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Abstract

Survival signaling is critical for the metastatic program of cancer cells. The current study 

investigated the role of Akt survival proteins in colorectal cancer (CRC) metastasis and explored 

potential mechanisms of Akt-mediated metastasis regulation. Using an orthotopic implantation 

model in mice, which uniquely recapitulates the entire multistep process of CRC metastasis, 

combined with an inducible system of short hairpin RNA-mediated Akt isoform knockdown in 

human CRC cells, our studies confirm a role of Akt2 in CRC cell dissemination to distant organs 

in vivo. Akt2 deficiency profoundly inhibited the development of liver lesions in mice, whereas 

Akt1 had no effect under the experimental conditions used in the study. Array analysis of human 

metastatic genes identified the scaffolding protein metastasis suppressor 1 (MTSS1) as a novel 

Akt2-regulated gene. Inducible loss of Akt2 in CRC cells robustly upregulated MTSS1 at the 

messenger RNA and protein level, and the accumulated protein was functionally active as shown 

by its ability to engage an MTSS1-Src-cortactin inhibitory axis. MTSS1 expression led to a 

marked reduction in levels of functional cortacin (pcortactin Y421), an actin nucleation-promoting 

factor that has a crucial role in cancer cell invasion and metastasis. MTSS1 was also shown to 
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mediate suppressive effects of Akt2 deficiency on CRC cell viability, survival, migration and actin 

polymerization in vitro. The relevance of these findings to human CRC is supported by analysis of 

The Cancer Genome Atlas (TCGA) and NCBI GEO data sets, which demonstrated inverse 

changes in expression of Akt2 and MTSS1 during CRC progression. Taken together, the data 

identify MTSS1 as a new Akt2-regulated gene, and point to suppression of MTSS1 as a key step in 

the metastasis-promoting effects of Akt2 in CRC cells.

INTRODUCTION

Colorectal cancer (CRC) is one of the most commonly diagnosed malignancies and the 

second leading cause of cancer death in the United States.1 Despite the efforts of screening 

strategies and advances in treatment, one-third of CRC patients will ultimately die from 

metastatic disease.2 Although the 5-year survival rate for patients diagnosed with localized 

CRC is 91%, the prognosis for patients with metastatic disease is <13%.3 Understanding of 

the mechanisms underlying the multistep metastatic program of CRC cells is, therefore, 

critical for the development of novel therapies that will improve the management of 

advanced disease.

It has been well documented that dissemination of cancer cells to distant organ sites is 

critically dependent on enhanced survival signaling,4 with cancer cell survival being a rate-

limiting step in the metastatic process.5 The serine/threonine kinase Akt is a survival 

oncoprotein, which regulates many cellular processes, including metabolism, growth, 

proliferation and migration.6 Aberrant activation of Akt is one of the most frequent 

alterations in human cancer, and cancer cells have developed several mechanisms to achieve 

constitutive Akt activity. Akt is activated via a multistep process: receptor tyrosine kinases 

stimulate phosphatidylinositol 3-kinase, which in turn converts phosphatidylinositol (3,4)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) by phosphorylation 

at the 3′-position of the inositol ring.7 PIP3 recruits Akt to the plasma membrane, where it is 

partially activated by PDK1-mediated phosphorylation on T308. Full activation is achieved 

following phosphorylation on S473 by mTORC2.8–10 Akt signaling is negatively regulated 

by phosphatases, including PTEN, which converts PIP3 to PIP2, and PP2A and PHLPP 1/2, 

which dephosphorylate Akt on T308 and S473, respectively.10–12 In cancer cells, enhanced 

Akt activity can result from overexpression/amplification of Akt, overexpression of receptor 

tyrosine kinases, deletion or mutation of PTEN, or mutations in phosphatidylinositol 3-

kinase subunits.

There are three Akt isoforms in the Akt family: Akt1, Akt2 and Akt3. Although these 

kinases are structurally homologous and activated by similar mechanisms, evidence from 

knockout mice points to non-redundant functions of individual family members.10,13,14 Akt 

isoforms can exhibit opposing roles in the same cancer type and the same isoform can have 

distinct functions in different cancer types.15,16 In breast cancer, for example, Akt1 inhibits 

cell motility/invasion while Akt2 enhances these processes.16,17 Akt isoforms also show 

differential patterns of expression in cancer; although Akt1 is overexpressed in gastric and 

colon cancer,15 Akt2 is highly expressed in breast, ovarian and colon cancers,15,18,19 and 

Akt3 expression increases in breast and prostate cancers.20
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Recent studies have revealed high expression of Akt2 in stage IV CRCs and liver metastases, 

and splenic injection experiments demonstrated that Akt2 deficiency impairs the metastatic 

capacity of CRC cells in mice, via mechanisms that remain unknown.21 The current study 

further explores the role of Akt survival proteins in CRC metastasis in an orthotopic mouse 

CRC metastasis model that can quantitatively and qualitatively recapitulate the multistep 

dissemination process seen in patients. Use of inducible Akt isoform knockdown CRC cells 

in this experimental model confirmed a role for Akt2 in CRC metastasis and identified 

potential mechanisms underlying the effects of this Akt isoform in the metastatic program of 

CRC cells.

