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Ras-mediated activation of mTORC2 promotes 
breast epithelial cell migration and invasion

ABSTRACT  We previously identified the mechanistic target of rapamycin complex 2 
(mTORC2) as an effector of Ras for the control of directed cell migration in Dictyostelium. 
Recently, the Ras-mediated regulation of mTORC2 was found to be conserved in mammalian 
cells, and mTORC2 was shown to be an effector of oncogenic Ras. Interestingly, mTORC2 has 
been linked to cancer cell migration, and particularly in breast cancer. Here, we investigated 
the role of Ras in promoting the migration and invasion of breast cancer cells through 
mTORC2. We observed that both Ras and mTORC2 promote the migration of different 
breast cancer cells and breast cancer cell models. Using HER2 and oncogenic Ras-trans-
formed breast epithelial MCF10A cells, we found that both wild-type Ras and oncogenic Ras 
promote mTORC2 activation and an mTORC2-dependent migration and invasion in these 
breast cancer models. We further observed that, whereas oncogenic Ras-transformed 
MCF10A cells display uncontrolled cell proliferation and invasion, disruption of mTORC2 
leads to loss of invasiveness only. Together, our findings suggest that, whereas the Ras-medi-
ated activation of mTORC2 is expected to play a minor role in breast tumor formation, the 
Ras-mTORC2 pathway plays an important role in promoting the migration and invasion of 
breast cancer cells.

INTRODUCTION
The mechanistic target of rapamycin complex 2 (mTORC2) plays an 
evolutionarily conserved role in controlling eukaryotic cell migra-
tion, in addition to regulating cell survival and the metabolism (Oh 
and Jacinto, 2011; Xie et al., 2018). mTORC2 is one of two com-
plexes formed by the kinase mTOR (Zhou and Huang, 2010). 
mTORC1 and mTORC2 have different substrates and functions in 
cells, which are determined by their mTORC-specific components 
that include raptor (mTORC1) and rictor (mTORC2). mTORC1 is a 
master regulator of cell growth, has been extensively studied, and 
much is understood about its biochemistry and regulation mecha-
nisms (Liu and Sabatini, 2020). On the other hand, less is known 
about how mTORC2 is activated and regulated, but evidence sug-
gests that different regulatory mechanisms are involved depending 
on the type of cell and stimulus (Smith et al., 2020). In the simple 
eukaryotic experimental model, Dictyostelium discoideum, others 
and we showed that mTORC2 is an effector of Ras proteins to pro-
mote directed cell migration toward cAMP (Sasaki and Firtel, 2006; 
Kamimura et al., 2008; Cai et al., 2010; Charest et al., 2010; Liao 
et  al., 2013; Khanna et  al., 2016). Importantly, the Ras-mediated 
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regulation of mTORC2 was found to be conserved in mammalian 
cells, with evidence suggesting that mTORC2 is a direct effector of 
oncogenic H-, N-, and K-Ras4A and 4B, the four predominant hu-
man Ras isoforms (Kovalski et al., 2019; Lone et al., 2019).

Whereas a role for mTORC2 in tumorigenesis is often linked to 
its regulation of cell survival and metabolism, mTORC2 has also 
been shown to promote cancer cell migration, including down-
stream from human epidermal growth factor 2 (HER2) in breast can-
cer cells (Masri et al., 2007; Gulhati et al., 2011; Kim et al., 2011; Li 
et al., 2012; Gupta et al., 2013; Maru et al., 2013; Bera et al., 2014; 
Wang et al., 2014, 2016, 2017; Bian et al., 2015; Chen et al., 2015; 
Daulat et al., 2016; Joly et al., 2016; Zhang et al., 2016; Morrison 
Joly et al., 2017; Butt et al., 2019). Ras is rarely mutated in breast 
cancer, but it is often up-regulated due to its own overexpression, 
the overexpression of the epidermal growth factor receptor (EGFR) 
and HER2, activating EGFR mutations, or mutations affecting regu-
lators of Ras (Clair et al., 1987; Galiè, 2019; von Lintig et al., 2000). 
Indeed, in addition to HER2-enriched breast cancer that displays 
amplification of HER2 (HER2+) including triple hormone receptor 
positive (estrogen receptor, progesterone receptor, and HER2; 
ER+PR+HER2+), ER and PR positive but HER2 negative breast can-
cer (ER+PR+), as well as triple negative breast cancer (TNBC) cells 
can display Ras hyperfunction (Galiè, 2019; von Lintig et al., 2000). 
Here, we investigated whether mTORC2 promotes cell migration 
and invasion downstream from Ras in transformed breast epithelial 
cells and breast cancer cells.

