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Abstract 

Constitutively active mutations in the Gαi2 and GαoA subunits of heterotrimeric G proteins have been 

identified in several human cancers including breast cancer, but their functional significance in tumorigenesis 

and metastasis has not been well characterized. In this study, we show that expression of the constitutively 

active GαoAR243H and Gαi2R179C mutants alone was insufficient to induce mammary tumor formation in 

mice. However, in transgenic mouse models of breast cancer induced by Neu expression or PTEN loss, we 

found that the Gαi2R179C mutant enhanced spontaneous lung metastasis while having no effect on primary 

tumor initiation and growth. Additionally, we observed that ectopic expression of the GαoAR243H and 

Gαi2R179C mutants in tumor cells promote cell migration in vitro as well as dissemination into multiple organs 

in vivo by activating c-Src signaling. Thus, our study uncovers a critical function of Gi/o signaling in 

accelerating breast cancer metastasis via the c-Src pathway. This work is clinically significant, as it can 

potentially pave the way to personalized therapies for patients who present with active Gαi/o mutations or 

elevated Gαi/o signaling by targeting c-Src to inhibit breast cancer metastasis. 
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Introduction 

Breast cancer is the most commonly diagnosed cancer in women (1). As of 2020, breast cancer surpassed 

lung cancer to become the most prevalent form of cancer worldwide (1). In the United States, approximately 1 

in 8 women is expected to be diagnosed with breast cancer in her lifetime (1). Despite major and rapid advances 

in therapeutic approaches, breast cancer remains the leading cause of death from malignant tumors among 

women. Metastasis is the major cause of tumor mortality. While the average 5-year survival rate for localized 

breast cancer is 99%, it falls to only 29% for advanced breast cancer diagnoses with distant metastasis 

(www.cancer.org). Since currently available therapies have very limited efficacy in treating metastatic disease, 

further research into the mechanisms of tumor metastasis is crucial. Understanding these mechanisms on a 

molecular level is critical for developing novel therapies that will ultimately improve the survival rates of 

advanced breast cancer patients.  

G protein coupled receptors (GPCRs) are the largest cell surface receptor family that regulates diverse 

cellular processes and functions (2). GPCRs transmit signals through heterotrimeric G proteins that consist of 

G, G and G subunits. Based on sequence and functional similarity of G subunits, heterotrimeric G proteins 

are divided into four major subclasses: Gi/o, Gs, Gq/11 and G12/13 (3, 4). GPCRs regulate diverse cellular 

processes including cell recognition, proliferation and motility. Not surprisingly, dysregulated GPCR and G 

protein signaling has been implicated in cancer initiation, progression, and metastasis (5). 

Current data suggest that more than 20% of tumors contain mutations in GPCRs and G proteins (6). 

Activating mutations in GNAQ, GNA11 and GNAS have been shown to act as oncogenic drivers to promote 

tumorigenesis in several tumor types including uveal melanomas, intestinal cancers, and pancreatic 

adenocarcinomas (7-12). Previous work has also identified several activating mutations in the G subunits of 

the Gi/o subclass, specifically GNAI2 (R179C and R179H) and GNAO1 (R209C and R243H), in multiple tumor 

types including ovarian and adrenal tumors (13), as well as breast cancer and leukemia (14-16). A recent study 

by Song et al. has established the role of GNAO1 R209C in tumorigenesis of acute lymphoblastic leukemia 

(16). However, the functional significance of the other Gi/o mutants remains to be determined in clinically 

relevant tissues and models in vivo. 

Our previous work found that many Gi/o-coupled GPCRs are upregulated in breast cancer, and the 

upregulated Gi/o-coupled GPCRs play a significant role in HER2-induced breast tumor initiation, growth, and 

metastasis (17, 18). Gi/o-coupled GPCRs can transmit signals through both the dissociated Gαi/o and Gβγ 

subunits. We and others previously showed that G serves as a point of convergence for many Gi/o-coupled 

GPCR signals mediating breast cancer growth and metastasis (19, 20), but the role of Gαi/o signaling in breast 

cancer progression remains to be characterized. In this study, we investigate the function of activating Gαi/o 

mutations in breast cancer development, using cell lines and transgenic models. Our experiments revealed that 

the active Gi2R179C and GoAR243H mutants alone were insufficient to induce breast cancer formation. In 

the transgenic mouse models of breast cancer induced by Neu expression or PTEN loss, the Gi2R179C mutant 

enhanced spontaneous lung metastasis but did not affect mammary tumor formation and growth. Additional 

data showed that the active Gi2R179C and GoAR243H mutants promote breast cancer metastasis through 

activation of the c-Src pathway. Together, our study not only elucidates the function of active GNAI2 and 

GNAO1 mutations in breast cancer metastasis but also provides compelling evidence to suggest that targeting 

the c-Src pathway may be an effective way to block tumor metastasis in breast cancer patients with active Gi/o 

mutants or elevated Gi/o signaling. 

