II (amino acids 66-189). B. Characterization of the H-Ras protein domain responsible for binding to Aurora A. GST pull-
down conducted from HEK 293T cells co-expressing GST H-Ras truncations and Venus-Flag Aurora A. Western blotting using anti-Flag 
or anti-GST antibody allowed detection of GST H-Ras peptides that were able to isolate full-length Aurora A. Full-length Aurora A/H-Ras 
protein binding was used as a positive control. C. Aurora A exists in protein complexes with H-, K-, or N-Ras. Binding of Aurora A as 
detected in GST pull-downs conducted from HEK 293T cells expressing GST H-Ras, GST K-Ras, or GST N-Ras and Venus-Flag Aurora 
A along with vector controls. D. Characterization of the H-Ras binding domain on Aurora A. Diagram of Aurora A protein domains and 
truncations used for deletion analysis: FL (amino acids 1-403), NK (amino acids 1-383), N (amino acids 1-130), K (amino acids 130-383), 
C (amino acids 383-403). E. GST pull-down conducted from HEK 293T cells co-expressing full-length GST H-Ras and Venus-Flag Aurora 
A truncations and analyzed by western blotting. Binding between full-length proteins served as a positive control. F. Aurora B interacts 
with H-Ras. Like Aurora A, Aurora B can be isolated in a protein complex with H-Ras. Binding of Aurora B as detected in GST pull-downs 
conducted from HEK 293T cells expressing GST H-Ras and Venus-Flag Aurora B along with vector controls was identified by western 
blotting using anti-Flag or anti-GST antibodies.
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The N-terminal of H-Ras is highly conserved 
between the H-, K-, and N-Ras proteins. To test if Aurora 
A may also interact with other Ras proteins, we conducted 
a GST pull-down assay with the three predominant Ras 
isoforms found in cancer. Indeed, binding of Aurora A was 
detected with K-Ras and N-Ras as well as H-Ras (Figure 
2C), suggesting that Aurora A may be able to engage Ras 
isoforms in cancer types driven by expression of any of 
the three major isoforms.

The kinase domain of Aurora A mediates the 
H-Ras interaction

To characterize the domains of Aurora A that 
mediate binding to H-Ras, truncations of Aurora A were 
generated and tested for binding by GST pull-down. 
Venus-Flag Aurora A truncations are shown in Figure 
2D: the N-terminal and kinase domains of Aurora A (NK, 
amino acids 1-383), the N-terminal fragment of Aurora 
A (N, amino acids 1-130), the kinase domain alone (K, 
amino acids 130-383), and the C-terminal domain (C, 
amino acids 383-403). Full length Aurora A binds to 
H-Ras, but not to GST (Figure 2E). Binding of the NK 
and K truncations of Aurora A to H-Ras was detected. 
Conversely, no binding of Aurora A truncations lacking 
the kinase domain (N and C) to H-Ras was observed. 
This binding pattern suggests that the region of Aurora A 
that interacts with H-Ras lies within the kinase domain of 
Aurora A.

Aurora B is an isoform of Aurora A that is also 
linked to cancer and can enhance the transformation of 
fibroblasts with the H-Ras G12V mutation [38]. The 
kinase domains of Aurora A and Aurora B are 53% 
homologous [19]. To determine if Aurora B is also able 
to bind to H-Ras, we conducted a GST pull-down assay 
to test their interaction. Indeed, Aurora B was capable of 
binding to H-Ras (Figure 2F).

Aurora A enhances ERK phosphorylation

Aurora A interacts with a region of H-Ras that 
mediates effector engagement and oncogenic signaling. 
Downstream from Ras proteins, MAPK signaling is a 
critical pathway for sustained proliferative signaling 
in many cancers. Therefore, we sought to examine the 
functional impact of the Aurora A/H-Ras interaction 
on the MAPK pathway. We first used western blotting 
to evaluate the impact of co-expressed Aurora A and 
H-Ras on ERK phosphorylation as a readout for MAPK 
signaling. As shown in Figure 3A, no detectable effect 
on ERK phosphorylation was observed when Aurora 
A was expressed alone, while the expression of H-Ras 
alone induced ERK phosphorylation. Interestingly, co-
expression of Aurora A and H-Ras further enhanced ERK 
phosphorylation compared to H-Ras alone. By conducting 
a GST pull-down in parallel, we confirmed that the 

observed increase in ERK phosphorylation correlated with 
the interaction of Aurora A and H-Ras (Figure 3A).

Since Aurora A enhanced ERK phosphorylation 
when co-expressed with H-Ras in HEK 293T cells, we 
next sought to determine if Aurora A also affected ERK 
phosphorylation in cancer cells. With the sustained 
activation that occurs in cancer, ERK translocates to the 
nucleus to promote the transcription of genes that drive 
cell cycle progression [39, 40]. Therefore, we also tested 
if Aurora A sustains ERK phosphorylation in a temporal, 
serum-dependent manner.

To do this, we utilized breast adenocarcinoma-
derived MCF7 cells. Aurora A has been previously 
investigated as a therapeutic target in breast cancer and 
overexpression of Aurora A and robust ERK levels occur 
in this cell line [41]. Our results show that in conditions 
without H-Ras expression, serum starvation blocks ERK 
phosphorylation and serum stimulation induces ERK 
phosphorylation in a temporal manner (Figure 3B). 
However, in serum starved cells expressing H-Ras, ERK 
phosphorylation levels are elevated in the presence of 
Aurora A compared to the vector control (Figure 3B, lane 
one of panels three and four). Lastly, after serum release, 
Aurora A prolongs ERK activation when co-expressed 
with H-Ras compared to expression of H-Ras alone 
(Figure 3B, panels three and four).

Together, these data show that the co-expression 
of Aurora A and H-Ras enhances and sustains ERK 
phosphorylation.