RESULTS
Ras and mTORC2 promote the migration of transformed 
breast epithelial cells
To investigate a role for Ras and mTORC2 in promoting the migra-
tion of breast cancer cells, we used MCF10A cells as an example of 
nontransformed breast epithelial cells, as well as HER2-expressing 
MCF10A cells as a model for HER2+ breast cancer cells. MCF10A 
cells have proven to be useful for investigating the specific effects of 
oncogenes and associated mechanisms implicated in epithelial 
tumor formation and progression (Debnath and Brugge, 2005). In 
addition, we used different breast cancer cell lines: MDAMB231 
(TNBC, K-Ras oncogenic mutant), MDAMB453 (TNBC), MCF7 
(ER+PR+), and SKBR3 (HER2+; Supplemental Table S1; Kao et al., 
2009; Lehmann et al., 2011; Dai et al., 2017).

We first tested the role of mTORC2 in the migration of breast 
epithelial and cancer cells using a 2D migration wound closure as-
say, comparing the effect of the mTOR inhibitor Torin2 to that of the 
mTORC1-specific inhibitor rapamycin, as well as the effect of an es-
tablished small hairpin RNA (shRNA) directed against the essential 
mTORC2 component rictor (Supplemental Figures S1 and S2). Be-
cause there are no mTORC2-selective inhibitors, comparing the ef-
fects of inhibiting only mTORC1 with rapamycin versus inhibiting 
both mTORC1 and mTORC2 with Torin2 can provide useful infor-
mation regarding mTORC2-dependent cellular processes, which we 
further supported by also using previously validated rictor and rap-
tor shRNAs to knock-down mTORC2 and mTORC1, respectively 
(Sarbassov et al., 2005; Liu et al., 2010). Moreover, because rapamy-
cin inhibits cell growth (Tee, 2018), its use also allows one to evalu-
ate the contribution of cell proliferation in wound closure (Supple-
mental Figure S2D). We observed that disruption of mTORC2 alone 
or both mTORCs significantly inhibits the wound closure of MCF10A 
cells, much more so than the inhibition of mTORC1 alone, suggest-
ing that mTORC2 promotes cell migration and that cell proliferation 
has a significantly smaller contribution to wound closure (Figure 1A 
and Supplemental Figure S2D). Similarly, disruption of mTORC2 

alone or both mTORCs also significantly suppressed the migration 
of breast cancer cells MCF7, MDAMB231, and MDAMB453, and 
significantly more than inhibiting mTORC1 and cell proliferation 
with rapamycin (Figure 1B). Unfortunately, assaying the migration of 
the HER2-overexpressing breast cancer cell line SKBR3 was unsuc-
cessful because the cells do not spread uniformly on the substrate 
and, consequently, it is difficult to obtain a clean wound and prop-
erly analyze the cells’ migration. Instead, we used HER2-overex-
pressing MCF10A cells to model HER2+ breast cancer cell migra-
tion. Although our experimental conditions did not allow for 
effective silencing of rictor in HER2/MCF10A cells, we found that 
the migration of these cells is also significantly inhibited by the 
mTOR inhibitor Torin2 and not by the mTORC1-selective inhibitor 
rapamycin, suggesting that the observed effect of Torin2 on wound 
closure is due to inhibition of mTORC2-mediated cell migration 
(Figure 1C). Consequently, all together, these observations suggest 
that mTORC2 mediates the migration of nontransformed and trans-
formed breast epithelial cells.

We then assessed the role of Ras in breast epithelial and cancer 
cell migration using prenylation inhibitors (prenyltransferase inhibi-
tors [PTIs]), which effectively inhibit Ras function in cells (Supplemen-
tal Figure S3A; Philips and Cox, 2007; Fiordalisi and Cox, 2010), as 
well as the Pan-Ras small interfering RNA (siRNA)-mediated silenc-
ing of H-, N-, and K-Ras (Supplemental Figure S3B). We observed 
that disrupting Ras function significantly inhibits the migration of 
MCF10A, HER2/MCF10A, MCF7, MDAMB231, and MDAMB453 
cells (Figure 2). Whereas loss of Ras function undoubtably also inhib-
its cell proliferation, which can contribute to the measured wound 
closures, this effect is expected to be less important given the minor 
effect of the mTORC1 and growth inhibitor rapamycin in similar ex-
periments (Figure 1). Therefore, these observations suggest that 
Ras, in addition to mTORC2, promotes the migration of nontrans-
formed and transformed breast epithelial cells, and independently 
of the type of breast cancer cells. This is further supported by the 
observation that the exogenous expression of Ras increases the mi-
gration and invasion of MCF10A cells (see below, Figures 3 and 4).