 

Results 

The active Gi2R179C and GoAR243H mutants alone are insufficient to induce mammary tumor 

formation. 

To determine the role of the Gi2R179C and GoAR243H mutants in breast cancer formation, we 

expressed each of these mutants in a mammary epithelial cell line stably expressing firefly luminescence, 
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MCF10A-FLU, using a doxycycline-inducible system (Figure 1A). As observed in Figure 1B, inducing 

expression of either Gi2R179C or GoAR243H in MCF10A cells activated c-Src and STAT3 as previously 

reported for GoAR243H in NIH3T3 cells (15). Activation of both c-Src and STAT3 was successfully blocked 

using the specific inhibitors, saracatinib (Sara) and STAT3-IN-1 (STAT3i), respectively. Interestingly, 

inhibition of c-Src by saracatinib did not affect STAT3 activation by Gi2R179C and GoAR243H. Similarly, 

inhibition of STAT3 by STAT3-IN-1 had no effect on c-Src activation (Figure 1B). These observations suggest 

that Gi2R179C and GoAR243H activate c-Src and STAT3 through independent mechanisms.  

In 2D cell culture, MCF10A cells expressing Gi2R179C or GoAR243H grew faster than control cells 

expressing GFP (Figure 1C). However, when grown in Matrigel, these cells did not show a significant 

difference in growth (Figure 1D). We then implanted MCF10A cells expressing either GFP, Gi2R179C, or 

GoAR243H into the mammary gland of nude mice. After monitoring the mice for tumor growth over a period 

of four months, using mammary palpation and highly sensitive bioluminescence imaging, we found that none of 

the cells formed detectable tumors in any of the mice (Figure 1E). These results suggest that activation of Gi/o 

signaling alone is insufficient to drive the formation of breast tumors. 

To further confirm these findings, we generated mice to selectively express Gi2R179C in the mammary 

gland using the tetO promoter system. We crossed transgenic mice carrying Gi2R179C under the tetO 

promoter with transgenic mice expressing the transactivator, tTA, from the mammary gland-specific MMTV 

promoter, MMTV-tTA. Western blot comparison of mammary glands from 5-month-old mice expressing tTA 

alone and tTA/ Gi2R179C (Gi2R179C) confirmed Gi2R179C expression in the tTA/Gi2R179C mice in the 

absence of doxycycline treatment (Figure 2A). Neither the littermate control (tTA) mice, nor Gi2R179C mice 

formed palpable tumors for up to 20 months. Additionally, whole-mount in situ staining of mammary glands 

extracted from 3- and 13-month-old tTA and Gi2R179C 2 mice did not reveal any differences in morphology 

(Figure 2B). This indicates that Gi2R179C does not affect normal mammary development and does not induce 

mammary gland hyperplasia. Together, these results indicate that activating mutations in GNAI2 or GNAO1 

alone are insufficient to induce breast cancer formation. 

Gi/o signaling promotes breast cancer metastasis 

Since Gi/o-GPCR signaling is upregulated in HER2+ breast cancer, we further explored the role of 

elevated Gi/o signaling in Neu tumor formation. We generated trigenic mice, tTA/Gi2R179C/Neu (Neu/ 

Gi2R179C), by crossing tTA/Gi2R179C mice with MMTV-Neu (Neu) transgenic mice, which selectively 

express an activated rat ErbB2/HER2 homologue in their mammary glands. The Neu mice spontaneously 

formed mammary tumors, which then metastasized to the lungs. The median time for tumor formation in the 

Neu mice (167 days) was not significant different from the Neu/ Gi2R179C mice (174 days) (Figure 2A). 

There was also no significantly difference between tumor growth in Neu mice compared to Neu/ Gi2R179C 

mice (Figure 2C). However, Gi2R179C significantly increased the number of Neu-induced lung metastases 

(Figure 2D). 