RESULTS

Loss of Akt2 inhibits CRC metastasis in vivo

Previous studies assessed the role of Akt1 and Akt2 in CRC metastasis using splenic 

injections in immunocompromised mice as an experimental model system.21 However, this 

approach does not fully reflect human disease as it fails to address early steps of metastasis, 

including invasion at the primary site and access to lymphatics or blood vessels. To 

overcome these limitations and better understand the role of Akt isoforms in CRC 

metastasis, we performed orthotopic implantation studies, which mimic human CRC 

primary tumors and metastatic deposits and recapitulate the entire metastatic process.22–26 

To carry out the analysis, we first established lentiviral doxycycline (Dox)-inducible short 

hairpin RNA (shRNA)-mediated knockdown of Akt1 and Akt2 in GEO and CBS cells, CRC 

cell lines that express all three Akt isoforms (Figure 1a). Non-targeting shRNA and two 

targeted shRNAs against each Akt isoform were tested in both cell lines. As shown in Figure 

1b (left panels), no change in the expression of Akt isoforms was observed in cells following 

induction of non-targeting shRNA by treatment with Dox. In contrast, induction of Akt 

isoform-specific shRNAs by addition of Dox led to loss of Akt1 or Akt2 at both the protein 

(Figure 1b, middle and right panels) and mRNA levels (Supplementary Figures S1A and B). 

shRNAs were specific for their targeted Akt isoform as no change was seen in the expression 

of non-targeted Akt family members (Figure 1b).

For orthotopic implantation studies, xenograft tumor tissue fragments of green fluorescent 

protein (GFP)-labeled GEO cells expressing non-targeting shRNA, Akt1 shRNA#2 or Akt2 

shRNA#2 were implanted into the cecum of athymic nude mice and primary tumors were 

allowed to develop over a 6-week period. shRNA expression was then induced by adding 

Dox to the drinking water for 3 weeks, before animals were killed and organs were excised 

for analysis. As shown in Figure 2a, no change in the weight of the primary tumor was 

observed with Akt1 knockdown, whereas a modest reduction was consistently observed on 

knockdown of Akt2. At the time of euthanasia, 59% of the animals in the non-targeting 

shRNA group had liver metastases (Figure 2b). Knockdown of Akt1 did not substantially 

affect metastasis incidence, with 53% of animals showing lesions in the liver. In contrast, a 

marked reduction in metastasis was observed on Ak2 knockdown, with only 35% of animals 

in the Akt2 shRNA group showing liver deposits (Figure 2b). Analysis of human GAPDH 

expression in mouse livers confirmed that Akt2 deficiency significantly (P<0.001) reduced 

metastatic burden in this model (Figure 2c, right panel), whereas Akt1 knockdown had no 
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effect (Figure 2c, left panel). Furthermore, quantification of metastatic spots in the lobes of 

mouse livers by fluorescence microscopy revealed a significant reduction in the number of 

lesions per metastasis-bearing mouse on loss of Akt2 (P = 0.01), but not Akt1 (P = 0.98; 

Figure 2d). Taken together, these findings established that Akt2, but not Akt1, affects growth 

of primary colorectal tumors in vivo and is essential for efficient development of the 

metastatic program in CRC cells.

Akt2 regulates the expression of metastasis suppressor 1 in colorectal cancer cells

To identify potential effector(s) mediating the effects of Akt2 in metastasis of CRC cells, we 

performed comparative RT2 Profiler PCR array (SABiosciences, Frederick, MD, USA, 

www.sabiosciences.com; Qiagen, Germantown, MD, USA) analysis of human meta-static 

genes in GEO cells expressing Dox-inducible Akt1 shRNA#2, Akt2 shRNA#2 or Akt3 

shRNA#2. Specific knockdown of Akt3 in GEO cells was confirmed by western blotting and 

real-time PCR (Supplementary Figures S2A and B). Differential expression of several 

metastatic genes was observed on loss of individual Akt isoforms (Figure 3). Only Akt2 

deficiency led to an increase in the expression of MCAM, Kiss1 and E-Cadherin, metastasis-

associated proteins already extensively studied in CRC.27–29 Akt2 loss also led to a robust 

increase (>10-fold) in Cathepsin that was not seen with deficiency of Akt1 or Akt3. 

Interestingly, our RT2 Profiler PCR array analysis identified a 9-fold induction in Metastasis 

Suppressor 1 (MTSS1) mRNA in Akt2 knockdown GEO cells (Figure 3), with no change 

observed in cells deficient in Akt1 or Akt3. MTSS1 (also known as Missing in Metastasis 

(MIM)) is a multi-domain scaffolding protein that has been linked to regulation of metastasis 

in various cancer types.30–33 Consistent with this role, MTSS1 regulates cytoskeletal 

dynamics and actin polymerization, and has been implicated in control of cell proliferation, 

cell motility and invasion.34–36 Functional antagonism has been identified between MTSS1 

and the actin nucleation-promoting factor and regulator of tumor invasion, cortactin 

(CTTN). MTSS1 inhibits CTTN via inactivation of Src, a non-receptor tyrosine kinase that 

phosphorylates CTTN at Y421 to increase its affinity and nucleating activity for actin.37 To 

our knowledge, our array data represent the first demonstration of a link between MTSS1 

expression and Akt2 signaling; thus, follow-up studies further explored this novel finding.