Aurora A-induced ERK phosphorylation 
requires Ras-MAPK signaling

To clarify if the enhanced ERK phosphorylation 
observed in the presence of Aurora A and H-Ras requires 
Ras-MAPK signaling, we first employed site-specific 
inactivating or activating H-Ras mutants [42]. An 
activating mutant that mimics GTP-binding (GST H-Ras 
G12V) and a dominant negative GDP-binding preferred 
mutant (GST H-Ras S17N) were tested for the ability to 
interact with Venus-Flag Aurora A by GST pull-down 
in HEK 293T cells. When H-Ras WT or G12V were 
expressed in cells, ERK phosphorylation was stimulated 
(Figure 3C). In contrast, H-Ras S17N effectively 
blocked ERK phosphorylation. Co-expression of Aurora 
A potentiated ERK phosphorylation in the presence of 
H-Ras WT and G12V, but not H-Ras S17N. In the GST 
pull-down, we observed that although Aurora A requires 
active H-Ras to potentiate ERK phosphorylation, Aurora A 
was able to bind the WT, G12V, and S17N forms of H-Ras 
(Figure 3C). These data also suggest that the activity and 
conformation of H-Ras minimally impacts the ability 
of Aurora A to bind H-Ras; however, increased ERK 
phosphorylation requires active H-Ras.

To further validate that Ras-MAPK signaling is 
required for ERK phosphorylation, we took an alternative 
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approach, employing pharmacological inhibitors to probe 
the involvement of Raf-1 and MEK in the effect of Aurora 
A on ERK phosphorylation. If Aurora A acts through 
MAPK signaling to activate ERK, pharmacological 
inhibition of the MAPK pathway would block this 
effect. Following Aurora A and H-Ras co-expression 
in HEK 293Ts, cells were treated with Raf-1 and MEK 
kinase inhibitors. While expression of H-Ras was able 

to induce MEK and ERK phosphorylation in DMSO-
treated cells, inhibition of Raf-1 and MEK by Sorafenib 
and U0126, respectively, inhibited ERK phosphorylation 
(Figure 3D). We then tested if the ERK phosphorylation 
triggered by Aurora A co-expression also requires active 
Raf-1 and MEK. Indeed, these inhibitors were able 
to block ERK phosphorylation induced by Aurora A. 
In this model, serum starvation was unable to reduce 

Figure 3: Aurora A potentiates ERK activation via H-Ras. A. Detection of the Aurora A/H-Ras interaction correlates with 
enhanced pERK. GST pull-down (described in Figure 1B) between GST H-Ras and Venus-Flag Aurora A with corresponding western 
blot analysis of cell lysate inputs to assess changes in pERK compared to total ERK 48-hours post-transfection in HEK 293T cells.  
B. Aurora A sustains pERK levels in MCF-7 breast cancer cells. MCF-7 cells were either untransfected, transfected with Venus-Flag Aurora 
A or GST H-Ras with appropriate controls, or transfected with GST H-Ras and Venus-Flag Aurora A. As detected by western blotting, 
changes in pERK induced by co-transfected plasmids was assessed after cells were stimulated with serum for 0, 5, 10, 45, and 90 minutes 
after 24-hours of serum starvation. A short exposure (SE) and longer exposure (LE) of pERK is shown. C. H-Ras activity is required 
for potentiation of pERK by Aurora A. GST pull-down comparing binding and signaling changes between co-expression of GST H-Ras 
(WT), GST H-Ras G12V activating mutant, or GST H-Ras S17N dominant negative mutant with Venus-Flag Aurora A in HEK 293T cells. 
Western blot analysis of inputs to assess changes in pERK compared to total ERK 48 hours post-transfection. D. Use of a pharmacological 
probe for the MAPK signaling pathway in HEK 293T cells co-expressing Aurora A and H-Ras alone or in combination. 24-hours post 
transfection, cells were treated with DMSO vehicle control (Veh.), serum starvation (S.S.) Sorafenib (Soraf.) or U0126 at 10 μm then 
subjected to a GST pull-down and western blot analysis. Western blotting was conducted using anti-Flag, anti-GST, anti-pMEK, anti-MEK, 
anti-pERK, and anti-ERK antibodies.
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Figure 4: Aurora A forms a complex with H-Ras and Raf-1, acting through H-Ras to enhance ERK activation.  
A. Aurora A directly interacts with Raf-1. TR-FRET was performed using HEK 293T lysates in which GST Raf-1 and Venus-Flag Aurora A 
along with vector controls were co-expressed. TR-FRET signals were recorded using an EnVision multilabel plate reader. Data shown are 
average signals with SD from duplicate samples. B. Aurora A associates with Raf-1. GST pull-down (as described in Figure 1B) between 
GST Raf-1 and Venus-Flag Aurora A with corresponding western blot analysis of inputs to assess changes in pERK compared to total ERK 
48-hours post-transfection in HEK 293T cells. C. Aurora A/H-Ras/Raf-1 interactions stabilize the protein signaling complex. GST pull-
down comparing the ability of wild-type (H-Ras WT) or dominant negative (H-Ras S17N) H-Ras to isolate either co-expressed Aurora A, 
Raf-1, or both proteins. Western blot analysis demonstrates binding of Aurora A or Raf-1 to H-Ras and the induced effect on pERK. Since 
both epitope-tagged proteins resolve around the same size, anti-Aurora A and anti-Raf-1 antibodies were used instead of anti-Flag. GST-
tagged H-Ras WT and H-Ras S17N were detected using anti-GST antibody. Changes in pERK were detected using anti-pERK antibody. 
D. Proposed model for the role of Aurora A in the Aurora A/H-Ras/Raf-1 oncogenic singaling complex.
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ERK phosphorylation [43]. Collectively, these results 
support the hypothesis that Aurora A potentiates ERK 
phosphorylation through the Ras-MAPK signaling.

Aurora A forms a protein complex with H-Ras 
and Raf-1 and acts through H-Ras to enhance 
MAPK signaling

To initiate MAPK signaling, GTP-bound Ras 
must recruit Raf-1 to the plasma membrane to dimerize, 
transphosphorylate, and initiate the kinase cascade. As 
we have demonstrated that Aurora A engaged with the 
N-terminal domain of H-Ras that contains the effector 
binding domain and enhances MAPK signaling, we next 
sought to determine if Aurora A also associated with the 
Ras effector, Raf-1. TR-FRET results in HEK 293T cells 
showed that GST Raf-1 and Venus-Flag Aurora A exhibit 
a dose-dependent increase in TR-FRET signal compared 
to the negative controls (Figure 4A), providing evidence 
of an interaction of Aurora A with Raf-1. The binding of 
Aurora A and Raf-1 was also confirmed by GST pull-down 
(Figure 4B).