To test whether the Gi2R179C mutant might regulate the progression of breast cancer that has already 

been induced by other existing genetic abnormalities, such as deletion of the tumor suppressor gene, PTEN 

(Phosphatase And Tensin Homolog), we crossed tTA/Gi2R179C mice with transgenic mice exhibiting 

mammary gland-specific deletion of one PTEN allele (MMTV-Cre/PTENfl/+; PTEN+/-). As seen in Figure 3A, 

PTEN+/- mice generated mammary tumors after an extended latency (407 days) compared to Neu mice (167 

days). Following a similar trend as we saw previously with Neu/ Gi2R179C mice, Gi2R179C expression in 

PTEN+/- mice (PTEN+/- /Gi2R179C) did not affect PTEN loss-induced tumor onset and growth (Figure 3A and 

3B), but it did significantly increase the number of lung metastases (Figures 3C and 3D). These results suggest 

that although Gi signaling is not required for the primary growth of mammary tumors, it is critical in the 

metastasis of tumors to distant organs. 
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We then question whether GoA signaling may play a similar role as Gi signaling in promoting breast 

tumor metastasis. To this end, we injected Neu cells expressing inducible GFP or GoAR243H into the left 

ventricle of nude mice to mimic the metastatic spread of tumor cells into multiple organs. Beginning 

immediately after injection, the mice were continuously fed with doxycycline-containing chow to induce GFP 

and GoAR243H expression. Bioluminescence imaging showed that the GoAR243H-injected mice exhibited 

enhanced tumor growth compared to the GFP-injected mice (Figure 4A). While all the injected mice formed 

tumors in multiple organs, in particular the lung, there were significantly more metastatic tumors found in the 

mice injected with GoAR243H-expressing Neu cells (Figure 4B). These results therefore confirm that GoA 

signaling is also important in tumor metastasis. 

To understand the mechanisms by which Gi and GoA signaling promote tumor metastasis, we 

determined their impact on cell proliferation and migration. Neu cells expressing GFP, Gi2R179C, and 

GoAR243H grew at a similar rate, showing no significant difference in proliferation capacity (Figure 4C). 

Notably, however, the Neu cells expressing Gi2R179C or GoAR243H exhibited enhanced trans-well 

migration ability compared to cells expressing GFP (Figure 4D). This difference is evident in the basal state but 

is amplified upon treatment with LPA. Data from wound-healing assays also demonstrated increased migration 

capacity of Gi2R179C and GoAR243H expressing cells compared to cells expressing GFP (Figure 4E). These 

results suggest that Gi/o signaling may promote tumor metastasis by enhancing tumor cell motility.  

Gi/o signaling promotes tumor metastasis via the c-Src pathway 

We showed previously that Gi/o-coupled GPCRs transactivate EGFR and HER2, and that their signaling 

converges at the AKT and c-Src pathways to promote Neu-induced breast cancer growth and metastasis (17). 

Western blotting analysis shows that, compared with Neu tumors, Gi2R179C tumors showed significantly 

increased phosphorylation of EGFRY1068 and c-SrcY416 but no significant changes in phosphorylation of 

HER2Y1221/1222, STAT3Y705 and AKTS473 (Figure 5A and 5B). Similarly, phosphorylation of c-SrcY416, but not 

AKTS472, STAT3Y705 and EGFRY1068, was significantly increased in PTEN+/- /Gi2R179C tumors as compared 

to PTEN+/- tumors (supplemental Figure 1A and 1B). These findings suggest that Gi/o signaling might be 

involved in Gi/o-GPCR-stimulated c-Src activation, and in a context-dependent manner, EGFR transactivation. 

Additional immunoblotting data showed that phosphorylation of EGFRY1068 and c-SrcY416 was increased 

in Neu cells expressing Gi2R179C or GoAR243H, as compared to Neu cells expressing GFP (Figure 5C). In 

contrast, there appears to be no significant difference in AKTS473, STAT3Y705 and HER2Y1221/1222 

phosphorylation (Figure 5C). Furthermore, treatment of Neu cells with the Src-specific inhibitor, saracatinib, 

abolished the observed increase in both c-SrcY416 and EGFRY1068 phosphorylation in Neu cells expressing 

Gi2R179C or GoAR243H. This finding suggests that EGFR is likely a downstream target for transactivation 

by c-Src. This proposition was corroborated by the finding that EGFRY1068 phosphorylation was increased after 

inducing expression of a constitutively active c-Src mutant, c-SrcY527F in Neu cells (Figure 5D). 

