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Abstract 

 
Gα12 and Gα13 belong to the G12/13 subfamily of heterotrimeric guanine nucleotide-binding proteins. Much work 

has been done to identify downstream effectors and regulators of Gα12/13 due to their implication in many human 

cancers. p114RhoGEF is a downstream effector of Gα12 but not Gα13 that regulates the activity of the monomeric 

GTPase RhoA. Despite the existing evidence of p114RhoGEF interacting with Gα12 and RhoA, the mechanism of 

these interactions and the cellular functions they facilitate remain unknown. To understand the significance of the 

Gα12-p114RhoGEF-RhoA signaling cascade, we examined the ability of overexpressed wildtype-p114RhoGEF to 

drive signaling through four pathways implicated in growth and tumorigenic signaling (SRE, TEAD, NFκB, and AP1) 

in transcription-based firefly luciferase assays. We used the RhoA inhibitor, Clostridium botulinum C3 toxin, to 

determine which of these processes are RhoA-dependent. p114RhoGEF drove signaling through all pathways except 

AP1 and required functional RhoA to do so. The most dramatic effect was seen in SRE-luciferase assays, with 

luminometric readings over twice as high as in NFκB assays. p114RhoGEF also caused a small but reproducible 

increase in TEAD pathway stimulation as. These results demonstrate a role of p114RhoGEF and RhoA in stimulating 

three distinct transcriptional responses implicated in oncogenesis. Future work will include resolving the structural 

determinants of p114RhoGEF that mediate its interaction with Gα12 and RhoA, and examining whether Gα12 

increases p114RhoGEF’s ability to drive these pathways. Unraveling the mechanism of action in the Gα12-

p114RhoGEF-RhoA signaling cascade, as well as its underlying physical structure, could lead to the development of 

novel cancer therapeutic strategies. 
 

 

1. Introduction 

 
Guanine nucleotide binding proteins (G proteins) are responsible for driving a multitude of critical cellular events 

including hormone signaling, vertebrate development, neurologic development and function, muscle contractions, and 

cellular differentiation and proliferation1. In addition to their normal cellular roles, G proteins are also responsible for 

many human cancers2. The G-protein family is composed of several subfamilies, including Gi, G12/13, Gs, and Gq. 

In the G12/13 subfamily are the alpha subunits Gα12 and Gα133, which are the result of a gene duplication early in 

the evolution of vertebrates4. Although both subunits are in the same subfamily, Gα12 and Gα13 perform non-

redundant roles in the cell and interact with several unique effector proteins5. They exist as heterotrimers with β and 

γ subunits that associate with various transmembrane G protein coupled receptors (GPCRs) at the cytoplasmic 

interface of the cell. An assortment of ligands bind the GPCR on its extracellular binding domain, which activate the 

receptor and initiate a signaling cascade through Gα12/13. In the process of GPCR activation, the α subunit separates 

from the βγ dimer, exchanging its initially-bound GDPs for one of the many cytoplasmic GTPs1. The monomeric 

GTP-bound α subunit is then free to begin signaling through numerous downstream partners. As a consequence of 
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inherent GTPase activity, the α subunit can autocatalyze the hydrolysis of its bound GTP, and regulators of G protein 

signaling (RGS proteins) hasten this process by activating and enhancing the α subunit’s GTPase activity6.  

   The Meigs lab and others have identified many novel effectors of Gα12 and Gα134,5,7,8,9 (Fig. 1). Pinpointing 

downstream effectors of Gα12 is particularly important, as progress in this area lags behind that of Gα13, mainly due 

to the lack of a published crystal structure for Ga12 in complex with any of its target proteins10.  

 

 
 

Figure 1. A depiction of identified downstream effectors of the G12/13 subfamily of G proteins. Blue arrows denote 

a Gα13-specific binding partner, red arrows denote a Gα12-specific binding partner, and black arrows denote 

proteins that bind both Gα12 and Gα135. 