mTORC2 promotes the migration and invasion of 
RasCA-transformed MCF10A cells
All four main Ras isoforms have been implicated in breast oncogen-
esis (Galiè, 2019). To assess whether Ras promotes breast epithelial 
cell migration through mTORC2, we individually overexpressed H-, 
N-, and K-Ras 4A and 4B, as well as their respective constitutively 
active (CA), oncogenic G12V mutant forms in MCF10A cells (Sup-
plemental Figure S4A). We observed that exogenous expression of 
either wild-type or RasCA mutant of each isoform significantly in-
creases the 2D migration of MCF10A cells, with a greater effect from 
the RasCA mutants, further indicating that Ras plays an important 
role in promoting cell migration of breast epithelial cells (Figure 3A). 
To then assess the role of mTORC2 in mediating the Ras-induced 
cell migration, we inhibited mTORC2 using shRNA-mediated rictor 
silencing in RasCA-expressing MCF10A cells (Supplemental Figure 
S4B). We observed that loss of mTORC2 function significantly sup-
presses the RasCA-induced migration of cells (Figure 3B). Similarly, 
using HRasCA/MCF10A cells in a transwell assay to assess their mi-
gration in 3D, we observed increased migration compared with con-
trol MCF10A cells, as previously reported (Basolo et al., 1991), and 
that this migration was significantly inhibited by loss of mTORC2 
function (Figure 3C). Together, these observations indicate that Ras 
promotes breast epithelial cell migration through mTORC2.

HRasCA was previously shown to induce an invasive phenotype in 
MCF10A cells grown in 3D cultures (Moon et  al., 2000). When 
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cultured on a reconstituted basement membrane, MCF10A cells 
grow as spheroids of ∼70 µm in diameter with a hollow lumen, form-
ing acinar structures that recapitulate the mammary gland epithelial 
architecture (Figure 4A; Debnath et al., 2003; Shaw et al., 2004). 
However, the spheroids formed by HRasCA/MCF10A cells are much 
bigger (up to 300 µm) and display a filled lumen, indicative of onco-
genic growth, as well as extensive cellular projections (visualized by 
F-actin staining) and invasion of cells through the basal membrane 
(visualized by laminin staining) and surrounding matrix (as seen by 
the presence of single cells; Figure 4A). We then assessed the role 
of mTORC2 in mediating the HRasCA-induced invasion by silencing 
rictor in these cells. We found that loss of mTORC2 function in 
HRasCA/MCF10A cells resulted in a mixed phenotype of invasive, 
dysmorphic, and quasinormal (size of ∼70 μm with intact basal lam-
ina but filled lumen), presumably due to a heterogenous knock-
down of rictor in the cell population (Figure 4B). In fact, the smaller, 
noninvasive spheroids displayed the lowest rictor expression levels 
(Figure 4B). Interestingly, whereas 90% of spheroids of HRasCA/
MCF10A cells treated with a nontargeting shRNA control displayed 
invasiveness and 10% were dysmorphic, the silencing of rictor led to 
a significant loss of invasion, with 25% invasive, 74.8% dysmorphic, 
and ∼0.2% quasinormal spheroids (Figure 4C). Taken together, 
these observations suggest that the HRasCA-induced invasiveness of 

MCF10A cells is mediated by mTORC2, whereas HRasCA-induced 
cell transformation and proliferation are not.

Ras promotes mTORC2 activation in transformed breast 
epithelial cells
We then evaluated whether Ras regulates the cellular activity of 
mTORC2 in breast epithelial and cancer cells, using mTORC2’s sub-
strate AKT and its mTORC2-dependent phosphorylation at serine 
residue 473 (pAKTS473) as read out. First, we assessed the activity of 
mTORC2 in MCF10A cells exogenously expressing HER2, HRas, or 
HRasCA, compared to that in control MCF10A cells. We observed 
that the pAKTS473 levels in the HER2-transformed cells is significantly 
more elevated (∼1.3-fold average increase) than those in MCF10A 
cells, as was reported previously (Yang et al., 2016), and that cells 
expressing HRas and HRasCA at similar levels also display significant 
increases of 1.8- and 3-fold average in pAKTS473, respectively (Figure 
5A). Interestingly, the effects of HRas and HRasCA on mTORC2 activ-
ity strongly correlate with their effect on MCF10A cell migration, 
which is increased on average by 1.6- and 2.6-fold, respectively 
(Figure 3A). Therefore, this further supports that Ras promotes cell 
migration through mTORC2 in breast epithelial cells. On the other 
hand, we observed that the exogenous expressions of HRas and 
HRasCA induce similar increases in ERK phosphorylation (pERK) in 