We then sought to identify the mechanisms by which Gi2R179C and GoAR243H may activate c-Src. 

We first considered the possibility of the G subunit being involved. Theoretically, the active Gi/o mutants 

could release free G subunits, which could activate c-Src independent of the Gi/o subunits (21). To test this, 

we inhibited G signaling by overexpressing Gt, a scavenger of G in Neu cells as we previously reported 

(20). As expected, overexpression of Gt suppressed LPA-stimulated ERK phosphorylation, which is known to 

be activated by G (20), in Neu cells expressing GFP or Gi2R179C (supplemental Figure 2A). However, the 

enhanced c-Src activation in Neu cells expressing Gi2R179C or GoAR243H was unaffected by Gt 

overexpression (supplemental Figure 2B). These findings indicate that the active Gi2R179C and GoAR243H 

mutants activate c-Src independent of the dissociated G subunits.  

We then pursued the idea that Gαi2R179C and GαoAR243H may activate c-Src by direct interaction as 

previously reported for Gαi (22). We performed co-immunoprecipitation assays with Neu cell lysates and found 

that Gαi2R179C and GαoAR243H interacted with c-Src, but not Gβγ (Figure 5E). Transwell migration assays 

also showed that overexpression of Gt or G protein coupled receptor kinase 2 (GRK2-ct), another 
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G scavenger, did not affect the enhanced Neu cell migration induced by GoAR243H (supplemental Figure 

2C). Suppression of c-Src by saracatinib, however, abolished the enhanced cell migration by Gi2R179C and 

GoAR243H while not significantly altering the migration of GFP-expressing cells (Figure 6A). These results 

indicate that Gi2R179C and GoAR243H promote tumor cell migration via the c-Src pathway.  

To validate our suppositions in vivo, we established tumor metastases in multiple organs by injecting Neu 

cells expressing GFP or GoAR243H into the left ventricle of nude mice and feeding them doxycycline-

containing chow to induce GFP and GoAR243H expression. Eight days post-injection, the mice were treated 

with a vehicle control or saracatinib and tumor growth was monitored by bioluminescence imaging. As 

measured by whole-body bioluminescence intensity, saracatinib treatment did not affect the growth of GFP-

expressing Neu tumors but diminished the enhanced growth of GoAR243H-expressing Neu tumors (Figure 6B. 

Moreover, the overall survival of mice injected with either GFP- or GoAR243H-expressing Neu cells was 

significantly increased by saracatinib (Figure 6C; 20 and 20 days for vehicle control vs 28 and 25 days for 

saracatinib, respectively). At the end of the treatment for two weeks, ex vivo bioluminescence imaging of key 

tissues from the mice harvesting GFP tumors showed that GFP tumors primarily grew in the lung and heart and 

saracatinib treatment significantly reduced tumor growth in these tissues (Figure 6D). Together, these results 

indicate that Gi/o signaling can accelerate Neu tumor metastasis via the c-Src pathway.  

 

Discussion 

In this study, we demonstrated that overexpression of the constitutively active Gi2R179C or 

GoAR243H mutant alone in mammary epithelial cells is insufficient to induce mammary tumor formation but 

can cooperate with Neu/HER2 hyperactivation or PTEN deficiency to drive tumor metastasis. Somatic GNAI2 

R179C and GNAO1 R243H mutations have been found in human cancers, including ovarian and adrenal 

tumors as well as breast cancer (13-15). Although these mutants were shown to promote oncogenic 

transformation and anchorage-independent growth of fibroblasts or mammary epithelia cells in vitro, their 

function as oncogenes has never been characterized in relevant tissues in vivo. Thus, our study provides the first 

evidence for the significant role of these mutants in breast cancer progression.  