 

A major class of Gα12/13 effectors are the Rho guanine nucleotide exchange factors (RhoGEFs), which are targets of 

the active (GTP-bound) Gα subunits, and induces the RhoGEF to sequester and activate Rho11. These binding partners 

all contain an RGS-homology (RH) domain, which functions as a protein-binding domain6, mediating interactions 

between the RhoGEF and Gα12/134. A unique target of Gα12 is the A kinase anchoring protein (AKAP-Lbc), which 

does not contain an RH domain12, but contains other domains characteristic of Rho such as the tandem Dbl homology 

(DH) and pleckstrin homology (PH) domains6. Most RH-RhoGEFs preferentially bind Gα13, but a region of 257 

amino acids at the C-terminus of AKAP-Lbc was found by researchers to be necessary for its interaction with Gα129. 

Moreover, another non-RH RhoGEF, p114RhoGEF13, shares 47% identity to the Gα12-interaction site in AKAP-Lbc 

in a region of 106 amino acids located between residues 686-791. In these studies, p114RhoGEF preferentially 

interacted with Gα12 but not Gα13, suggesting a binding preference for Gα129. Further work involving amino acid 

substitutions in this region did not reveal any residues necessary for the p114RhoGEF- Gα12 interaction, though two 

constructs (E759R and E789K) did exhibit slight decrease in binding ability14. 

   p114RhoGEF serves as a GEF specific to RhoA, lacking affinity for other monomeric GTPases such as Rac or 

Cdc4213. Several cellular functions utilize p114RhoGEF (presumably in conjunction with Gα12 and RhoA). Normal, 

physiologic events involving p114RhoGEF include actin stress fiber formation and cytoskeletal rearrangements13, 

constructing protective F-actin assemblages at adherens junctions15, cellular locomotion and normal organ lumen 

formation16, and retinal development17. However, several detrimental pathologic effects and cancers also implicate 

p114RhoGEF, including driving metastasis and invasiveness of neuroblastoma cells18, loss of contact inhibition and 

induction of epithelial-to-mesenchymal transition in HeLa cells19, allowing amoeboid tumor cell locomotion20, and 

resulting in high lethality and poor prognosis when detected at high levels in some lung cancers21. The normal, 

physiologic functions of p114RhoGEF, particularly its ability to drive cytoskeletal reorganization and cellular 

migration, are ultimately the same functions that make it effective at driving cancer progression and metastasis13. 

   In the present study, we examine p114RhoGEF’s ability to drive four oncogenic pathways that lie downstream of 

Gα12 in human embryonic kidney cells (HEK293 cells) using dual firefly luciferase reporter assays. Previously, 

p114RhoGEF was shown to signal through the first pathway we chose, the serum response element (SRE) pathway13, 

and served as a positive control for the remaining three assays. The remaining reporter assays included three 
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transcription factor protein families implicated in several human cancers22, 23, 24: activating protein-1 (AP1), nuclear 

factor κ-B (NFκB), and the transcriptional enhanced associate domain (TEAD) reporter assays. The RhoA inhibitor, 

Clostridium botulinum C3 toxin25, was used to determine if any of these responses were Rho-dependent. The mere 

overexpression of p114RhoGEF was sufficient in stimulating these pathways, suggesting that like Gα12, mutational 

activation is not required for p114RhoGEF-mediated signaling. Uncovering the role of p114RhoGEF and its binding 

partners Gα12 and RhoA in cancer formation and progression could lead to novel cancer therapies, and the discovery 

of new Gα12 downstream effector proteins.  

 

 

2. Materials and Methods 

 

2.1 Cell Culture and Transfection 

 
HEK293 cells incubated in Dulbecco’s Modified Eagle’s Media (DMEM) with 10% fetal bovine serum albumin until 

approximately 90% confluence in either 16- or 24-well plates were transfected with 200 ng Renilla pRL-TK plasmid, 

200 ng SRE-luciferase plasmid (firefly), 200 ng reporter plasmid (SRE, NFκB, TEAD, or AP1) and a combination of 

either 50 ng p114RhoGEF-myc plasmid or 50 ng pcDNA.3.1+ negative control plasmid and either 25 ng RhoA 

inhibitor C. botulinum C3-toxin plasmid or 25 ng enhanced green fluorescent protein (EGFP) negative control 

plasmid. Cells were incubated an additional 24 hours post-transfection, and serum-starved by removing the original 

DMEM and replacing it with DMEM with no additions (Corning, Corning, NY). 
 