Immunoblot analysis showed low to undetectable basal expression of MTSS1 in GEO and 

CBS cells in the absence of Dox and confirmed a robust increase in MTSS1 levels following 

knockdown of Akt2 with two different shRNAs (Figure 4a, left panels). In contrast, 

deficiency of Akt1 or Akt3 had no effect on MTSS1 expression (Figure 4a, middle and right 

panels), pointing to a selective ability of Akt2 to upregulate this protein. To determine the 

functional relevance of MTSS1 induction by Akt2 deficiency, we evaluated the effects of 

Akt2 knockdown on downstream components of the MTSS1-Src-CTTN inhibitory axis (see 

above) in GEO and CBS cells. Effects were compared with those in Akt1- and Akt3-

deficient CRC cells. Akt2 knockdown markedly decreased levels of active pSrc (Y416) and 

pCTTN (Y421) in GEO and CBS cells, whereas Akt1 or Akt3 knockdown had no effect 

(Figure 4a). Notably, inhibition of MTSS1 induction using shRNA (Figure 4b, left panel) 

reduced the suppressive effects of Akt2 depletion on pSrc (Y416) and pCTTN (Y421) 

(Figure 4b, right panel), confirming activation of the MTSS1-Src-CTTN inhibitory axis by 
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Akt2 knockdown. These data establish that MTSS1 upregulation induced by loss of Akt2 is 

functionally relevant in CRC cells.

Next, we explored the ability of Akt2 to modulate MTSS1 in vivo. Importantly, 

immunohistochemical analysis of GEO primary tumor sections showed that Akt2 

knockdown (Figure 4c), but not Akt1 knockdown (Figure 4d), markedly induced expression 

of MTSS1 in vivo, as confirmed by quantitative analysis using Definiens Tissue Studies 64 

(Dual 4.1) software (Cambridge, MA, USA). The effects of Akt2 deficiency in vivo were 

further supported by immunoblot analysis of tumor extracts, which demonstrated 

undetectable/barely detectable MTSS1 expression in tumors expressing non-targeted shRNA 

and strong upregulation of the protein following Akt2 knockdown (Figure 4c, bottom panel). 

Together, these studies identified MTSS1 as a novel Akt2-regulated gene in CRC cells.

Akt2 deficiency decreases CRC cell viability, survival and motility via induction of MTSS1

The effects of Akt2 knockdown seen in GEO primary tumors pointed to potential roles for 

Akt2 in aberrant proliferation and/or survival as well as migration of CRC cells, key 

components of the metastatic program. To determine effects of Akt2 deficiency on cell 

proliferation, sections of primary tumor were stained for the proliferation marker Ki67. As 

shown in Figure 5a, nuclear staining for Ki67 was significantly decreased (P<0.001) in 

tumor cells expressing Akt2 shRNA compared with those expressing non-targeting shRNA. 

TUNEL staining further demonstrated a six-fold increase in the percentage of apoptotic cells 

in tumors lacking Akt2 expression (Figure 5b). Thus, Akt2 knockdown resulted in decreased 

proliferation and survival of GEO cells in vivo.

To determine if these effects could be recapitulated in vitro, we evaluated the responses of 

GEO and CBS cells to Akt2 deficiency using MTT cell viability assays and DNA 

fragmentation assays. MTT assays showed a significant (P<0.001) reduction in the number 

of viable GEO and CBS cells on loss of Akt2 (Figure 5c), whereas DNA fragmentation 

analysis demonstrated an approximately six-fold increase in apoptosis (Figure 5d). 

Transwell migration assays indicated that Akt2 knockdown also impaired CRC migration. 

Loss of Akt2 resulted in an ~ 70% reduction in motility of GEO cells at 36 h, as revealed by 

quantification of crystal violet-stained GEO cells on the bottom of membrane inserts 

(P<0.001; Figure 5e). To minimize the potential contribution of decreased cell proliferation 

and survival, the analysis was also performed at 18 h. As shown in Supplementary Figure 

S3, a 70% reduction (P<0.001) in cell migration was also observed at this earlier time point, 

when effects on cell number would be expected to be less evident.

To determine the role of MTSS1 in these effects, we compared cellular responses to Akt2 

loss in GEO cells silenced for MTSS1 (see Figure 4b for confirmation of MTSS1 

knockdown). Importantly, shRNA inhibition of MTSS1 induction significantly prevented the 

decrease in viability (Figure 6a), increase in apoptosis (Figure 6b) and decrease in motility 

(Figure 6c) seen following Akt2 knockdown. As MTSS1 affects the motility of cells by 

regulating the actin cytoskeleton,35,36 we assessed the effects of MTSS1 knockdown on 

actin polymerization in GEO cells using the F-actin probe Alexa Fluor 633 phalloidin. As 

shown in Figure 6d, loss of MTSS1 led to an increase in actin polymerization, as indicated 

by increased Alexa Fluor 633 phalloidin signal, which in turn could lead to enhanced 

Agarwal et al. Page 5

Oncogene. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



motility of the cells. Taken together, these findings point to a critical role of MTSS1 in 

mediating the effects of Akt2 knockdown in CRC cells.