FIGURE 1:  mTORC2 promotes the migration of MCF10A and breast cancer cells. Wound closure cell migration assays 
were performed in the presence of rapamycin, Torin2, or 0.1% DMSO control (Ctrl); and with cells previously treated 
with shRNAs to silence raptor or rictor, or a nontargeting (NT) shRNA as control, as described in the Materials and 
Methods section. (A) MCF10A cell migration. Representative images of MCF10A cells in the wound closure assay are 
shown on the left, taken immediately after wounding and addition of the indicated treatments (0 h) and after 18 h. 
(B) Cell migration data for MCF7, MDAMB231, and MDAMB453 cells. (C) HER2/MCF10A cell migration. Graphs show 
the measured migration distances ±SD of at least six wounds from at least three independent experiments. *, p < 0.05; 
**, p < 0.01; ***, p < 0.001.
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resting MCF10A cells, whereas we did not detect any effect of HER2 
expression on pERK levels, similar to a previous report (Yang et al., 
2016). Furthermore, we observed that PTI treatment or Pan-Ras 
siRNAs significantly reduce pAKTS473 levels in MCF10A (PTI to ∼20% 
and Pan-Ras siRNAs to ∼80% average inhibition) and HER2/MCF10A 
cells (PTI to ∼20% and Pan-Ras siRNAs to ∼60% average inhibition), 
suggesting that at least part of the mTORC2 activity in these cells is 
dependent on Ras (Figure 5, B and C). We then investigated whether 
Ras-dependent mTORC2 activity is conserved in breast cancer cells. 
We observed that the PTI treatment decreased pAKTS473 levels in 
the cell lines tested (MDAMB231, ∼65%; MDAMB453, ∼40%; MCF7, 
∼40%; and SKBR3, ∼10% average inhibition; Figure 5D). Interest-
ingly, the greatest effect was observed on MDAMB231 cells, a 

TNBC cell line expressing oncogenic K-Ras (American Type Culture 
Collection). Altogether, these results strongly suggest that mTORC2 
activity in transformed MCF10A and breast cancer cells is, at least in 
part, dependent on Ras signaling.

DISCUSSION
Altogether, our study suggests that the Ras-mediated regulation of 
mTORC2 promotes the migration of breast epithelial and cancer 
cells, and that this mechanism is likely involved independently of 
Ras’s mutational status and the type of breast cancer. Indeed, our 
observations suggest that this pathway regulates the migration of 
nontransformed breast epithelial cells (MCF10A), HER2-transformed 
breast epithelial cells (HER2/MCF10A), as well as different breast 
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FIGURE 2:  Ras promotes the migration of MCF10A and breast cancer cells. Wound closure cell migration assays were 
performed in the presence of prenyltransferase inhibitors (PTIs), or 0.1% DMSO control; and with cells previously 
treated with siRNAs to silence H-, N-, and K-Ras (Pan-Ras), or nontargeting (NT) siRNAs as control, as described in the 
Materials and Methods section. (A) MCF10A cell migration. (B) HER2/MCF10A cell migration. (C) MCF7, MDAMB231, 
and MDAMB453 cell migration. Graphs show the measured migration distances ±SD of at least six wounds from at least 
three independent experiments. *, p < 0.05; **, p < 0.01.
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cancer cells; including luminal A MCF7 and triple negative MD-
AMB453 cells that are more epithelial-like and less migratory, and 
triple negative Ras mutant-positive MDAMB231 that are mesenchy-
mal-like and more migratory. Furthermore, because the epithelial-
like breast cancer cells have been reported to migrate collectively 
whereas mesenchymal-like cells can often also migrate as single cells 
(Lu and Lu, 2021), our data suggest that Ras-mTORC2 is important 
independently of the mode of migration used by different breast 
cancer cells. Finally, we found that mTORC2 promotes the invasive-
ness of HRasCA-transformed breast epithelial cells in an in vitro tumor 
model, indicating that the Ras-mediated activation of mTORC2 may 
play a central role in the early stages of breast cancer metastasis.

Our observation that PTI treatment in the breast cancer cells 
tested has the strongest effect on mTORC2 activity in the oncogenic 
Ras-expressing MDAMB231 cells could suggest that mutant Ras is 
the main mechanism promoting mTORC2 activation in these cells, 
whereas Ras-mediated mTORC2 activation is likely one of several 
mechanisms regulating mTORC2 in cells expressing wild-type Ras 
proteins. However, more studies need to be performed to investi-
gate this possibility. Previous evidence supports our observations 
that both wild-type and oncogenic mutant Ras can promote 
mTORC2 activation in different cell types (Smith et al., 2020). Our 
own previous findings in Dictyostelium suggests that the human 
Ras protein homologue, RasC, can directly activate mTORC2 in 