2.2 Luminometry 

 
After 16 hours, cells were rinsed with phosphate-buffered saline (PBS), and lysed using 1X passive lysis buffer 

(Promega, Madison, WI). Cell lysates were centrifuged at 16,000 x g for 1 minute, and the top 40 µL of the supernatant 

was measured for luminescence on a GloMax 20/20 luminometer (Promega, Madison, WI) using a Promega Dual-

Glo™ firefly luciferase assay kit. 
 

2.3 Protein Separation and Immunoblotting 

 
To analyze the expression levels of p114RhoGEF-myc, 20 µL of the remaining centrifuged cell lysate from the 

previous step were combined with 1M dithiothreitol (DTT) and 4X Laemmli buffer (Bio-Rad, Hercules, CA) and 

analyzed using SDS-polyacrylamide gel electrophoresis. Western blots were subsequently performed using 1000-

millipore anti-myc monoclonal primary antibody (mouse), and a 1:7500 dilution of anti-mouse polyclonal secondary 

antibody (rabbit). Blots were rinsed thrice in tris-buffered saline with 0.1% Tween20 (TBST) while on a platform 

shaker. Blots were developed colorimetrically using alkaline phosphatase (AP) buffer combined with 5-bromo-4-

chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) and stored in sterile 50 mL conical tubes filled 

with distilled deionized water. Blots were imaged using a Kodak Gel Logic 100 gel documentation instrument with 

CareStream software. 

 

 

3. Results 

 

3.1 Overexpressed wildtype p114RhoGEF drives RhoA-dependent signaling through SRE, 

TEAD, and NFκB 

 
Elevated levels of p114RhoGEF drive signaling through TEAD, SRE, and NFκB, but not AP1 (Fig. 2). Signaling to 

these pathways is RhoA-dependent, as the presence of the C. botulinum C3 toxin greatly reduced signaling (Fig. 3). 

p114RhoGEF is responsible for the luminescence of these reporter plasmid trials as the empty control plasmid 

pcDNA3.1+ did not show a significant increase in signaling compared to the experimental samples, except in the case 

of the AP1 samples (Figs. 2 and 3).  
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Figure 2. Firefly SRE-luciferase assays showing overexpressed wildtype p114RhoGEF’s ability to drive signaling 

through different oncogenic pathways compared against the empty vector plasmid pcDNA3.1+ without the presence 

of the RhoA inhibitor, Clostridium botulinum C3 toxin. This figure represents a single experiment that is representative 

of several replicate experiments. 

 

 
 

Figure 3. Firefly SRE-luciferase assays showing the effect of the Clostridium botulinum C3 toxin on overexpressed 

wildtype p114RhoGEF signaling through four cancer-causing pathways (TEAD, AP1, NFκB, and SRE). This figure 

represents a single experiment that is representative of several replicate experiments. 
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Figure 4. Western blots showing the expression levels of the p114RhoGEF-myc plasmid from the assays in figures 2 

and 3. PageRuler (ThermoFisher Scientific, Waltham, MA) ladder was used in lane 1 for the top blot and in lanes 1 

and 3 on the bottom blot. The four experimental treatments describe the combinations of plasmids in that sample (e.g., 

the p114+C3 label means that the p114RhoGEF-myc plasmid was combined with the C. botulinum C3 toxin for that 

sample, etc.). The reporter plasmid used for the corresponding samples is denoted with brackets (e.g., TEAD means 

that for all four of the corresponding samples, the TEAD reporter plasmid was added in those reactions). The bands 

present in the p114 lanes occur at the expected location, with some breakdown product present just above and below 

the bands at ~114 kDa.  