Notably, the active Gi2R179C and GoAR243H mutants selectively affect breast tumor cell migration 

and tumor metastasis but have no effect on tumor cell proliferation in vitro. The Gi2R179C mutant also shows 

no significant effect on tumor initiation and growth in the two different genetic mouse models of breast cancer, 

Neu overexpression and PTEN deficiency. The mechanisms by which Gi2R179C and GoAR243H selectively 

enhance tumor cell migration and tumor metastasis are unclear but may be related to their ability to activate 

only a limited number of pathways. Indeed, in Neu cells and tumor samples, Gi2R179C and GoAR243H 

primarily enhance c-Src and EGFR transactivation. This is in stark contrast to our previous data showing that 

Gi/o-coupled receptor signaling contributes to the activation of multiple pathways, including c-Src and AKT, 

and transactivation of both EGFR and HER2 (17). The activation of additional pathways by Gi/o-GPCRs likely 

involve G subunits liberated from heterotrimeric Gi/o proteins since activation of heterotrimeric Gi/o proteins 

by GPCRs generates both functional Gi/o and G subunits and G is known to be involved in PI3K/AKT 

activation (3, 4, 23-25). Moreover, we and others have established that G signaling is critical for breast cancer 

cell growth and migration induced by multiple Gi/o-GPCRs (20, 24). Given that blocking Gi/o-coupled receptor 

signaling not only delays Neu-induced tumor initiation, but also suppresses tumor growth and metastasis (17), 

Gi/o-coupled GPCRs likely signal through both Gi/o and G to accelerate breast tumor progression. While 

Gi/o signaling primarily drives tumor metastasis, G signaling may promote both primary tumor growth and 

metastasis.  

Our data indicate that Gi2R179C and GoAR243H primarily activate the c-Src pathway to promote 

tumor metastasis. In breast tumor cells and tissues, overexpression of Gi2R179C and GoAR243H enhanced c-

Src activation. These findings are consistent with several reports that active GoA mutants can activate c-Src in 

fibroblasts (15, 26). The activation of c-Src by Gi2R179C and GoAR243H does not seem to involve G since 
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co-expression with a G scavenger has no effect on c-Src activation. Rather, Gi2R179C and GoAR243H may 

activate c-Src by direct interaction as previously reported for active Gi since they are co-immunoprecipitated 

with c-Src in breast tumor cells (22). We cannot, however, exclude the possibility that there are other proteins 

mediating or regulating this interaction.  

The activation of c-Src by Gi2R179C and GoAR243H is functionally important since blocking c-Src 

activation with a specific inhibitor, saracatinib, suppresses the mutant-promoted tumor cell migration in vitro 

and metastatic spread of tumor cells to multiple organs in vivo. Saracatinib, however, has no significant effect 

on Neu-driven tumor cell migration and tumor metastasis, although it significantly improves the survival of Neu 

mice. The reason for the differential effect of saracatinib on GFP tumor growth and overall survival is unclear 

but may be related to the inhibition of metastatic tumor growth in critical organs such as the lung and heart, as 

indicated by ex vivo bioluminescence imaging of the tissues from the surviving mice at the end of the 

experiments. These results suggest that Neu-driven tumor metastasis may involve multiple redundant signaling 

pathways and combining Src inhibition with other therapeutic reagents may be required for effectively blocking 

Neu tumor metastasis.  

We also found that activation of c-Src by Gi2R179C and GoAR243H causes EGFR transactivation in 

Neu cells and Neu tumors, supporting a functional interaction between c-Src and EGFR as previously reported 

(27). However, although Gi2R179C also enhances c-Src activation in PTEN tumors, it does not cause EGFR 

transactivation, suggesting the role of c-Src in EGFR transactivation is context dependent. Since Gi2R179C 

promotes tumor metastasis in both Neu and PTEN tumor models, these results also suggest that the 

transactivation of EGFR by c-Src is not essential for Gi2R179C- and GoAR243H-promoted tumor metastasis. 

Once activated, c-Src can interact with various substrates and effectors, including STAT3, to promote 

tumor cell proliferation, migration, and invasion (28, 29). Previous studies showed that the active Gi2 and GoA 

mutants can induce oncogenic transformaton of NIH3T3 fibroblasts via the c-Src-stimulated STAT3 pathway 

(26, 30). We found that Gi2R179C and GoAR243H can activate STAT3 in MCF10A cells but have no effects 

in Neu cells. Moreover, the expression of Gi2R179C enhances c-Src but not STAT3 activation in Neu and 

PTEN+/- tumors. The activation of STAT3 by Gi2R179C and GoAR243H in MCF10A cells also does not 

seem to involve c-Src. These findings suggest that the activation of STAT3 by the Gi2 and GoA mutants is 

likely to be cell type dependent. Further studies are required to identify the downstream effectors of c-Src that 

mediate Gi2R179C- and GoAR243H-promoted tumor cell migration and metastasis. 