Since Aurora A interacts with both H-Ras and 
Raf-1, one mechanism by which Aurora A may enhance 
Ras-MAPK signaling is by stabilizing the H-Ras/Raf-1 
protein complex. To test this hypothesis, we conducted a 
GST pull-down assay testing the binding of both Venus-
Flag Aurora A and Flag Raf-1 to either GST H-Ras WT 
or GST H-Ras S17N. Results from HEK 293T cells 
revealed that H-Ras WT forms a protein complex with 
Aurora A and Raf-1 (Figure 4C). In addition, binding 
of both Aurora and Raf-1 to H-Ras WT is enhanced and 
ERK phosphorylation is strongly increased when all three 
proteins are co-expressed. In contrast to H-Ras WT, Raf-1 
does not bind H-Ras S17N. Further, this inactive H-Ras 
mutant maintains the ability to interact with Aurora A, but 
Aurora A/H-Ras S17N binding was not enhanced as is 
observed with H-Ras WT.

An assessment of signaling changes demonstrates that 
ERK phosphorylation levels are tightly linked to Aurora 
A/H-Ras/Raf-1 protein complex formation. Aurora A further 
enhances the ERK phosphorylation stimulated by H-Ras or 
Raf-1. Further, ERK remains inactive when Aurora A or Raf-
1 are expressed with H-Ras S17N (Figure 4C).

Together, these data demonstrate that Aurora A 
forms a protein complex with both H-Ras and Raf-1, 
stabilizes the H-Ras/Raf-1 interaction, and promotes 
MAPK signaling (Figure 4D). We also reveal that although 
Aurora A interacts with both H-Ras and Raf-1, H-Ras 
activity is required for the ability of Aurora A to enhance 
MAPK signaling.

DISCUSSION

The family of Ras proteins (H, K, and N-Ras) 
function as oncogenic drivers in many cancer types 

by transmitting pro-growth and proliferative signals 
through the Ras-MAPK pathway. In this study, we 
identify a novel protein-protein interaction between 
Aurora A and Ras that provides a mechanism by which 
Aurora A acts as a positive regulator of Ras-MAPK 
signaling [32–35].

Using complementary protein-protein interaction 
assays, we demonstrated that Aurora A interacts with 
H-Ras and Raf-1, functioning upstream of Ras in the 
MAPK pathway to potentiate Ras-mediated MAPK 
signaling. Cooperation between Aurora A and Ras-
MAPK signaling pathway is implicated in various 
cancer models. For example, Aurora A overexpression 
and Ras alterations co-occur in pancreatic, colon, and 
bladder cancers [32–35]. Additionally, modulation of 
ERK activity and the ETS promoter alters Aurora A 
expression, indicating that MAPK signaling regulates 
transcription of Aurora A [18]. Other studies place Aurora 
A upstream of MAPK signaling, enhancing H-Ras G12V 
transformation [35, 44] Similarly, knockdown of Aurora 
A in nasopharyngeal cancer cells reduced invasion by 
reducing activation of Ras pathway components [36]. 
Our work, taken together with independent studies 
by others, suggests that Aurora A may form a positive 
feedback loop that contributes to cell growth and 
proliferation [18, 34, 35, 38, 44–53].

In characterizing the structural domains that mediate 
the Aurora A/H-Ras interaction, we identified that a region 
within the kinase domain of Aurora A (amino acids 130 
– 383) interacts within the N-terminal domain of H-Ras 
(amino acids 1-66). Since Aurora A binding is maintained 
with the deletion of the switch I domain of H-Ras, these 
data suggest that the required Aurora A binding site on Ras 
may be narrowed to amino acids 36-66, near the switch II 
domain of H-Ras.

Although most of our characterization was 
conducted with H-Ras, the demonstrated interaction 
of Aurora A with the three isoforms of Ras suggests a 
broad role of Aurora A in regulating the Ras-MAPK 
signaling mediated by isoforms of Ras in various 
cellular environment (Figure 2C). Considering that gain-
of-function Ras alterations drive 30% of cancers, the 
ability for Aurora A to interact with these Ras isoforms 
provides a basis for the general impact of Aurora A 
overexpression in cancer. Our data support a role of 
Aurora A in enhancing the Ras signaling, possibly also 
on K-Ras and N-Ras beyond H-Ras, which may trigger 
positive regulatory circuits through induced Aurora 
A expression. This regulatory circuit may serve as a 
potential target for therapeutic exploitations in cancers 
of different tissue types, such as K-Ras-driven lung 
cancers and N-Ras-driven melanoma. The observed 
requirement of active Ras for Aurora A-triggered 
ERK pathway stimulation implies a potential cancer 
cell specific event mediated by the Aurora A/Ras 
connectivity (Figure 3C). It is tempting to speculate 
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that such an Aurora A/Ras interface may be particularly 
vulnerable in tumors driven by activating mutant Ras. 
Thus, the Aurora A/Ras connectivity may offer a new 
targeting site for future therapeutic discovery.

Our finding that Aurora A interacts with Ras 
isoforms adds to previous reports of binding between 
Aurora family proteins and other GTPases and Ras-
binding proteins. Aurora A interacts with RalA [47], 
Aurora A and B bind Ras GAP [54, 55], and Aurora B 
binds MgcRacGAP [56]. Both Aurora A and B have been 
implicated in cancer, thus the confirmation that Aurora 
B is also able to interact with H-Ras also expands the 
implications of this work and compliments studies in 
which Aurora B was found to associate with Survivin and 
RasGAP, and to stabilize Ras expression [53]. At this state, 
it remains unclear if Aurora B interacts with H-Ras while 
in complex with Survivin, or independently.

Raf-1 was identified to associate with Aurora A 
and other cell cycle machinery during mitosis [57, 58]. 
This led to the idea that Raf-1 may also exert MAPK-
independent roles. Our finding reveals that Aurora A forms 
a protein complex with H-Ras and Raf-1, also placing the 
Aurora A/Raf-1 interaction in the context of Ras-MAPK 
signaling. The association of Aurora A with H-Ras does 
not appear to compete with H-Ras/Raf-1 binding and in 
fact, enhances the protein complex. Since the Aurora A/H-
Ras/Raf-1 complex does not form and MAPK signaling is 
not stimulated without active H-Ras, we were also able to 
show that H-Ras activity is required for Aurora A-induced 
Ras-MAPK signaling.