Expression of MTSS1 in human CRC samples

Publically available expression data also support our findings. Analysis of The Cancer 

Genome Atlas (TCGA) data sets revealed a significant (P<0.0001) two-fold decrease in the 

expression of MTSS1 in human CRC samples compared with normal colon mucosa (Figure 

7). Analysis of data obtained using microdissected normal and neoplastic colonic epithelial 

cells (GEO Accession number GSE20916 and Skrzypczak et al.38) also revealed a 

significant (P<10 −6) three-fold downregulation of MTSS1, which was accompanied by a 

three-fold upregulation of Akt2 (P = 0.001). The concordant upregulation of Akt2 and 

downregulation of MTSS1 during CRC progression was reinforced by a significant (r = 

− 0.73085, P = 0.016) negative correlation between the expression of these proteins in this 

data set.

DISCUSSION

Using orthotopic implantation assays, a more relevant model of human CRC metastasis, and 

an inducible system of shRNA-mediated Akt isoform knockdown that minimizes 

compensatory effects of isoform deficiency, we establish that Akt2 has an important role in 

the metastatic program of CRC cells. Although several in vivo assays have been developed 

to study CRC progression, none of these models effectively recapitulate the multistep 

dissemination process seen in patients. By accurately reproducing the metastatic phenotype 

of the human disease to the liver, the model used in our study provides a more appropriate 

platform for evaluating the role of Akt isoforms in CRC metastasis. Loss of Akt2 resulted in 

a 40% reduction in the number of mice with GEO liver lesions and a profound suppression 

in the number of metastatic spots per mouse, with no changes seen on loss of Akt1. The 

finding that deficiency of Akt2, but not of Akt1, markedly inhibits GEO cell metastasis in 

mice is consistent with the results of Rychahou et al.21 using splenic injection of KM20 

CRC cells in immunocompromised mice, but differs from those of Ericson et al.,19 who 

showed reduced metastatic potential of DLD1 CRC cells in a splenic injection model only 

on combined loss of both Akt1 and Akt2. Although the basis for these contrasting results is 

currently unknown, they may reflect differences in (a) the genetic background of the CRC 

cells used in these studies, and (b) the ability of individual Akt isoforms to respond to 

relevant upstream signals available under the specific conditions used in these experiments. 

Data from studies in other tumor systems, including breast and ovarian cancer,29,39 further 

support the importance of Akt2 in the metastasis process. The current study also showed that 

Akt2 deficiency decreases CRC cell proliferation and survival in primary tumors in vivo, as 

indicated by decreased Ki67 staining and an increase in TUNEL-positive cells, likely 

accounting for the modest reduction in primary tumor weight observed in these animals. 

However, as previous studies have demonstrated that the size of the primary tumor does not 

correlate with the extent of metastasis,40 it is unlikely that the modest difference in primary 

tumor size accounts for the marked reduction in tumor burden seen in animals bearing Akt2-

deficient GEO cells.
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In an effort to determine the molecular mechanism(s) underlying the ability of Akt2 to 

promote CRC metastasis, we profiled the expression of a panel of human metastatic genes in 

GEO cells lacking Akt1, Akt2 or Akt3. This analysis identified the multi-domain scaffolding 

molecule MTSS1 as a novel Akt2-regulated gene. Originally identified as a transcript that 

was missing in metastatic bladder and prostate cancer cells,41 MTSS1 has been linked to 

inhibition of metastasis in a broad range of cancer types. Consistent with this role, 

expression of MTSS1 is decreased in breast, esophageal, bladder, kidney, gastric, pancreatic, 

ovarian and CRC,30–33,42–47 as well as in acute and chronic myeloid leukemia, where it has 

been shown to function as a tumor suppressor.48,49 Our analysis of TCGA data sets also 

demonstrated reduced expression of MTSS1 in human CRC tissue samples. However, a 

contradictory report indicating that MTSS1 over-expression increases the metastatic capacity 

of melanoma cells50 points to potential functional complexity of this protein.

In support of a metastasis suppressor role for MTSS1, studies from several laboratories have 

identified a functional antagonism between MTSS1 and CTTN, a crucial player in 

aggressive cancers.37 As its name suggests, CTTN colocalizes with actin, promoting actin 

branching and polymerization, and thereby regulating cellular migration, invasion and 

metastasis.51 CTTN is a major substrate of Src, a critical regulator of signaling pathways 

involved in metastasis-related processes, and phosphorylation of CTTN at Y421 by Src 

increases its affinity and nucleating activity for actin.52–54 Importantly, recent studies have 

defined an MTSS1-Src-CTTN inhibitory axis involving the Src receptor protein tyrosine 

phosphatase (PTP), PTPδ.55 By suppressing cellular levels of PTPδ, MTSS1 inhibits the 

dephosphorylation and activation of Src, thereby blocking the activation of CTTN. Here we 

show that loss of Akt2 in CRC cells results in robust induction of MTSS1 both in vitro and 

in vivo, and that the accumulated protein is able to engage the MTSS1-Src-cortactin 

inhibitory axis, as indicated by decreased levels of pSrc (Y416) and pCTTN (Y421). The 

relevance of these findings to human CRC is suggested by our TCGA and NCBI GEO 

analysis, which pointed to an inverse relationship between the expression of Akt2 and 

MTSS1 during CRC progression. Although the mechanism for suppression of MTSS1 

mRNA by Akt2 remains to be determined, based on evidence that MTSS1 is a target for 

miR-23a, miR-135a, miR-135b and miR-15b in CRC cells, all of which have been 

implicated in promoting metastasis in diverse in vitro and in vivo experimental models, it is 

possible that microRNAs mediate the effect.42,43,45,46 Consistent with this possibility, Akt 

isoforms have been shown to differentially regulate the expression of multiple microRNAs 

involved in the epithelial/ mesenchymal transition, cell motility, invasion and metastasis. 