In conclusion, we demonstrate through both in vitro and in vivo studies that active Gαi/o mutants 

accelerate breast cancer metastasis via the c-Src pathway. In addition to mutations in Gαi/o genes, multiple Gi/o-

coupled receptors and Gαi/o proteins are frequently upregulated in many cancers including breast cancer (6, 17, 

31). Moreover, the activity of c-Src is increased in a variety of neoplastic tissues and targeting c-Src has been 

proposed as a promising strategy for blocking breast cancer metastasis (29, 32-34). Given that tumor metastasis 

is a major cause of cancer mortality, our findings that c-Src is a key mediator of Gi/o signaling in promoting 

tumor metastasis have important ramifications in the development of personalized therapies to improve the 

survival of breast cancer patients with active Gαi/o mutants or enhanced Gαi/o signaling. 

 

Methods 

Reagents 

Saracatinib was obtained from LC Laboratories. Antibodies for EGFR (no. 2232), phospho-EGFRY1068 

(no. 3777), EGFR (no. 4267), HER2 (no. 2165), phospho-HER2Y1221/1222 (no. 2243), AKT (no. 4685), phospho-

AKTS473 (no. 4060), Src (no. 2109), phospho-SrcY416 (no. 6943), ERK1/2 (no. 4696) and phospho-

ERK1/2T202/Y204 (no. 4370) were obtained from Cell Signaling Technology; GADPH (sc-47724) from Santa 

Cruz Biotechnology; mouse anti-ee antibody (no. 901801) from Biolegend. 

Cell lines 
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Neu cells were generated from tumors formed by the transgenic mice, MMTV-c-Neu, and cultured in 

DMEM media containing 10% FCS. Cell lines were tested for Mycoplasma using a Mycoplasma Detection kit 

(ATCC). MCF10A cells were purchased from the ATCC, and cultured in DMEM/F12 media containing 5% 

horse serum supplemented with EGF at 20ng/ml, hydrocortisone at 500ng/ml, cholera toxin at 100ng/ml, and 

insulin at 10g/ml. Each cell line was cryopreserved at low passage numbers (less than six passages after 

receipt) and used in experiments for a maximum of 18 passages. 

Plasmid 

The lentiviral vector (Tet-CA-Src-GFP) for tetracycline-inducible expression of the GFP-tagged, 

constitutively active Src mutant, Src/Y527F, was obtained from Addgene (item #83469). Gi2R179C and 

GoAR243H mutants were constructed using pcDNA3.1 wild-type human ee-tagged-Gi2- and ee-tagged-GoA 

plasmids as template (cDNA Resource Center) and Q5 Site-directed mutagenesis kit (New England BioLabs). 

The lentiviral vector for tetracycline-inducible expression of the Gi2R179C and GoAR243H mutants was 

constructed by first cloning Gi2R179C and GoAR243H from pcDNA3.1 to pENTR vector (Thermofisher 

Scientific) and then into the destination vector pLIX_402 (Addgene, item #41394) using the Gateway cloning 

system.  

The adenovirus vectors for Gt and GRK2ct were constructed by first cloning Gt and GRK2ct into the 

pENTR vector and then into the destination vector, pAd/CMV/DEST (Thermofisher Scientific), using the 

Gateway cloning system. 

Lentiviral production 

Lentiviruses were generated in HEK293FT cells as described previously (23). Lentiviruses collected 

from the cell culture supernatants were concentrated using the Lenti-X-concentrator (Takara Bio). 

Adenoviral production and transduction 

Adenoviruses were generated in HEK293A cells using the ViraPower Adenoviral Expression System 

(Thermofisher Scientific) and purified with a CsCl2 density gradient combined with ultracentrifugation. 

Transduction of Neu cells was conducted by incubation of cells with purified adenoviruses overnight. 

Establishment of stable cell lines 

The MCF10A and Neu cells were transduced with lentiviruses encoding GFP-tagged SrcY527F, GFP, 

Gi2R179C, or GoAR243H, and selected with puromycin (2 g/ml) for at least 1 week to establish stable lines. 

Cell proliferation and viability assays 

Cell proliferation in two-dimensional culture or in Matrigel was analyzed as we described previously (17, 

23). Cell viability was quantified using AlamarBlue (Thermo Fisher Scientific) assays as per the manufacturer’s 

instructions.   