Beyond the interactions we discovered, how 
Aurora A leads to enhanced Ras-MAPK signaling 
remains to be established. It is possible that the Aurora 
A/H-Ras interaction may increase GEF activity, prevent 
GAP activity, or induce an active conformation of 
H-Ras. Ras G12V is a mutant of Ras that binds GAP but 
is unable to hydrolyze GTP. Because we were able to 
demonstrate that co-expression of Aurora A and H-Ras 
G12V also enhances ERK activation, the mechanism of 
action of Aurora A may be Ras-GAP independent despite 
reports that both Aurora A and Aurora B both associate 
with Ras GAP [55, 59].

Attempts to directly target Ras proteins for cancer 
treatment have been largely unsuccessful in the clinic 
[59, 60]. Another opportunity to inhibit Ras signaling 
is by targeting protein-protein interactions that affect 
the regulation of Ras. Therefore, our identification 
of the novel interaction between Aurora A and H-Ras 
as a mechanism by which Aurora A can activate Ras-
MAPK signaling opens the way for studies into 
perturbation of the Aurora A/H-Ras interaction and 
the effect on Ras-MAPK signaling. Evidence from 
these future studies would suggest that the interactions 
between Aurora A and Ras may serve as a therapeutic 
target in cancer.

MATERIALS AND METHODS

Cell culture

HEK 293T and MCF7 cells were utilized in 
the described experiments (American Type Culture 
Collection, Manassas, VA). HEK 293T and MCF7 
cells were cultured in DMEM (Corning, MT10013CV, 
Manassas, VA) with 10% FBS (Sigma, F6178, St. Louis, 
MO) and 1% pen/strep at 5000 I.U/ml penicillin and 5000 
μg/ml streptomycin (Corning, 30-001-Cl, Manassas, VA). 
Between passages, cells were trypsinized with 0.25% 
Trypsin with 2.21 mM EDTA (Corning, 25-053-Cl, 
Manassas, VA). All cells were maintained at 37°C in a 
humidified atmosphere of 5% CO2.

Antibodies

Primary antibodies used for western blotting include 
Flag M2 at 1:3000 (Sigma, F3165, St. Louis, MO), Flag-
HRP at 1:1000 (Sigma, A8592, St. Louis, MO), GST Z-5 at 
1:3000 (Santa Cruz, sc-459, Dallas, TX), rabbit GST-HRP 
at 1:1000 (Sigma, A7340, St. Louis, MO), Aurora kinase 
A at 1:500 (Cell Signaling, 4718, Boston, MA), rabbit 
pERK and ERK (Cell Signaling, 4370, 9102, respectively, 
Boston, MA), pMEK and MEK (Cell Signaling, 9154, 
4694, respectively, Boston, MA), pRaf-1 (Cell Signaling, 
9427, Boston, MA) and Raf-1 (Santa Cruz, sc-133, Dallas, 
TX) at 1:1000, and Ras (BD Transduction Laboratories, 
610002, San Jose, CA) at 1:1000. Secondary antibodies 
include goat anti-rabbit IgG (Santa Cruz, sc-2004, Dallas, 
TX) and goat anti-mouse IgG (Santa Cruz, sc-2005, 
Dallas, TX) and were used at either 1:2500 or 1:5000 
dilutions. Antibodies used for immunoprecipitation 
include Aurora A (Sigma, A1231, St. Louis, MO), Ras 
(ThermoScientific, MA1-012X, Waltham, MA), and IgG 
(Santa Cruz, sc-2027, Dallas, TX) at 1:50 dilution.

Pharmacological inhibitors

Sorafenib p-Toluenesulfonate Salt (S-8502) and 
U0126 (U-6770) inhibitors were obtained from LC 
Laboratories (Woburn, MA). Compounds were dissolved 
in dimethyl sulfoxide (DMSO) as 10 mM stock and stored 
at −20°C. Cells were treated for 24 hours with 10 μM of 
compounds diluted in DMSO.

Serum starvation

MCF7 cells were plated in a 24-well plate at 1x105 
cells per well and cultured in 600 μl of complete medium 
(as described, DMEM with 10% FBS and 1% Penicillin/
Streptomycin). Cells were then transfected 24 hours after 
plating. Complete media was replaced with DMEM media 
without FBS supplementation (serum free media) 24 
hours after transfection. Samples were collected for the 
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0 minutes-post serum stimulation time point following 
24 hours in serum-free media. Then, serum (10% FBS) 
was added to all remaining wells. Remaining cells were 
collected at time points 5, 10, 15, 45, and 90 minutes after 
serum stimulation. Cells were collected directly into 1X 
SDS loading buffer, boiled for 5 minutes, and subjected to 
SDS-PAGE and western blotting.

Transfections

For experiments with ectopically expressed proteins, 
HEK 293Ts were transfected using X-tremeGENE (Roche, 
06366546001, Basel, Switzerland). MCF7 cells were 
transfected with FugeneHD (Promega, E2312, Madison 
WI). Plated cells were transfected at a density of 60-80% 
confluency and performed with a ratio of 3 μl transfection 
reagent to 1 μg DNA to 100 μl of serum-free media. DNA 
was mixed at appropriate concentrations prior to the 
addition of serum-free DMEM. Transfection reagent was 
then added and incubated at room temperature for 15 and 
20 minutes (X-tremeGENE and FugeneHD, respectively). 
Transfection complexes were then added drop-wise to 
plated cells.