Akt2 was shown to decrease the abundance of miR200 family members in breast cancer 

cells, promoting epithelial/mesenchymal transition and enhanced cell migration and tumor 

progression.56 Inhibition of phosphatidylinositol 3-kinase signaling increased the expression 

of let-7 family members, known targets of tumor suppressor genes that are associated with 

epithelial/ mesenchymal transition, apoptosis and cell cycle progression.57–59 Akt is also 

known to regulate the expression of miR-145,60 which has a tumor suppressive role in colon 

cancer cells.61,62 Interestingly, activation of phosphatidylinositol 3-kinase increases the 

expression of the MTSS1 regulator, miR-135b,45 which has also been implicated in control 

of proliferation, invasion and apoptosis of colon cancer cells.63
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Using the conditional Akt2 knockdown CRC cell lines developed for this study, we further 

show that the Akt2-MTSS1 signaling module has a key role in cellular processes that are 

crucial for the CRC metastatic program. We establish that Akt2 deficiency markedly 

suppresses CRC cell viability/proliferation, survival, motility and actin polymerization in 
vitro using MTT, TUNEL, migration and phalloidin staining assays, respectively. The ability 

of MTSS1 knockdown to rescue the cells from the functional consequences of Akt2 loss 

pointed to this scaffolding protein as a major mediator of the effects of Akt2 deficiency in 

CRC cells. In this regard, a role for MTSS1 in inhibition of cell proliferation and migration/

invasion has been demonstrated by others in CRC cells43,45,46 and various other cancer 

types.34,64,65 However, to our knowledge, our study provides the first evidence for a pro-

apoptotic function of MTSS1 in cancer cells, as indicated by the ability of MTSS1 

knockdown to rescue GEO and CBS cells from the cell death-inducing effects of Akt2 

knockdown.

On the basis of our findings, we propose the following model for the inhibitory effects of 

Akt2 deficiency on the metastatic program of CRC cells (Figure 8). Loss of Akt2 robustly 

upregulates MTSS1 at the mRNA and protein levels. This leads to inhibition of Src, likely 

through downregulation of PTPδ, a phosphatase that removes the inhibitory phosphorylation 

of Src at Y527,55 allowing activation of the kinase via autophosphorylation at Y416.55 Src is 

known to have multiple substrates that can affect cell proliferation, survival, adhesion and 

migration;66,67 thus multiple metastasis-related processes would be affected by Src 

inhibition. A major target is CTTN, which requires phosphorylation by Src at Y421 to 

regulate actin dynamics and promote cell motility, invasion and metastasis.52–54 Together, 

the multiple effects of Src inhibition would be anticipated to impair the metastasis process. 

Thus, the findings in this study identify MTSS1 as a novel Akt2-regulated gene and point to 

suppression of MTSS1 as a key step in the metastasis-promoting effects of this Akt isoform 

in CRC cells. Although loss of Akt2 also resulted in increased levels of other metastasis 

suppressors, including E-cadherin and Kiss1,28,68 our studies indicate that, at least in some 

contexts, the MTSS1-Src axis can exert a dominant role in the process.

MATERIALS AND METHODS

Cell lines and reagents

GEO69 and CBS70 CRC cells were cultured in serum-free, growth factor-defined medium 

(SF) consisting of McCoy’s 5A with pyruvate, vitamins, amino acids and antibiotics (SM) 

supplemented with 10 ng/ml epidermal growth factor, 20 μg/ml insulin and 4 μg/ml 

transferrin at 37 °C in a humidified atmosphere of 6% CO2. These cell lines are 100% 

invasive and 50–65% metastatic.71 Unless otherwise indicated, all the in vitro experiments 

were performed under growth factor deprivation stress conditions (McCoy’s 5A with 

pyruvate, vitamins, amino acids and antibiotics). This experimental approach was used in 

order to induce stress in the cells, as the ability of cells to withstand stress is considered a 

critical factor for tumor formation and progression.72
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Inducible knockdown of Akt isoforms

Akt isoforms were silenced using a Teton inducible system. Three different shRNAs in the 

TRIPZ DOX-inducible lentiviral vector were purchased from Thermo Scientific Open 

Biosystems (San Diego, CA, USA) for each Akt isoform, and the two that showed maximum 

efficiency of knockdown were used for experiments: Clone Id for Akt1- V3THS_358718 

(shRNA#1); V3THS_358720 (shRNA#2); Clone Id for Akt2- V2THS_237948 (shRNA#1); 

V3THS_325558 (shRNA#2); and Clone Id for Akt3- V2THS_68871 (shRNA#1); 

V2THS_68872 (shRNA#2). Non-targeting shRNA was used as a control (Clone Id: 

RHS4743). The TRIPZ vector has a Red Florescent Protein (RFP) reporter, which is induced 

on addition of Dox allowing visual tracking of shRNA expression. Lentiviral vector 

generated in HEK293T cells was transduced into GFP-expressing GEO and CBS cells. 