 

 

4. Discussion and Conclusion 

 
G proteins and their receptors are the target for many widely-used cancer drugs, so identifying their downstream 

effectors and the role they play in driving tumorigenesis is vital in developing effective cancer therapies2. The serum 

response element pathway was most responsive to p114RhoGEF, while the TEAD pathway showed a small but 

reproducible response. The AP1 pathway was not stimulated by p114RhoGEF or RhoA, suggesting Gα12 uses other 

intermediary proteins besides p114RhoGEF to signal to this pathway. Our results demonstrate for the first time that 

p114RhoGEF drives signaling through the TEAD and NFκB pathways and support the findings of previous studies 

showing that p114RhoGEF drives signaling through the SRE pathway13. It must be emphasized that the p114RhoGEF 

plasmid used in this study was not modified other than containing a myc tag for easy detection on a western blot; these 

pathways were stimulated by the mere overexpression of wildtype p114RhoGEF. Also, there was no additional Gα12 

or RhoA added or modified in these assays. Other studies have shown that overexpression of Gα12 and Gα13 is 
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enough to promote oncogenesis, and that mutational activation is not required26. Our findings suggest that, like 

Gα12/13, overexpressed p114RhoGEF is enough to drive signaling through known cancer-implicated pathways in 

cells. Taken together, these experiments reinforce p114RhoGEF’s place in the signaling cascades of Gα12 and RhoA. 

Future work should focus on creating a constitutively active form of p114RhoGEF, and targeted mutagenesis of 

p114RhoGEF to determine the mechanism behind its association with Gα12 and RhoA. Further research could reveal 

p114RhoGEF as an attractive cancer drug target because of its specificity for Gα12, and unravel the Gα12-

p114RhoGEF-RhoA signaling axis.  

 

 

5. Acknowledgments  

 
I wish to extend my gratitude to Joseph W. Martin for the p114RhoGEF-myc plasmid used in this study. I want to 

thank my lab mates Samantha Nance, Katherine Brown, Makenzy Mull, and Corrin O’Shea for always being willing 

and available to help me with laboratory procedures, data collection, and for making me feel welcome in the lab. I’d 

like to extend my gratitude to Dr. Matthew Greene, Dr. Rebecca Helm, and Mary Schultz for offering their 

constructive feedback and serving as my committee for this project. Finally, I cannot thank my advisor, Dr. Ted Meigs, 

enough for his patience, encouragement, and compassion throughout this project. I will be forever grateful that he 

took a chance on offering me a position in his prestigious and accomplished lab. I can only hope that I was able to 

make an impact, however slight, on Dr. Meigs and his lab as he has made an enormous impact on me as a scientist.   

 

 

6. References 

 
1. Offermanns, S. 2001. In vivo functions of heterotrimeric G-proteins: studies in Gα-deficient mice. 

Oncogene 20(13):1635-1642. Available at https://doi.org/10.1038/sj.onc.1204189 

2. O’Hayre, M., Inoue, A., Kufareva, I., Wang, Z., Mikelis, C.M., Drummond, R.A., Avino, S., Finkel, K., 

Kalim, K.W., Di Pasquale, G., Guo, F., Aoki, J., Zhang, Y., Lionakis, M.S., Molinolo, A.A., Gutkind, J.S. 2016. 

Inactivating mutations in GNA13 and RhoA in Burkitt’s lymphoma and diffuse large B-cell lymphoma: a tumor 

suppressor function for the Gα13/RhoA axis in B cells. Oncogene 35:3771-3780.  

3. Strathmann, M.P., Simon, M.I. 1991. Gα12 and Gα13 subunits define a fourth class of G protein α 

subunits. Proclamations of the National Academy of Sciences USA 88:5582-5586 

4. Meigs, T.E., Lyakhovich, A. 2012. G protein alpha 12. Encyclopedia of Signaling Molecules. S. Choi, 

editor, Springer Publishing. Available at https://doi.org/10.1007/978-3-319-67199-4 

5. Kelly, P., Casey, P.J., Meigs, T.E. 2007. Biologic functions of the G12 subfamily of heterotrimeric G 

proteins: growth, migration, and metastasis. Biochemistry 46:6677-6687. Available at 

https://doi.org/10.1021/bi700235f 

6. De Vries, L., Farquhar, M.G. 1999. RGS proteins: more than just GAPs for heterotrimeric G proteins. 

Trends in Cell Biology 9:138-144.  