Plasmid construction

All plasmids of full length and truncated proteins 
were constructed using Gateway® technology (Invitrogen, 
Waltham, MA) per the manufacturer’s protocols. For 
GST-tagged and Venus-Flag tagged plasmids used for 
Time Resolved-Föster Resonance Energy Transfer (TR-
FRET) and glutathione-S-transferase (GST) pull-downs, 
pDEST27 and pFUW vectors were used as destination 
cloning vectors, respectively. Amino (N-Venus) and 
carboxy (C-Venus) plasmids used for Venus protein-
fragment complementation assay (PCA) were generated 
previously in the lab. Aurora A or H-Ras cDNA was PCR 
amplified and inserted into the pDONR201 (Invitrogen) 
vector using a BP reaction to generate entry cloning vectors. 
A LR reaction was used to clone the desired DNA into the 
appropriate destination vectors. Constructs were verified 
by restriction digest using BSRGI (NEB, R0575L, Ipswich, 
MA) or FastDigest Bsp1407I (ThermoScientific, FD0933, 
Waltham, MA), both cutting at the T^GTACA attB1 and 
attB2 (entry clone) or attR1 and attR2 (destination vector) 
recombination sites, and DNA sequencing. Clones in 
pDEST-27 (GST) vectors were sequenced with forward 
primer 5′-AAGCCACGTTTGGTGGTG-3′ and the 
standard T7 reverse primer. Clones in pFUW (Venus-
Flag) vectors were sequenced with forward primer 
5′-CGATCACATGGTCCTGCTG-3′ and the standard SP6 
reverse primer.

Site-directed mutagenesis

Site-directed mutagenesis was performed on the 
GST H-Ras vector to create the catalytically-inactive 

mutant (S17N) using the QuikChange™ Site-Directed 
Mutagenesis Kit according to the manufacturer’s 
protocol (Agilent Technologies, 210519, Santa Clara, 
CA). The H-Ras S17N mutant was generated using the 
oligonucleotide forward primer 5′-GGCGGTGTGGG
CAAGAATGCGCTGACCATC-3′ and reverse primer 
5′-GATGGTCAGCGCATTCTTGCCCACACCG
CC-3′. Successful mutagenesis was confirmed by DNA 
sequencing as described previously.

Protein-protein interaction studies

TR-FRET assay

TR-FRET was performed in 384-well black solid 
bottom plates (Corning Costar, 3654, Manassas, VA) in 
a total volume of 30 μL in each well. Briefly, HEK 293T 
cells were transfected as described above. Cells were 
lysed using 0.5% NP-40 lysis buffer (0.5% NP-40, 150 
mM NaCl, 10 mM HEPES, and Phosphatase Inhibitor 
Cocktail (Sigma, P5726, St. Louis, MO) and Protease 
Inhibitor Cocktail (Sigma, P8340, St. Louis, MO)). 
Lysates were collected and centrifuged at 13,500 g for 
10 minutes at 4°C to remove cellular debris. Cleared 
cell lysates were serially diluted in FRET buffer (20 mM 
Tris, pH 7.0, 0.01% Nonidet-P40, and 50 mM NaCl) in a 
384-well plate, bringing the final volume of diluted cell 
lysate to 15 μL per well. Then, 15 μL of diluted anti-
GST-Terbium antibody (Cisbio US Inc, 61GSTTLB, 
Bedford, MA) was added to all wells at a final dilution 
of 1:1000. The TR-FRET signals were detected with an 
EnVision Multilabel plate reader (PerkinElmer) with 
laser excitation at 337 nm, emission1 at 486 nm and 
emission2 at 520 nm. TR-FRET signal is expressed 
as ratio and calculated by the following equation: TR-
FRET signal = F520/F486 × 104, where F486 and F520 
are fluorescence counts at 520 nm and 486 nm for Venus 
and terbium emission signal, respectively. Data were 
presented as mean with standard deviation calculated 
from duplicate samples.

GST pull-down

Cells were seeded in to a 6-well plate and allowed 
to reach 60-80% confluency. Cells were then harvested 
by adding 200 μL of 0.5% NP-40 lysis buffer to each 
well, collected by scraping, transferred to an eppendorf 
tube, and incubated at 4°C for 30 minutes. Lysis buffer 
components consisted of 0.5% NP-40, 150 mM NaCl, 
10 mM HEPES lysis buffer, and Phosphatase Inhibitor 
Cocktail (Sigma, P5726, St. Louis, MO) and Protease 
Inhibitor Cocktail (Sigma, P8340, St. Louis, MO) at 
1:1000. After incubation, lysates were centrifuged to 
remove cellular debris. After removing 20 μl of the lysate 
for an input control and the debris pellet, 20 μl of a 50% 
glutathione-conjugated sepharose bead slurry (Glutathione 
Sepharose 4B, Fisher Scientific, 50197956, Atlanta, GA) 
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was added to the remaining lysate and incubated by slowly 
rotating for 3-4 hours at 4°C. Beads were then washed 
three times in 0.5% NP-40 lysis buffer by inverting 8 
times with 200 μl of fresh lysis buffer added each time. 
GST-bound protein complexes were then eluted by the 
addition of 20 μl of 2x SDS loading buffer, boiled for 5 
minutes, resolved by SDS-PAGE subjected to western 
blotting along with input controls.

Venus protein-fragment complementation assay

Cells were seeded into 24-well plates and 
transfected at 60% confluency with N-Venus or C-Venus 
constructs. After 24 hours, cell nuclei were stained with 
the addition of Hoechst 33342 (Fisher Scientific, H1399, 
Atlanta, GA) at 5 μg/ml. Images were then acquired using 
the ImageXpressMicro automated imaging high-content 
imaging system (Molecular Devices) with 20X objective. 
The standard filter set for FITC (excitation 482/35 nm and 
emission 536/40 nm) and DAPI (excitation 337/50 nm 
and emission 447/60 nm) was used for Venus and Hoechst 
33342 imaging, respectively. The number of green (Venus) 
and total cells (Hoechst 33342) from the images were 
calculated using the Metamorph Analysis Cell Scoring 
module and presented as percent of Venus positive cells 
compared to the total number of cells.

Co-immunoprecipitation

Cells were seeded in 15 cm dishes and grown to 
confluency. Cells were then washed with PBS and lysed 
in 0.5% NP-40 lysis buffer containing protease inhibitors 
(as previously mentioned), then incubated on ice for 30 
minutes. Lysates were then centrifuged for clarification 
at 4°C. To preclear, protein A/G beads (Santa Cruz, 
sc-2003, Dallas, TX) were added and rotated with 
lysates for 30 minutes at 4°C. Cleared lysates were 
then transferred to a new tube for immunoprecipitation 
where they were then incubated with antibodies against 
Aurora A, Ras, or IgG at 1:50 dilution for 16 hours at 
4°C, followed by adding 25 μl of protein A/G beads 
and rotating for an additional 8 hours. Aurora A or Ras 
immunocomplexes on beads were washed three times 
with 0.5% NP-40 lysis buffer containing protease 
inhibitors and eluted into 2X SDS loading buffer prior 
to SDS-PAGE and western blot analysis.