FIGURE 3:  Ras promotes the migration of MCF10A cells through mTORC2. (A) Wound closure cell migration assays of 
MCF10A cells expressing the indicated wild-type or constitutively active (CA; G12V mutation) Ras proteins, compared 
with control MCF10A cells transduced with empty vector. Data represent the measured migration distance ±SD of at 
least six wounds from at least three independent experiments. The statistics evaluate the difference in migration of 
Ras-expressing cells vs. the control. (B) Wound closure cell migration assays of MC10A cells expressing the indicated 
RasCA and treated with rictor shRNA or nontargeting (NT) shRNA control. Data represent the measured migration 
distance ±SD of at least six wounds from at least three independent experiments. (C) 3D cell migration transwell assay 
of HRasCA-expressing MCF10A cells compared with vector-transduced MCF10A cells, and HRasCA/MCF10A cells treated 
with rictor shRNA compared with NT shRNA. Representative images of crystal violet-stained cells that have migrated 
through the wells are shown (1 field of view of 13 areas analyzed and quantified). Graphs represent the total number of 
cells that have migrated through the entire well ±SD of six replicates performed in at least three independent 
experiments. **, p < 0.01; ***, p < 0.001.
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response to chemoattractant stimulation by interacting with mTOR 
(Khanna et al., 2016). This Ras interaction with mTOR and mTORC2 
activation was later found to be conserved for both wild-type and 
the oncogenic forms of the main human Ras isoforms, H-, N-, and 
K-Ras, with a much greater effect with the RasCA mutants (Kovalski 
et al., 2019). Additional evidence suggests that both wild-type and 
oncogenic Ras can also regulate mTORC2 activity by interacting 
with its component SIN1 (Kovalski et al., 2019; Lone et al., 2019). 
However, a role for the interaction of Ras with SIN1 in the regulation 
of mTORC2 activity is debated, and evidence suggests that the Ras-
SIN1 interaction could have cellular functions independently of 
mTORC2 (Castel et al., 2021).

Ras is most often associated with the transduction of mitogenic 
signals and promoting cell proliferation through activation of the 

ERK cascade (Gimple and Wang, 2019; Lavoie et al., 2020). How-
ever, multiple evidence indicate that Ras can also promote cell mi-
gration and invasion (Gimple and Wang, 2019). Previous work impli-
cated phosphatidylinositol 3-kinase (PI3K), ERK, and p38 
downstream from Ras in mediating cancer cell migration and/or in-
vasion, as well as the Ras-mediated regulation of the expression of 
the matrix metallopeptidase MMP2 and of the transcription factor 
p63, both implicated in epithelial to mesenchymal transition (EMT; 
Moon et al., 2000; Kim et al., 2003; Lee et al., 2016; Yoh et al., 2016; 
Gimple and Wang, 2019; Soriano et  al., 2021). We do not know 
whether and how mTORC2 is linked with these Ras downstream ef-
fectors in breast epithelial cells, although PI3K could be involved in 
regulating mTORC2 activity as was previously found in other cell 
contexts (Smith et al., 2020). mTORC2 could also be mediating EMT 

FIGURE 4:  mTORC2 mediates the invasion of HRasCA-transformed MCF10A cells. MCF10A and HRasCA/MCF10A cells 
(A), and rictor shRNA-treated HRasCA/MCF10A cells (B) were grown for 12 d in 3D cell cultures on reconstituted basement 
membrane. The acini were stained for F-actin and laminin or rictor and imaged as described in the Materials and Methods 
section. (A) Filled arrow indicates the area where cells have invaded through the basal membrane; empty arrows indicate 
invasive cellular projections. (B) Images are representative of the three general acini phenotypes in rictor shRNA-treated 
HRasCA/MCF10A cells. To visualize otherwise very low rictor labeling signal, the rictor-stained cells were imaged using a 
long exposure time and high gain. Empty arrows indicate quasinormal acini with very low rictor expression; filled arrows 
indicate cells invading the surrounding matrix, migrating away from the cell clusters. (C) Classification and quantification 
of the acini observed in the indicated cell lines according to the observed phenotypes. The representative images and 
quantified data were obtained from at least three independent experiments.
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downstream from Ras and/or PI3K by promoting the expression of 
key genes, similar to its previously suggested role in transforming 
growth factor β (TGF β)-induced EMT (Lamouille et al., 2012). As for 
a role for ERK, although we have not studied this in detail, our re-
sults suggest it is unlikely that ERK is involved in promoting cell mi-
gration downstream from Ras in MCF10A cells because, contrary to 
the detected mTORC2 activity, we did not observe any correlation 
between the Ras and RasCA-mediated increase in cell migration 
and ERK activity. Finally, previous studies performed with breast 
cancer cells demonstrated that mTORC2 promotes cell motility, in-
vasion, and metastasis through its activation of AKT and protein ki-
nase C (PKC), and their downstream activation of Rac1 (Morrison 

et al., 2015; Morrison Joly et al., 2017). Thus, it is likely that these 
pathways play a role in promoting the mTORC2-mediated cell mi-
gration and invasion downstream from Ras. In the future, it will also 
be interesting to define how these pathways regulate the motility 
machinery, including actin polymerization, myosin assembly, and fo-
cal adhesion dynamics, as well as how they affect cell migration 
speed, persistence, and directionality.