7. Meigs, T.E., Fields, T.A., McKee, D.D., Casey, P.J. 2000. Interaction of Gα12 and Gα13 with the 

cytoplasmic domain of cadherin provides a mechanism for β-catenin release. Proclamations of the National 

Academy of Sciences 98(2):519-524. Available at www.pnas.org/cgi/doi/10.1073/pnas.021350998  

8. Ritchie, B.J., Smolski, W.C., Montgomery, E.R., Fisher, E.S., Choi, T.Y., Olson, C.M., Foster, L.A., 

Meigs, T.E. 2013. Determinants at the N- and C-termini of Gα12 required for activation of Rho-mediated signaling. 

Journal of Molecular Signaling 8:3. Available at http://www.jmolecularsignaling.com/content/8/1/3 

9. Martin, J.W., Cavagnini, K.S., Brawley, D.N., Berkley, C.Y., Smolski, W.C., Garcia, R.D., Towne, A.L., 

Sims, J.R., Meigs, T.E. 2016. A Gα12-specific binding domain in AKAP-Lbc and p114RhoGEF. Journal of 

Molecular Signaling 11(3):1-17 Available at http://dx.doi.org/10.5334/1750-2187-11-3 

10. Kreutz, B., Yau, D.M., Nance, M.R., Tanabe, S., Tesmer, J.J.G., Kozasa, T. 2006. A new approach to 

producing functional Gα subunits yields the activated and deactivated structures of Gα12/13 proteins. Biochemistry 

45:167-174 

11. Aittaleb, M., Boguth, C.A., Tesmer, J.J.G. 2010. Structure and function of heterotrimeric G protein-

regulated Rho guanine nucleotide exchange factors. Molecular Pharmacology 77(11):111-125. Available at 

https://dx.doi.org/10.1124/mol.109.061234  

12. Diviani, D., Soderling, J., Scott, J.D. 2001. AKAP-Lbc anchors protein kinase A and nucleates Gα12-

selective Rho-mediated stress fiber formation. The Journal of Biological Chemistry 276(47):44247-44257 

https://doi.org/10.1038/sj.onc.1204189
https://doi.org/10.1007/978-3-319-67199-4
http://www.pnas.org/cgi/doi/10.1073/pnas.021350998
http://www.jmolecularsignaling.com/content/8/1/3
http://dx.doi.org/10.5334/1750-2187-11-3
https://dx.doi.org/10.1124/mol.109.061234


53 

 

13. Blomquist, A., Schworer, G., Schlablowski, H., Psoma, A., Lehnen, M., Jakobs, K.H., Rumenapp, U. 2000. 

Identification and characterization of a novel Rho-specific guanine nucleotide exchange factor. Journal of 

Biochemistry 352:319-325 

14. Garcia, R. 2016. Characterizing Gα12 and p114RhoGEF’s specific interaction through site-directed 

mutagenesis. Proceedings of the National Conference on Undergraduate Research 2016 

15. Archarya, B.R., Nestor-Bergmann, A., Liang, X., Gupta, S., Duszyc, K., Gauquelin, E., Gomez, G.A., 

Budnar, S., Marcq, P., Jensen, O.E., Bryant, Z., Yap, A.S. 2018. A mechanosensitive RhoA pathway that protects 

epithelia against acute tensile stress. Developmental Cell 47:439-452. Available at 

https://doi.org/10.1016/j.devcel.2018.09.016 

16. Kim, M., Shewan, A.M., Ewald, A.J., Werb, Z., Mostov, K.E. 2015. p114RhoGEF governs cell motility 

and lumen formation during tubulogenesis through a ROCK-myosin-II pathway. The Journal of Cell Life Science 

128:4317-4327. Available at https://doi.org/10.1242/jcs.172361 

17. Arno, G., Carss, K.J., Hull, S., Zihni, C., Robson, A.G., Fiorentino, A., UK Inherited Retinal Disease 

Consortium, Hardcastle, A.J., Holder, G.E., Cheetham, M.E., Plagnol, V., NIHR Bioresource Rare Diseases 