Transduced cells were selected and maintained in puromycin (4 μg/ml).24 Expression of 

shRNA was induced by adding Dox (1 μg/ml) for 5 days.

shRNA-mediated knockdown of MTSS1

MTSS1 shRNA and non-silencing shRNA in the GIPZ lentiviral vector were purchased from 

Thermo Scientific Open Biosystems (Clone Id for MTSS1: V2THS_229344; Clone Id for 

non-targeting shRNA: RHS4346). Transduction of GEO-GFP Akt2 knockdown cells was 

performed according to the manufacturer’s instructions.

Cell viability/growth assays

GEO and CBS cells expressing non-targeting shRNA, Akt2-specific shRNA or Akt2 and 

MTSS1 shRNA were plated at a density of 3×103 cells per well in 96 well plates. Dox (1 

μg/ml) was added for 5 days and MTT assays were performed under growth factor 

deprivation stress conditions as described;73 cells were analyzed over 5 consecutive days.

DNA fragmentation assays

GEO and CBS cells were seeded in 96-well plates as for MTT assays and DNA 

fragmentation assays were performed after 5 days of Dox treatment under growth factor 

deprivation stress conditions. Assays were carried out using the Cell Death Detection ELISA 

PLUS kit (Roche, Indianapolis, IN, USA; Cat no.11920685001) according to the 

manufacturer’s protocol.72

Transwell migration assays

GEO cells (120 000 for 18 h and 80 000 for 36 h) in SM medium were plated in 12-micron 

pore transwell migration inserts (BD Biosciences, San Jose, CA, USA; Cat no. P1XP01250) 

and growth factor containing SF medium (700 μl) was added to the bottom chamber to drive 

migration. After incubation for 18 or 36 h, cells were fixed using 4% paraformaldehyde, 

stained with crystal violet, photographed and quantified by counting.

Staining for F-actin

Akt2 knockdown and Akt2/MTSS1 double knockdown GEO cells plated on coverslips were 

fixed in 4% paraformaldehyde for 30 min at room temperature, washed with PBS and 

permeabilized with 0.1% Triton X-100/PBS for 15 min. Cells were stained with the F-actin 
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probe Alexa Fluor 633 Phalloidin (Molecular Probes, Thermoscientific, San Diego, CA, 

USA) at 10 units/200 μl for 30 min and washed with PBS. After 4’-6 diamino-2-

phenylindole (DAPI) staining to detect the nucleus, coverslips were mounted on slides using 

VECTASHIELD anti-fade mounting medium (Vector Laboratories, Burlingame, CA, USA). 

Cells were visualized using an LSM 710 laser scanning confocal microscope (Carl Ziess 

GmbH, Oberkochen, Germany).

RNA isolation and quantitative real-time PCR

RNA was collected using the High Pure RNA Isolation kit (Roche, Cat no.11828665001).72 

Two-step quantitative real-time PCR using TaqMan reagents and primers (Akt1: 

HS00178289_m1; Akt2: HS01086102_m1; Akt3: HS00987350_m1; Human GAPDH: 

4352665; Mouse GAPDH: Mm99999915_g1) was performed according to the 

manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). mRNA expression 

was normalized to levels of GAPDH.

RT2 Profiler PCR array analysis

cDNA samples were prepared from Dox-treated (5 days) GEO cells expressing non-

targeting shRNA or Akt isoform-specific shRNA. Real-time PCR was performed using the 

Human Tumor Metastasis RT2 Profiler PCR array (SABiosciences, Cat no. 

330231PAHS-0282ZA) in a C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA) 

according to the manufacturer’s instructions. Data were normalized to GAPDH levels by the 

ΔΔCt method. A two-fold induction cut-off was used for selection of differentially expressed 

genes.

Western blot analysis

Cells were lysed in 50 mmol/l Tris-HCl (pH 7.4) containing 150 mmol/l NaCl, 0.5% NP40, 

50 mmol/l NaF, 1 mmol/l NaVO3, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l DTT, 

25 μg/ml aprotinin, 25 μg/ml trypsin inhibitor and 25 μg/ml leupeptin. Protein concentration 

was measured by bicinchoninic acid assay (Pierce, Thermoscientific) using a Biotek 96-well 

plate reader. Cell lysates (30 μg) were subjected to SDS–polyacrylamide gel electrophoresis, 

electrophoretically transferred to nitrocellulose membrane (GE Healthcare Bio-Sciences, 

Pittsburgh, PA, USA), and blocked in Tris-buffered saline (TBS) containing 5% non-fat 

dried milk (TBS/milk) for 60 min at 37°C. The membrane was incubated with primary 

antibody in TBS/0.1% Tween overnight at 4 °C followed by horseradish peroxidase-

conjugated secondary antibody (GE Healthcare Bio-Sciences) at 1:1000 for 1 h at room 

temperature. Antibodies used in this study are listed in Supplementary Table 1.

Orthotopic implantation studies

All experiments involving animals were approved by the University of Nebraska Medical 

Center Institutional Animal Care and Use Committee (IACUC no. 07-047-08-FC). Three-to-

five-week old male athymic nude mice were purchased from the NCI. Orthotopic 

implantation was performed as described.22–26 Briefly, GFP-labeled GEO cells (7 × 106) 

transduced with non-targeting shRNA, Akt1 shRNA#2 or Akt2 shRNA#2 were 

subcutaneously injected onto the dorsal surfaces of male athymic nude mice. Once 
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xenografts were established, tumors were excised and minced into 1-mm3 pieces. Two 

pieces were then orthotopically implanted into the cecum of another athymic nude mouse. 