Interestingly, we observed that whereas rictor silencing signifi-
cantly inhibits the invasion of HRasCA-transformed MCF10A cells, it 
has little effect on the oncogenic Ras-induced uncontrolled cell 
proliferation. This result suggests that the Ras-mTORC2 pathway 
functions in parallel to a mitogenic Ras pathway (e.g., ERK cascade) 

FIGURE 5:  Ras promotes mTORC2 activation in transformed MCF10A and breast cancer cells. AKT phosphorylation at 
the mTORC2-dependent site (S473; pAKTS473) and total AKT proteins were detected by immunoblot as described in the 
Materials and Methods section. Immunoblots of pERK, ERK, HER2, and Ras were used as controls and performed as 
described in the Materials and Methods section. (A) pAKTS473 levels in HER2/MCF10A and HRasCA/MCF10A and cells 
compared with their respective MCF10A control cells. (B) MCF10A and HER2/MCF10A cells were pretreated with PTIs 
or 0.2% DMSO control. (C) MCF10A and HER2/MCF10A cells were pretreated with Pan-Ras siRNAs or nontargeting 
(NT) siRNA control. (D) The indicated breast cancer cells were treated with PTIs or 0.1% DMSO control. Graphs 
represent pAKTS473 over total AKT levels quantified by densitometry and normalized to the control conditions ±SD of at 
least three independent experiments. *, p < 0.05.
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promoting cell proliferation. The premalignant proliferation of trans-
formed breast epithelial cells in the lumen of mammary ducts, 
termed ductal carcinoma in situ (DCIS), is a nonobligate precursor of 
breast cancer with 40% of cases progressing to invasive disease 
(Cowell et al., 2013). While the mechanisms involved in promoting 
the transition from DCIS to invasive breast cancer remain elusive, 
our results suggest that the Ras-mediated activation of mTORC2 
could play a role. Therefore, our study supports a rationale for using 
mTOR inhibitors to prevent invasive breast cancer, and for the use-
fulness of developing selective inhibitors targeting the Ras-mTORC2 
pathway in breast cancer.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Materials
Reagents.  Farnesyltransferase inhibitor was obtained from Enzo 
Life Sciences (Farmingdale, NY) and geranylgeranyltransferase I 
inhibitor was from Tocris Biosciences (Bristol, UK). Horse serum and 
penicillin-streptomycin were from Life Technologies, Alexa Fluor 488 
phalloidin and lipofectamine RNAiMAX transfection reagent were 
from Invitrogen, and EGF was from PeproTech, at Thermo Fisher 
Scientific (Waltham, MA). Hygromycin B and ProBlock gold protease 
inhibitor cocktail were obtained from Gold Biotechnology (St-Louis, 
MI). DMEM, DMEM/F12, RPMI-1640, and McCoy’s 5A media were 
from Corning (Corning, NY). Rapamycin was from Research Products 
International (Mount Prospect, IL); Torin2 was from ApexBio 
(Houston, TX); fetal bovine serum (FBS) was from Avantor (Radnor 
Township, PA); hydrocortisone was from United States Pharmacopeia 
(Rockville, MD); cholera toxin was from List Biological Laboratories 
(Campbell, CA); puromycin was from Mirus Bio LLC (Madison, WI); 
and insulin was from Sigma-Aldrich (St. Louis, MO).

Antibodies.  Phospho AKT (Ser473, D9E) XP rabbit mAb, phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody, HER2/ErbB2 anti-
body, and AKT (pan; 40D4) mouse mAb were purchased from Cell 
Signaling Technology (Danvers, MA). ERK 1 (C-19) antibody was from 
Santa Cruz Biotechnology, Inc. (Dallas, TX), and Anti-Pan-Ras (Ab-3) 
mouse mAb was from Sigma-Aldrich (St. Louis, MO). Anti-laminin 
5 antibody and Alexa Fluor 568 goat anti-rabbit IgG were from 
Abcam (Cambridge, UK). Rictor mouse mAb 1G3P2C9 was obtained 
from Bethyl Laboratories (Montgomery, TX). Peroxidase AffiniPure 
goat anti-mouse IgG, peroxidase AffiniPure goat anti-rabbit IgG, and 
AMCA AffiniPure goat anti-mouse IgG were purchased from Jackson 
ImmunoResearch Laboratories (West Grove, PA).