Cell migration and wound healing assays 

Transwell migration and wound healing assays were performed as we described previously (17, 23). To 

exclude the influence of cell proliferation, cells were treated with 5 g/ml mitomycin. 

Western blotting analysis 

Protein lysates were prepared from cells and tumor tissues and analyzed by Western blotting as we 

described. Blots were imaged using the iBright 1500 (Thermo Fisher Scientific) or Odyssey (LI-COR 

Biotechnology) imaging system (17, 23).  

Co-immunoprecipitation assay 

Neu cells were lysed in modified RIPA buffer containing 50mM Tris-HCl, 150mM NaCl, 1mM EDTA 

and 1% Triton, pH 7.4 as we reported previously. Cell lysates were incubated overnight at 4 oC with mouse 

anti-ee antibodies pre-bound to Dynabeads protein G (Thermo Fisher Scientific(. The immunoprecipitated 

protein complex was analyzed by Western blotting. 
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Mouse studies 

MMTV-c-Neu (no. 005038), TetO-Gi2R179C (no. 017333), MMTV-Cre (n0. 003553) and PTENfl/fl 

(no. 034621) mice were purchased from the Jackson Laboratory and MMTV-tTA mice were obtained from Dr. 

Wagner’s laboratory (50). All mice were in the FVB/N genetic background. Mice were genotyped by PCR as 

reported previously (24, 50, 51). Female mice were kept as virgins throughout the experiments. To determine 

tumor onset, mice were checked twice per week by palpation beginning four months after birth. To assess tumor 

progression, the largest tumor was measured weekly by caliper. To evaluate lung metastasis, the lung was 

harvested once the largest tumor reached a size of 2 cm in diameter and was perfused and fixed with 4% 

paraformaldehyde before paraffin embedding. The number of metastases in the lung was analyzed by serial 

sectioning followed by HE staining. 

To generate metastatic mouse models, Neu cells (~5x 105 in 100 l of phosphate-buffered saline) 

expressing luciferase and doxycycline-inducible GFP or GoAR243H were injected into 6–8-week-old female 

nude mice (Charles River) via left ventricle. Immediately post-injection, bioluminescence imaging was 

performed to confirm successful injection. Mice were then continuously fed with a doxycycline-containing diet 

(TD.01306; ENVIGO) to induce target gene expression. Tumor growth was monitored by bioluminescence 

imaging of the mice at both dorsal and ventral positions as we reported previously. To determine the effect of c-

Src inhibition, mice were administered with saracatinib (25mg/kg, daily gavage) dissolved in 2% DMSO, 30% 

PEG300 and H2O, eight days post-injection.  

Statistics 

Data were expressed as mean ± SEM. Statistical comparisons between groups were analyzed by two tail 

Student’s t test or ANOVA (P<0.05 was considered significant). The survival curves were analyzed according 

to the Kaplan‒Meier method. 

Study approval 

All animal studies were conducted in accordance with an IACUC-approved protocol at the University of 

Iowa. 
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Figure 1. The active Gi/o mutants alone are insufficient to cause neoplastic transformation of mammary 

epithelial cells. A-B, representative immunoblots showing the expression of Gi2R179C and GoAR243H in 

MCF10A cells (A) and activation of c-Src and STAT3 by phosphorylation of SrcY416 and STAT3Y705 in 

MCF10A cells treated with vehicle control (CT), 2 M of saracatinib (sara) and STAT3-IN-1 (STAT3i) (B). C-

D, the effect of Gi2R179C and GoAR243H expression on the growth of MCF10A cells in 2D culture (C) and 

in Matrigel (D).  E, representative images showing the absence of tumor formation in nude mice orthotopically 

implanted with MCF10A cells expressing GFP, Gi2R179C or GoAR243H. *, **,*** p<0.05, 0.01 and 0.001 

vs. GFP, n=4-6. One-way ANOVA was used for statistical analysis in this Figure. 
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Figure 2. Expression of Gi2R179C neither induces mammary tumor formation nor affects HER2-driven 

primary tumor development, but accelerates lung metastasis.  A, tumor-free survival curves of mice 

expressing tTA, tTA/Gi2R179C (Gi2R179C), tTA/Neu (Neu), and tTA/Neu/Gi2R179C (Neu/ Gi2R179C), 

and representative immunblots showing ee-tagged Gi2R179C expression in the mammary gland and Neu 