Western blotting

Cell lysates were subjected to western blot 
analysis following protein separation by SDS-PAGE 
(10% acrylamide gels) and subsequent transfer to PVDF 
membranes at 100V for 1.5 hours. Membranes were 
blocked in TBST (50 mM Tris, 137 mM NaCl, 0.05% 
Tween, pH 7.6) containing 5% dry milk for 30 minutes 
– 1 hour at ambient temperature, then incubated at 4°C 

or ambient temperatures with primary antibodies diluted 
in 5% milk in TBST. After primary antibody incubation, 
membranes were washed three times with TBST for 5 
minutes each, then incubated with secondary antibody 
for 1 hour at ambient temperatures. For HRP conjugated 
antibodies, membranes were blocked with milk, then 
washed three times with TBST for 10 minutes each, 
then incubated with GST-HRP or Flag-HRP for 1 hour. 
Membranes were then washed three times with TBST 
for 10 minutes each and chemiluminescent signal (West 
Pico, West Dura (ThermoScientific, PI34080 or PI34076, 
respectively, Waltham, MA) or ECL (Amersham, 84-
839, San Diego, CA) was added for 5 minutes prior to 
developing by autoradiography. Proteins with the Venus-
Flag epitope tag were detected by blotting with anti-Flag 
antibody.

ACKNOWLEDGMENTS

We would like to thank members of the Fu lab 
and the the Emory Chemical Biology Discovery Center 
for their critical evaluation of the manuscript, helpful 
comments and experimental assistance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

GRANT SUPPORT

This research was supported by NIH NCI 
U01CA168449, Georgia Research Alliance, and Winship 
Cancer Institute NIH 5P30CA138292.

REFERENCES

1. Fernandez-Medarde A, Santos E. Ras in cancer and 
developmental diseases. Genes Cancer. 2011; 3:344-358. 
doi: 10.1177/1947601911411084.

2. Khosravi-Far R, Der CJ. The Ras signal transduction 
pathway. Cancer Metastasis Rev. 1994; 1:67-89.

3. Shih TY, Papageorge AG, Stokes PE, Weeks MO, Scolnick 
EM. Guanine nucleotide-binding and autophosphorylating 
activities associated with the p21src protein of Harvey 
murine sarcoma virus. Nature. 1980; 5784:686-691.

4. Sweet RW, Yokoyama S, Kamata T, Feramisco JR, 
Rosenberg M, Gross M. The product of ras is a GTPase 
and the T24 oncogenic mutant is deficient in this activity. 
Nature. 1984; 5983:273-275.

5. Lowy DR, Willumsen BM. Function and regulation of ras. 
Annu Rev Biochem. 1993; 62:851–91.

6. Trahey M, McCormick F. A cytoplasmic protein stimulates 
normal N-ras p21 GTPase, but does not affect oncogenic 
mutants. Science. 1987; 4826:542-545.



Oncotarget28370www.impactjournals.com/oncotarget

7. Xu GF, Lin B, Tanaka K, Dunn D, Wood D, Gesteland R, 
White R, Weiss R, Tamanoi F. The catalytic domain of 
the neurofibromatosis type 1 gene product stimulates ras 
GTPase and complements ira mutants of S. cerevisiae. Cell. 
1990; 4:835-841.

8. Scheffzek K, Lautwein A, Kabsch W, Ahmadian MR, 
Wittinghofer A. Crystal structure of the GTPase-activating 
domain of human p120GAP and implications for the 
interaction with Ras. Nature. 1996; 6609:591-596.

9. Taparowsky E, Suard Y, Fasano O, Shimizu K, Goldfarb 
M, Wigler M. Activation of the T24 bladder carcinoma 
transforming gene is linked to a single amino acid change. 
Nature. 1982; 5894:762-765.

10. Reddy EP, Reynolds RK, Santos E, Barbacid M. A point 
mutation is responsible for the acquisition of transforming 
properties by the T24 human bladder carcinoma oncogene. 
Nature. 1982; 5888:149-152.

11. Tabin CJ, Bradley SM, Bargmann CI, Weinberg RA, 
Papageorge AG, Scolnick EM, Dhar R, Lowy DR, Chang 
EH. Mechanism of activation of a human oncogene. Nature. 
1982; 5888:143-149.

12. Feig LA, Cooper GM. Inhibition of NIH 3T3 cell 
proliferation by a mutant ras protein with preferential 
affinity for GDP. Mol Cell Biol. 1988; 8:3235-3243.

13. Rodriguez-Viciana P, Warne PH, Dhand R, Vanhaesebroeck 
B, Gout I, Fry MJ, Waterfield MD, Downward J. 
Phosphatidylinositol-3-OH kinase as a direct target of Ras. 
Nature. 1994; 6490:527-532.

14. D’Adamo DR, Novick S, Kahn JM, Leonardi P, Pellicer 
A. rsc: a novel oncogene with structural and functional 
homology with the gene family of exchange factors for Ral. 
Oncogene. 1997; 11:1295-1305.

15. Moodie SA, Willumsen BM, Weber MJ, Wolfman A. 
Complexes of Ras. GTP with Raf-1 and mitogen-activated 
protein kinase kinase. Science. 1993; 5114:1658-1661.

16. Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ, 
Mansuy D, Pouyssegur J, Yaniv M, Mechta-Grigoriou F. 
JunD reduces tumor angiogenesis by protecting cells from 
oxidative stress. Cell. 2004; 6:781-794.

17. Roux PP, Ballif BA, Anjum R, Gygi SP, Blenis J. Tumor-
promoting phorbol esters and activated Ras inactivate 
the tuberous sclerosis tumor suppressor complex via p90 
ribosomal S6 kinase. Proc Natl Acad Sci U S A. 2004; 
37:13489-13494.