Consortium, Moore, A.T., Raymond, F.L., Matter, K., Balda, M.S., Webster, A.R. 2017. Biallelic mutation of 

ARHGEF18, involved in the determination of apicobasal polarity, causes adult-onset retinal degeneration. The 

American Journal of Human Genetics 100:334-342. Available at https://dx.doi.org/10.1016/ajhg.2016.12.014 

18. Tsuji, T., Ohta, Y., Kanno, Y., Hirose, K., Ohashi, K., Mizuno, K. 2010. Involvement of p114-RhoGEF 

and Lfc in Wnt-3a- and Dishevelled-induced RhoA activation and neurite retraction in N1E-115 mouse 

neuroblastoma cells. Molecular Biology of the Cell 21(24):3590-3600. Available at 

http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E10-02-0095 

19. Loie, E., Charrier, L.E., Sollier, K., Masson, J., Laprise, P. 2015. CRB3A controls the morphology and 

cohesion of cancer cells through Ehm2/p114RhoGEF-dependent signaling. Molecular and Cellular Biology 

35(19):3423-3435. Available at https://dx.doi.10.1128/MCB.00673-15 

20. Terry, S.J., Elbediwy, A., Zihni, C., Harris, A.R., Bailly, M., Charras, G.T., Balda, M.S., Matter, K. 2012. 

Stimulation of cortical myosin phosphorylation by p114RhoGEF drives cell migration and tumor cell invasion. 

PLoS ONE 7(11):e50188. Available at https://dx.doi.org/10.1371/journal.pone.0050188 

21. Song, C., Gao, Y., Tian, Y., Han, X., Chen, Y., Tian, D. 2013. Expression of p114RhoGEF predicts lymph 

node metastasis and poor survival of squamous-cell lung carcinoma patients. Tumor Biology 34:1925-1933. 

Available at https://dx.doi.org/10.1007/s13277-013-0737-8 

22. Zhao, B., Ye, X., Yu, J., Li, L., Li, W., Li, S., Yu, J., Lin, J.D., Wang, C., Chinnaiyan, A.M., Lai, Z., Guan, 

K. 2008. TEAD mediates YAP-dependent gene induction and growth control. Genes & Development 22:1962-1971. 

Available at http://www.genesdev.org/cgi/doi/10.1101/gad.1664408 

23. Westwick, J.K., Weitzel, C., Minden, A., Karin, M., Brenner, D.A. 1994. Tumor necrosis factor α 

stimulates AP-1 activity through prolonged activation of the c-Jun kinase. The Journal of Biological Biochemistry 

269(42):26396-26401 

24. Soval, M.A., Bellas, R.E., Kim, D.W., Zanieski, G.J., Rogers, A.E., Traish, A.M. 1997. Aberrant nuclear 

factor-κB/Rel expression and the pathogenesis of breast cancer. Journal of Clinical Investigation 100(12):2952-

2960. Available at https://doi.org/10.1172/JCl119848 

25. Genth, H., Gerhard, R., Maeda, A., Amano, M., Kaibuchi, K., Aktories, K., Just, I. 2003. Entrapment of 

Rho ADP-ribosylated by Clostridium botulinum C3 exoenzyme in the Rho-guanine nucleotide dissociation 

inhibitor-1 complex. The Journal of Biological Biochemistry 278(31):28523-28527 

26. Suzuki, N., Hajicek, N., Kozasa, T. 2008. Regulation and physiological functions of G12/13-mediated 

signaling pathways. Neuro-Signals 17:55-70 

 

 

https://doi.org/10.1016/j.devcel.2018.09.016
https://doi.org/10.1242/jcs.172361
https://dx.doi.org/10.1016/ajhg.2016.12.014
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E10-02-0095
https://dx.doi.10.1128/MCB.00673-15
https://dx.doi.org/10.1371/journal.pone.0050188
https://dx.doi.org/10.1007/s13277-013-0737-8
http://www.genesdev.org/cgi/doi/10.1101/gad.1664408
https://doi.org/10.1172/JCl119848