tumors. B, whole-mount in situ staining showing the morphology of the mammary glands from 3 and 13-month-

old tTA and Gi2R179C mice. C, Neu and Neu/Gi2R179C tumor growth curves. D, a graph to show the 

number of lung metastases and images representative of HE-stained lung metastasis (indicated by arrows) from 

the transgenic Neu and Neu/Gi2R179C mice. Two tail unpaired Student’s t test was used for statistical analysis 

in this Figure. 
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Figure 3. Expression of Gi2R179C enhanced PTEN deficiency-driven lung metastasis.  A, tumor-free 

survival curves of MMTV-Cre/PTENfl/+ (PTEN+/-) and MMTV-Cre/PTENfl/+/MMTV-tTA/Gi2R179C 

(PTEN+/-/Gi2R179C) mice. B, PTEN+/- and PTEN+/-/Gi2R179C tumor growth curves. C-D, a graph to show 

the number of lung metastases (C) and images representative of HE-stained lung metastases (indicated by 

arrows) (D) from PTEN+/- and PTEN+/-/Gi2R179C mice. Two tail unpaired Student’s t test was used for 

statistical analysis in this Figure. 
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Figure 4. Effects of Gi2R179C and GoAR243H on Neu cell growth and migration and tumor metastasis.  

A-B, the tumor growth curves of Neu cells expressing GFP or GoAR243H injected into nude mice via left 

ventricle (A) and representative bioluminescence images of mice at the dorsal (top) and ventral (bottom) 

positions (B). C, the in vitro growth curves of Neu cells expressing GFP, Gi2R179C, or GoAR243H. D, basal 

and LPA (10 M)-stimulated transwell migration of Neu cells expressing GFP, Gi2R179C, or GoAR243H. E, 

wound healing assay data of Neu cells expressing GFP, Gi2R179C, or GoAR243H. *, **p<0.05 and 0.01 vs 

GFP basal; #, & p<0.05 and 0.01 vs GFP LPA.  Two-way and one-way ANOVA were used for statistical analysis 

in Figure D and E, respectively.   
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Figure 5. Gi2R179C and GoAR243H activate c-Src and induce EGFR transactivation in tumor cells.  A-

B, Western blotting (A) showing increased phosphorylation of c-SrcY416 and EGFRY1068 and no change in 

phosphorylation of AKTs473, STAT3Y705 and HER2Y1221/1222 in Neu/Gi2R179C tumors as compared to Neu 

tumors. Each lane represents a sample from an individual tumor. The Western blotting data from A were 

quantified and expressed as the ratio of the phosphorylated to total proteins (B). Two tail unpaired Student’s t 

test was used for statistical analysis of the data in B, and p values are shown. C-D, Western blotting showing 

phosphorylation of the indicated proteins in Neu cells expressing GFP, Gi2R179C (Gi2) or GoAR243H 

(GoA) and treated with vehicle control (CT) or saracatinib (sara; 2 M) (C) and Neu cells overexpressing GFP 

or the constitutively active c-SrcY527F mutant (D). E, co-immunoprecipitation of ee-tagged Gi2R179C and 

GoAR243H with c-Src in Neu cells. Neu cells expressing GFP, Gi2R179C (Gi2) or GoAR243H (GoA) were 

immunoprecipitated with the anti-ee antibody and probed with the indicated antibodies. 
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Figure 6. The effects of saracatinib on Neu cell migration and tumor metastasis. A, transwell migration of 

Neu cells expressing GFP, Gi2R179C or GoAR243H and treated with vehicle (control) or saracatinib (2 M). 

*, ***p<0.05 and 0.001 vs GFP control; #p<0.05 vs Gi2R179C or GoAR243H control. B-C, the growth curves 

(B) and survival curves (C) of mice harvesting GFP and GoAR243H metastatic tumors and treated with vehicle 

or saracatinib (25mg/kg initially for 7 days and then 50mg/kg for the rest of treatment, gavage daily; sara). 

Two-way ANOVA was used for statistical analysis in Figure B and C (n=9-13).  Log-rank test was used for 

statistical analysis in Figure D (n=9-13). D, a graph showing the bioluminescence intensity of the indicated 

tissues measured via ex vivo bioluminescence imaging from the remaining mice harvesting GFP metastatic 

tumors and treated with vehicle (control) or saracatinib for two weeks. *p<0.05 vs vehicle. 
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