18. Furukawa T, Kanai N, Shiwaku HO, Soga N, Uehara A, 
Horii A. AURKA is one of the downstream targets of 
MAPK1/ERK2 in pancreatic cancer. Oncogene. 2006; 
35:4831-4839.

19. Bolanos-Garcia VM. Aurora kinases. Int J Biochem Cell 
Biol. 2005; 8:1572-1577.

20. Kelly KR, Ecsedy J, Mahalingam D, Nawrocki ST, 
Padmanabhan S, Giles FJ, Carew JS. Targeting aurora 
kinases in cancer treatment. Curr Drug Targets. 2011; 
14:2067-2078.

21. Cowley DO, Rivera-Perez JA, Schliekelman M, He YJ, 
Oliver TG, Lu L, O’Quinn R, Salmon ED, Magnuson T, 
Van Dyke T. Aurora-A kinase is essential for bipolar spindle 
formation and early development. Mol Cell Biol. 2009; 
4:1059-1071.

22. Bischoff JR, Plowman GD. The Aurora/Ipl1p kinase family: 
regulators of chromosome segregation and cytokinesis. 
Trends Cell Biol. 1999; 11:454-459.

23. Lens SM, Voest EE, Medema RH. Shared and separate 
functions of polo-like kinases and aurora kinases in cancer. 
Nat Rev Cancer. 2010; 12:825-841.

24. Suzuki A, Fukushige S, Nagase S, Ohuchi N, Satomi S, 
Horii A. Frequent gains on chromosome arms 1q and/
or 8q in human endometrial cancer. Hum Genet. 1997; 
5-6:629-636.

25. Lehman NL, O’Donnell JP, Whiteley LJ, Stapp RT, 
Lehman TD, Roszka KM, Schultz LR, Williams CJ, 
Mikkelsen T, Brown SL, Ecsedy JA, Poisson LM. Aurora 
A is differentially expressed in gliomas, is associated 
with patient survival in glioblastoma and is a potential 
chemotherapeutic target in gliomas. Cell Cycle. 2012; 
3:489-502.

26. Li D, Zhu J, Firozi PF, Abbruzzese JL, Evans DB, Cleary 
K, Friess H, Sen S. Overexpression of oncogenic STK15/
BTAK/Aurora A kinase in human pancreatic cancer. 
Clinical cancer research: an official journal of the American 
Association for Cancer Research. 2003; 3:991-997.

27. Katayama H, Sasai K, Kawai H, Yuan ZM, Bondaruk J, 
Suzuki F, Fujii S, Arlinghaus RB, Czerniak BA, Sen 
S. Phosphorylation by aurora kinase A induces Mdm2-
mediated destabilization and inhibition of p53. Nat Genet. 
2004; 1:55-62.

28. Otto T, Horn S, Brockmann M, Eilers U, Schuttrumpf 
L, Popov N, Kenney AM, Schulte JH, Beijersbergen R, 
Christiansen H, Berwanger B, Eilers M. Stabilization 
of N-Myc is a critical function of Aurora A in human 
neuroblastoma. Cancer Cell. 2009; 1:67-78.

29. Burum-Auensen E, Deangelis PM, Schjolberg AR, Roislien 
J, Andersen SN, Clausen OP. Spindle proteins Aurora A 
and BUB1B, but not Mad2, are aberrantly expressed in 
dysplastic mucosa of patients with longstanding ulcerative 
colitis. J Clin Pathol. 2007; 12:1403-1408.

30. Lassus H, Staff S, Leminen A, Isola J, Butzow R. 
Aurora-A overexpression and aneuploidy predict poor 
outcome in serous ovarian carcinoma. Gynecol Oncol. 
2011; 1:11-17.

31. Zeng B, Lei Y, Zhu H, Luo S, Zhuang M, Su C, Zou J, Yang 
L, Luo H. Aurora-A is a novel predictor of poor prognosis 
in patients with resected lung adenocarcinoma. Chin J 
Cancer Res. 2014; 2:166-173.

32. Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, 
Angenendt P, Mankoo P, Carter H, Kamiyama H, Jimeno 
A, Hong SM, Fu B, Lin MT, et al. Core signaling pathways 



Oncotarget28371www.impactjournals.com/oncotarget

in human pancreatic cancers revealed by global genomic 
analyses. Science. 2008; 5897:1801-1806.

33. Smit VT, Boot AJ, Smits AM, Fleuren GJ, Cornelisse CJ, 
Bos JL. KRAS codon 12 mutations occur very frequently 
in pancreatic adenocarcinomas. Nucleic Acids Res. 1988; 
16:7773-7782.

34. Tseng YS, Tzeng CC, Huang CY, Chen PH, Chiu AW, 
Hsu PY, Huang GC, Wang YC, Liu HS. Aurora-A 
overexpression associates with Ha-ras codon-12 mutation 
and blackfoot disease endemic area in bladder cancer. 
Cancer letters. 2006; 1:93-101.

35. Tseng YS, Lee JC, Huang CY, Liu HS. Aurora-A 
overexpression enhances cell-aggregation of Ha-ras 
transformants through the MEK/ERK signaling pathway. 
BMC cancer. 2009; 435.

36. Wan XB, Long ZJ, Yan M, Xu J, Xia LP, Liu L, Zhao Y, 
Huang XF, Wang XR, Zhu XF, Hong MH, Liu Q. Inhibition 
of Aurora-A suppresses epithelial-mesenchymal transition 
and invasion by downregulating MAPK in nasopharyngeal 
carcinoma cells. Carcinogenesis. 2008; 10:1930-1937.

37. Du Y, Havel JJ. (2012). Time-resolved fluorescence 
resonance energy transfer technologies in HTS: Cambridge 
University Press.

38. Kanda A, Kawai H, Suto S, Kitajima S, Sato S, Takata T, 
Tatsuka M. Aurora-B/AIM-1 kinase activity is involved 
in Ras-mediated cell transformation. Oncogene. 2005; 
49:7266-7272.

39. Chambard JC, Lefloch R, Pouyssegur J, Lenormand P. ERK 
implication in cell cycle regulation. Biochim Biophys Acta. 
2007; 8:1299-1310.

40. Marshall CJ. Specificity of receptor tyrosine kinase 
signaling: transient versus sustained extracellular signal-
regulated kinase activation. Cell. 1995; 2:179-185.