For operative procedures, animals were anesthetized by isoflurane inhalation. A 1-cm 

laparotomy was performed and the cecum and ascending colon were exteriorized. Using × 7 

magnification and microsurgical techniques, the serosa was disrupted in two locations and 

pieces of xenograft were subserosally implanted using an 8–0 nylon suture. The bowel was 

then returned to the peritoneal cavity and the abdomen was closed with 5–0 vicryl suture. 

The procedure was carried out on 25 animals per group; however due to the complexity of 

the surgery, only 17–22 mice per group survived the procedure or immediate postoperative 

period. As death occurred as a result of the operative procedure and was, therefore, random 

across groups, this loss of animals did not affect subsequent statistical analyses. Six weeks 

following orthotopic tumor implantation, Dox (2 mg/ml) was introduced in the drinking 

water for 3 weeks. Animals were then killed and organs were imaged using Light Tools 

imager (Ushio Inc., Tokyo, Japan), fixed in buffered 10% formalin, and embedded in 

paraffin. Metastases were determined by histological evaluation of liver lobes as 

described.71,72

Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling assays

Paraffin sections (4 μm) of primary tumors were stained using the Apotag TUNEL assay kit 

(Millipore, Temecula, CA, USA; Cat no.S7101). Apoptotic rates were determined by 

counting the number of positively stained apoptotic bodies in 10 randomly selected fields 

per slide at × 40 magnification. The ratio of the average number of apoptotic cells to the 

total number of cells counted was used to determine % TUNEL positive cells.24,72

Ki67 staining

Paraffin sections (4 μm) of primary tumors were immunostained for Ki67, a non-histone 

nuclear antigen present in late G1, G2 and S phase of the cell cycle but absent in G0. 

Proliferation rate was determined quantitatively using Definiens software (public domain 

software, Cambridge, MA, USA). Ten histologically similar fields were selected for analysis 

per sample.24,72

Statistical analysis

Student’s t-test analysis was performed using Graph pad 5.0 software (Seattle, WA, USA). A 

P-value <0.05 was considered significant. For transwell migration assays, the number of 

cells that had passed through the membrane was determined in five random fields per well, 

and the average number of migrating cells per well was determined. Three wells were 

analyzed for each condition. For in vitro studies, at least three independent sets of 

experiments were performed. T-tests were used to compare log2 gene expression in samples 

of colon tumor and normal tissue from The Cancer Genome Atlas database. Pearson 

correlation coefficient was calculated for expression data on the log2 scale. On the basis of 

an expected 25 metastases per tumor-bearing liver with a s.d. of 11 for control mice in the 

orthotopic model, 15 mice per group achieves a power of 82% to detect a 50% reduction in 

metastatic tumor burden in test mice, with an alpha of 0.05 using a two-sided Mann–

Whitney U-test. The implantation procedure results in loss of animals due to surgical 

complications; thus, 25 mice were initially assigned to each group to ensure sufficient 
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surviving numbers for statistical analysis. Mann–Whitney U-test analysis of statistical 

differences between numbers of metastases in livers of mice was performed using SAS/

STAT software (Cary, NC, USA). Loss of animals due to the operative procedure was 

assumed to be random across the groups; therefore, animals that died during or immediately 

after surgery were omitted from this analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Establishment of colon cancer cells with inducible knockdown of Akt1 or Akt2. (a) Western 

blot analysis of endogenous levels of Akt1, Akt2 and Akt3 in GEO and CBS colon cancer 

cells. (b) Immunoblot analysis confirms that the expression of Akt1, Akt2 and Akt3 does not 

change in GEO and CBS cells expressing non-targeting shRNA (sh) on treatment with Dox 

(left panels). Knockdown of Akt1 (middle panel) and Akt2 (right panel) is achieved in GEO 

and CBS cells expressing Akt isoform-specific shRNA on addition of Dox. No change in the 

expression of other Akt isoforms is observed, confirming specificity of knockdown. GAPDH 

was used as a loading control. Data are representative of at least three independent 

experiments.
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Figure 2. 
Dox-induced loss of Akt2 reduces metastasis of orthotopically implanted GFP-labeled GEO 

cells in vivo. (a) Bar graph showing no significant change in primary tumor weight on Dox-

induced loss of Akt1 (left panel) and a modest reduction on loss of Akt2 (right panel). n =22, 

n =19 and n =17 for non-targeting, Akt1 and Akt2 sh mouse groups, respectively. (b) 

Fluorescent images of mice, primary tumor and liver following orthotopic implantation of 

GFP-labeled GEO cells expressing non-targeting, Akt1 or Akt2 shRNA. Arrows indicate 

metastatic deposits in the liver. The table below the images shows quantification of mice 

bearing primary tumors and liver metastases. (c) qPCR analysis shows similar expression of 

human GAPDH in livers from mice implanted with GEO cells expressing Akt1 shRNA and 

non-targeting shRNA (left panel), whereas a marked reduction in GAPDH expression is seen 

on Dox-induced suppression of Akt2 (right panel). (d) Quantification of liver metastatic 

spots shows no significant difference on loss of Akt1 (left panel) and a significant reduction 

on loss of Akt2 (right panel). n =13, n =10 and n =6 for non-targeting, Akt1 and Akt2 sh 

mouse groups, respectively. (NS =not significant, *P<0.05, ***P<0.001).