RNA and DNA constructs.  Dharmacon ON-TARGETplus nontar-
geting siRNA Control Pool and SMARTPool of human HRas (3265) 
siRNA, human NRas (4893) siRNA, and human KRas (3845) siRNA 
were obtained from Horizon Discovery (Waterbeach, UK). pLKO.1 
GFP shRNA (Addgene: plasmid #30323) and Raptor_1 shRNA (Ad-
dgene; plasmid #1857) were gifts from David Sabatini (Whitehead 
Institute, Cambridge, MA) and are described elsewhere (Sarbassov 
et al., 2005; Sancak et al., 2008). Rictor shRNA in pGIPZ lentiviral 
vector was a gift from Carole Parent (University of Michigan, Ann 
Arbor, MI) and was described previously (Liu et  al., 2010). Pax2 
packaging plasmid (Addgene; plasmid #35002) was a gift from 
Malin Parmar (Lund University, Lund, Sweden) and was described 
elsewhere (Pfisterer et  al., 2011). pMD2.G envelope plasmid 
(Addgene; plasmid #12259) was a gift from Didier Trono (Swiss 
Federal Institute of Technology, Lausanne, Switzerland). HRas, NRas, 
KRas4A, KRas4B, HRas(G12V), NRas(G12V), Kras4A(G12V), and 

KRas4B(G12V) in pLenti were purchased from GenScript Biotech 
(Piscataway, NJ), using pLenti-PGK-KRAS4B(G12V) (Addgene; plas-
mid #35633) as the vector template, which was a gift from Daniel 
Haber (Harvard Medical School, Boston, MA) and was described 
elsewhere (Singh et al., 2012).

Cell culture
MDAMB453 cells were a gift from Joyce Schroeder (University of 
Arizona, Tucson, AZ); and HEK293T, MCF10A, MCF7, MDAMB231, 
and SKBR3 cells were obtained from the University of Arizona Can-
cer Center Experimental Mouse Shared Resources. HER2-express-
ing MCF10A and their puromycin-resistant MCF10A control cell line 
(transduced with empty vector) were gifts from Cheuk Leung (Uni-
versity of Minnesota, Minneapolis, MN). To generate these cells, 
retroviruses were produced by cotransfecting pBABE-puro-ErbB2 or 
pBABE-puro (Debnath et al., 2002) in HEK293 cells, with the pack-
aging vector pCL-Ampho (Novus Biologicals, Littleton, CO). To gen-
erate the stable cell lines MCF10A/pBABE-puro-ErbB2 and 
MCF10A/pBABE-puro, MCF10A cells were transduced with the cor-
responding viral vectors overnight and selected in 2 µg/ml puromy-
cin. HEK293T and MDAMB231 cells were cultured in DMEM with 
10% FBS; MCF7 cells were cultured in DMEM with 10% FBS supple-
mented with 10 µg/ml insulin; MDAMB453 cells were cultured in 
RPMI-1640 medium with 10% FBS; SKBR3 cells were cultured in Mc-
Coy’s 5A medium with 10% FBS; MCF10A cells were cultured in 
DMEM/F12 with 5% horse serum supplemented with 20 ng/ml EGF, 
0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, and 10 µg/ml 
insulin. All cell culture media were supplemented with 100 U/ml 
penicillin/streptomycin. Cells were transiently transfected with siR-
NAs using lipofectamine RNAiMAX transfection reagent according 
to the manufacturer’s protocol. HEK293T cells were transiently 
transfected with Pax2 (packaging) and pMD2.G (envelope) plasmids 
together with shRNA-containing lentiviral vectors using the calcium 
phosphate precipitation method to produce shRNA-containing len-
tiviruses, which were then used to transduce cells for shRNA expres-
sion. MCF10A cells were transduced in a similar manner for the ex-
pression of wild-type Ras proteins and RasCA mutants. Cells were 
selected for stable shRNA or gene expression in 200 µg/ml hygro-
mycin-containing media or 2.5 µg/ml puromycin as appropriate. 
After the selection was completed, the stable cell lines were main-
tained in regular MCF10A culture media.