41. Klein A, Jung V, Zang KD, Henn W, Montenarh M, 
Kartarius S, Steudel WI, Urbschat S. Detailed chromosomal 
characterization of the breast cancer cell line MCF7 with 
special focus on the expression of the serine-threonine 
kinase 15. Oncol Rep. 2005; 1:23-31.

42. Quilliam LA, Kato K, Rabun KM, Hisaka MM, Huff SY, 
Campbell-Burk S, Der CJ. Identification of residues critical 
for Ras(17N) growth-inhibitory phenotype and for Ras 
interaction with guanine nucleotide exchange factors. Mol 
Cell Biol. 1994; 2:1113-1121.

43. Pirkmajer S, Chibalin AV. Serum starvation: caveat emptor. 
Am J Physiol Cell Physiol. 2011; 2:C272-279.

44. Tatsuka M, Sato S, Kitajima S, Suto S, Kawai H, Miyauchi 
M, Ogawa I, Maeda M, Ota T, Takata T. Overexpression 
of Aurora-A potentiates HRAS-mediated oncogenic 
transformation and is implicated in oral carcinogenesis. 
Oncogene. 2005; 6:1122-1127.

45. Biran A, Brownstein M, Haklai R, Kloog Y. Downregulation 
of survivin and aurora A by histone deacetylase and RAS 
inhibitors: a new drug combination for cancer therapy. 
International journal of cancer. 2011; 3:691-701.

46. Hadj-Slimane R, Pamonsinlapatham P, Herbeuval JP, 
Garbay C, Lepelletier Y, Raynaud F. RasV12 induces 
Survivin/AuroraB pathway conferring tumor cell apoptosis 
resistance. Cellular signalling. 2010; 8:1214-1221.

47. Lim KH, Brady DC, Kashatus DF, Ancrile BB, Der CJ, Cox 
AD, Counter CM. Aurora-A phosphorylates, activates, and 
relocalizes the small GTPase RalA. Mol Cell Biol. 2010; 
2:508-523.

48. Marampon F, Gravina GL, Popov VM, Scarsella L, 
Festuccia C, La Verghetta ME, Parente S, Cerasani M, 
Bruera G, Ficorella C, Ricevuto E, Tombolini V, Di Cesare 
E, et al. Close correlation between MEK/ERK and Aurora-B 
signaling pathways in sustaining tumorigenic potential and 
radioresistance of gynecological cancer cell lines. Int J 
Oncol. 2014; 1:285-294.

49. Patel AV, Eaves D, Jessen WJ, Rizvi TA, Ecsedy JA, Qian 
MG, Aronow BJ, Perentesis JP, Serra E, Cripe TP, Miller 
SJ, Ratner N. Ras-driven transcriptome analysis identifies 
aurora kinase A as a potential malignant peripheral nerve 
sheath tumor therapeutic target. Clinical cancer research: 
an official journal of the American Association for Cancer 
Research. 2012; 18:5020-5030.

50. Perez de Castro I, Aguirre-Portoles C, Martin B, Fernandez-
Miranda G, Klotzbucher A, Kubbutat MH, Megias D, 
Arlot-Bonnemains Y, Malumbres M. A SUMOylation 
Motif in Aurora-A: Implications for Spindle Dynamics and 
Oncogenesis. Front Oncol. 2011; 50.

51. Porcu G, Wilson C, Di Giandomenico D, Ragnini-Wilson A. 
A yeast-based genomic strategy highlights the cell protein 
networks altered by FTase inhibitor peptidomimetics. Mol 
Cancer. 2010; 197.

52. Puig-Butille JA, Badenas C, Ogbah Z, Carrera C, Aguilera 
P, Malvehy J, Puig S. Genetic alterations in RAS-regulated 
pathway in acral lentiginous melanoma. Exp Dermatol. 
2013; 2:148-150.

53. Temme A, Diestelkoetter-Bachert P, Schmitz M, 
Morgenroth A, Weigle B, Rieger MA, Kiessling A, Rieber 
EP. Increased p21(ras) activity in human fibroblasts 
transduced with survivin enhances cell proliferation. 
Biochemical and biophysical research communications. 
2005; 3:765-773.

54. Pamonsinlapatham P, Hadj-Slimane R, Raynaud F, Bickle 
M, Corneloup C, Barthelaix A, Lepelletier Y, Mercier P, 
Schapira M, Samson J, Mathieu AL, Hugo N, Moncorge 
O, et al. A RasGAP SH3 peptide aptamer inhibits RasGAP-
Aurora interaction and induces caspase-independent tumor 
cell death. PloS one. 2008; 8:e2902.

55. Gigoux V, L’Hoste S, Raynaud F, Camonis J, Garbay C. 
Identification of Aurora kinases as RasGAP Src homology 
3 domain-binding proteins. The Journal of biological 
chemistry. 2002; 26:23742-23746.

56. Minoshima Y, Kawashima T, Hirose K, Tonozuka Y, 
Kawajiri A, Bao YC, Deng X, Tatsuka M, Narumiya S, May 
WS, Jr. Nosaka T, Semba K, Inoue T, et al. Phosphorylation 



Oncotarget28372www.impactjournals.com/oncotarget

by aurora B converts MgcRacGAP to a RhoGAP during 
cytokinesis. Dev Cell. 2003; 4:549-560.

57. Chen J, Fujii K, Zhang L, Roberts T, Fu H. Raf-1 promotes 
cell survival by antagonizing apoptosis signal-regulating 
kinase 1 through a MEK-ERK independent mechanism. 
Proc Natl Acad Sci U S A. 2001; 14:7783-7788.

58. Mielgo A, Seguin L, Huang M, Camargo MF, Anand S, 
Franovic A, Weis SM, Advani SJ, Murphy EA, Cheresh 

DA. A MEK-independent role for CRAF in mitosis and 
tumor progression. Nat Med. 2011; 12:1641-1645.

59. Stephen AG, Esposito D, Bagni RK, McCormick F. 
Dragging ras back in the ring. Cancer Cell. 2014; 3:272-281.

60. Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. 
Drugging the undruggable RAS: Mission possible? Nat Rev 
Drug Discov. 2014; 11:828-851.