Agarwal et al. Page 18

Oncogene. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Regulation of the expression of metastasis-related genes by Akt isoforms. GEO cells 

expressing non-targeting shRNA (sh) or Akt1, Akt2 or Akt3 shRNA were treated with Dox 

for 5 days and cDNA samples were subjected to real-time PCR using the Human Tumor 

Metastasis RT2 Profiler PCR array from Super Array Biosciences (Qiagen). Top panel: Venn 

diagram showing differentially expressed metastatic genes on knockdown of each of the 

three Akt isoforms. Genes shown in red have higher expression in Akt isoform knockdown 

cells relative to non-targeting shRNA (sh) expressing cells, whereas genes in green show 

reduced expression. Lower panel: list of genes that showed differential expression (>two-

fold) on loss of individual Akt isoforms. MTSS1 is shown in bold.
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Figure 4. 
MTSS1 is markedly upregulated and functionally active in colon cancer cells following 

Dox-induced suppression of Akt2 in vitro and in vivo. (a) Western blot analysis of MTSS1, 

pSrc (Y416), total Src and pCTTN (Y421) in Akt2, Akt1 and Akt3 knockdown GEO (upper 

panel) and CBS (lower panel) colon cancer cells. Akt2 deficiency, but not Akt1 or Akt3 

deficiency, markedly upregulates MTSS1 in association with suppression of pSrc (Y416) 

and pCTTN (Y421) in both cell lines. Expression of total Src remains unchanged. (b) Left 

panel: western blot analysis confirming MTSS1 suppression by shRNA in Akt2 knockdown 

GEO cells. Right panel: the decrease in pSrc (Y416) and pCTTN (Y421) induced by loss of 

Akt2 is prevented by shRNA-induced depletion of MTSS1. (c) Immunohistochemical (upper 

panels) and western blot (lower panel) analysis of primary tumor samples show that 

suppression of Akt2 in GEO cells in vivo is also associated with increased expression of 

MTSS1. Bar graphs show the results of quantification of immunohistochemical staining 

using Definiens Tissue Studies 64 (Dual 4.1) software. (d) Suppression of Akt1 in GEO 
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cells in vivo fails to affect MTSS1 expression. (NS =not significant, ***P<0.001). Scale bar 

is 5 μm. Western blot data in c are representative of at least three independent experiments.
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Figure 5. 
Effects of Akt2 knockdown on colon cancer cell proliferation, survival, viability and motility 

in vivo and in vitro. Immunohistochemical staining for the proliferation marker Ki67 (a) and 

TUNEL staining for apoptotic cells (b) in non-targeting shRNA- and Akt2 shRNA-

expressing GEO primary tumors after administration of Dox in the drinking water for 3 

weeks. Ki67 and TUNEL staining was quantified using Definiens Tissue Studies 64 (Dual 

4.1) software and by counting positively stained apoptotic bodies, respectively, and the 

results are presented in the corresponding bar graphs. Akt2 knockdown was associated with 

a significant decrease in Ki67 staining intensity and a significant increase in the % of 
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apoptotic cells in primary GEO cell tumors. (c) MTT assays demonstrate a marked reduction 

in viable GEO and CBS cells on loss of Akt2 by administration of Dox in vitro. (d) DNA 

fragmentation assays reveal a 5–6-fold increase in cell death on Akt2 knockdown in GEO 

and CBS cells in vitro. (e) Representative images of crystal violet-stained GEO cells that 

have passed through the membrane in a transwell migration assay showing a reduction in 

cell motility in the absence of Akt2 at 36 h. (**P<0.01 and ***P<0.001). Scale bar is 5 μm. 

Data are representative of at least three independent experiments.
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Figure 6. 
Effects of Akt2 knockdown on colon cancer cell viability, survival and motility are mediated 

by MTSS1. (a) MTT assay showing a marked decrease in GEO cell viability on Dox-

induced loss of Akt2, which is rescued by MTSS1 deficiency in Akt2 knockdown cells. (b) 

DNA fragmentation assays reveal a significant protection from Akt2 depletion-induced cell 

death by knockdown of MTSS1. (c) Representative images of transwell migration assays (36 

h) showing a reduction in migration of GEO cells on loss of Akt2, which is prevented by 

MTSS1 deficiency. The bar graph shows quantification of the data from migration assays. 

(d) Representative images of GEO cells stained with the F-actin probe Alexa Fluor 633 

phalloidin (far red). The DNA dye DAPI (blue) was used to detect cell nuclei and RFP 

staining (Red) reflects treatment with Dox. Scale bar is 20 μm (NS =not significant, 
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**P<0.01 and ***P<0.001). Data are representative of at least three independent 

experiments.
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Figure 7. 
Expression of MTSS1 in human CRC samples. Differential expression of MTSS1 in normal 

human colonic mucosa and CRC samples from The Cancer Genome Atlas database.

Agarwal et al. Page 29

Oncogene. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Proposed mechanism for the inhibitory effects of Akt2 deficiency on the metastatic program 

of colon cancer cells. Loss of Akt2 upregulates MTSS1, leading to inhibition of Src-

mediated phosphorylation/activation of CTTN and reduced cell motility. Inhibition of Src 

also leads to a reduction in CRC growth and survival, as previously described by others.66,67 

Together, these effects impair the metastatic capacity of CRC in vivo.
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