Migration and invasion assays
Wound closure 2D migration.  Cells were grown in six-well plates to 
confluency. Scratches were made manually using flat tip pipette tips, 
removing a uniform, thin line of cells from one side of the well to the 
other. Removed cells were washed off the plates and contrast images 
were captured to measure the initial wound sizes. The wounded cells 
were then incubated in media at 37°C for 18 h (MCF10A, HER2/
MCF10A), 32 h (MDAMB231), 48 h (MCF7), or 72 h (MDAMB453). 
Images of the wounds were captured before and after the incubation 
using a Motic Stereo Zoom microscope. Cell migration distances 
were determined by analyzing the difference in wound sizes at the 
end of the incubation by calculating the average of six measurements 
of wound width from one side of the well to the other using the 
Motic Images Plus software. Where indicated, 0.1% dimethyl 
sulfoxide (DMSO; control), 100 nM rapamycin, 100 nM Torin2, or 
50 μM prenyltransferase inhibitors (PTIs; 25 μM farnesyltransferase 
inhibitor [FTI] and 25 μM geranylgeranyltransferase inhibitor [GGTI]) 
was added after wounding of the cells. For the PTI treatments of 
HER2/MCF10A cells, twice as much PTIs and DMSO (control) were 
used due to FTI and GGTI lots that were less potent.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-06-0236
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Transwell 3D migration.  A Corning BioCoat Matrigel Invasion 
Chamber with 8.0 μm PET membrane in six-well plates from Corning 
(Corning, NY) were used following the manufacturer’s protocol. 
Briefly, 2.5 × 105 cells were seeded in the upper chambers while 
growth media was added to both chambers and then incubated for 
24 h at 37°C. The cells that did not migrate were then removed from 
the upper surface of the membrane, and the cells that migrated to 
the lower chamber and attached to the lower surface of the mem-
brane were fixed with 3.7% formaldehyde, permeabilized with 
methanol, and stained with 0.5% crystal violet in 20% ethanol. Using 
a light microscope at 200× magnification, the stained cells were 
then counted across 13 different areas encompassing the center of 
the chamber and avoiding the edges.

MCF10A acini invasion.  The 3D cell culture of MCF10A cells in 
chamber slides on reconstituted basement membrane was per-
formed as previously described (Debnath et al., 2003). After 12 d in 
culture, cells formed matured acini that were then fixed with 4% 
paraformaldehyde and 1% glutaraldehyde, and the cells permeabi-
lized with 0.5% Triton X-100. To visualize the cells and acini struc-
tures, F-actin and laminin were stained for fluorescence microscopy. 
F-actin was stained using 2.5% Alexa Fluor 488 phalloidin, and lam-
inin was revealed by immunofluorescence (IF) using sequential incu-
bations with anti-laminin 5 antibody and Alexa Fluor 568 goat anti-
rabbit IgG in IF buffer (130 mM NaCl, 7.7 mM NaN3, 7 mM Na2HPO4, 
3.5 mM NaH2PO4, 0.2% bovine serum albumin, 0.2% Triton X-100, 
0.01% Tween-20). For imaging, slides were mounted on glass cover-
slips, imaged by confocal microscopy using a 3i Marianna spinning-
disk confocal system, and analyzed using the Slidebook 6.0 soft-
ware. Blinded visual scoring of the acini morphological phenotypes 
by a distinct researcher was performed to classify them in one of 
three categories: 1) normal/quasinormal—spherical architecture 
with intact basal lamina and no cellular projections into the extracel-
lular matrix; 2) dysmorphic—misshapen acinar structures, with filled 
lumen and with or without a disrupted lamina, and no cellular pro-
jections into the extracellular matrix; and 3) invasive—misshapen 
and complex structures, with filled lumen and disrupted or absent 
basal lamina, and displaying cellular projections and invasion of cells 
into the extracellular matrix. Assessment of rictor expression in the 
rictor shRNA-transduced HRasCA/MCF10A acini was performed by 
IF using mouse anti-rictor antibody and AMCA AffiniPure goat anti-
mouse IgG and imaged by epifluorescence using the 3i Marianna 
imaging system.

Immunoblot
Log phase growing cells were collected and lysed on ice in RIPA buf-
fer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxy-
cholate, 0.1% SDS, 10 mM Na-pyrophosphate, 10 mM beta-glycero-
phosphate, 0.5 mM Na-orthovanadate, 50 mM NaF, supplemented 
with protease inhibitors). Lysates were cleared by centrifugation, and 
protein concentration in lysates was determined and normalized be-
tween conditions. Samples were mixed 1:6 with 6X Laemmli sample 
buffer leading to 100 mM dithiothreitol final, resolved on SDS–PAGE 
and analyzed by immunoblotting using phospho-AKT (Ser473) anti-
body to detect phosphorylated AKT at the mTORC2-dependent 
site. Pan-AKT antibody was used to detect total AKT protein expres-
sion, phospho-ERK and ERK antibodies were used to detect phos-
phorylated and total ERK, respectively, and HER2 antibody was used 
to detect HER2 expression. Where indicated, cells were pretreated 
with 0.1% DMSO (control) or 50 μM PTIs (25 μM FTI, 25 μM GGTI) 
for 24 h at 37°C. For the PTI treatments of HER2/MCF10A cells, 
twice as much PTIs and DMSO were used due to FTI and GGTI lots 

that were less potent. Protein bands from the immunoblots were 
quantified by densitometry using ImageJ.

Statistical analyses
Quantified cell migration data were graphed and analyzed in Prism 
using the unpaired nonparametric two-tailed Mann-Whitney test, 
whereas the quantified immunoblots were analyzed using a one-
tailed Mann-Whitney test. p values below 0.05 were considered sta-
tistically significant.
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