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Abstract

MicroRNA-200 (miR-200) has emerged as a regulator of the PI3K/AKT pathway and cancer cell 

growth. It was reported that miR-200 can activate PI3K/AKT by targeting FOG2 (friend of GATA 

2), which directly binds to the p85α regulatory subunit of PI3K. We found that miR-200 was 

elevated in early stage lung adenocarcinomas compared to normal lung tissues, and the expression 

of miR-200 promoted the tumor spheroid growth of lung adenocarcinoma cells. We show that 

AKT activation was essential for such oncogenic action of miR-200. However, depletion of FOG2 

had little effect on AKT activation. By performing a reverse phase protein array, we found that 

miR-200 not only activated AKT, but also concomitantly inactivated S6K and increased IRS-1, an 

S6K substrate that is increased upon S6K inactivation. Depletion of IRS-1 partially inhibited the 

miR-200-dependent AKT activation. Taken together, our results suggest that miR-200 may 

activate AKT in lung adenocarcinoma cells through a FOG2-independent mechanism involving 

IRS-1. Our findings also provide evidence that increased miR-200 expression may contribute to 

early lung tumorigenesis, and AKT inhibitors may be useful for the treatment of miR-200-

dependent tumor cell growth.

Keywords

microRNA-200; AKT; signaling; lung cancer

INTRODUCTION

MicroRNA-200 (miR-200) is a family of five clustered microRNAs (miR-141, 200a, 200b, 

200c, and 429) that are highly expressed in epithelial tumor cells and play critical roles in 
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multiple biological processes, including epithelial-mesenchymal transition (EMT) (1–4), cell 

growth (5–8), and invasion and metastasis (9–12). In the human genome, the five miR-200 

family members are encoded by two miR-200 gene clusters, namely the miR-200b/a/429 

and miR-200a/141 clusters. Like many other microRNAs, miR-200 can bind to specific 

sequences on its target mRNAs’ 3′UTR and silence their expression. One of the key 

miR-200 targets in tumor cells is the ZEB family of zinc-finger E-box binding transcription 

repressors that promote EMT (1–4). By targeting the ZEB factors, miR-200 maintains 

epithelial and polarity-related gene expression, decreases mesenchymal gene expression, and 

prevents EMT and tumor cell dissemination. On the other hand, ZEB factors can also bind to 

the promoter of miR-200 and repress its expression. Therefore, a reciprocal regulation 

between miR-200 and ZEB factors forms a double-negative feedback loop in tumor cells 

which enables the cells to effectively respond to both intracellular and environmental cues 

and to transit between epithelial and mesenchymal states (13–15).

PI3K/AKT pathway is a fundamental signaling pathway in tumor cells that promotes 

proliferation and survival, suppresses cell death, and regulates intracellular cytoskeletal 

remodeling that is required for tumor invasion (16, 17). Activation of PI3K leads to the 

generation of the second messenger PIP3 that activates phosphotidylinositol-dependent 

kinase PDK1, which in turn activates AKT and downstream mediators, including the mTOR 

and p70S6K signaling cascades. Notably, activated p70S6K can phosphorylate insulin 

receptor substrate IRS-1, an activator of PI3K, and induce IRS-1 degradation, followed by 

the suppression of PI3K activity. Thus, the inhibition of p70S6K can increase IRS-1 to 

feedback activate PI3K/AKT, which in turn drives tumor cells to acquire resistance to 

rapamycin (18, 19). Recently, others and we have shown that the PI3K/AKT pathway may 

be a novel target for the miR-200/ZEB1 axis and may be implicated in miR-200-dependent 

transformation, proliferation, and tumor dissemination (20–24). However, how miR-200 

regulates the PI3K/AKT pathway remains incompletely understood. A previous report has 

shown that miR-200 activates PI3K by repressing its target gene FOG2, which acts as a 

suppressor of the assembly of PI3K by binding to the p85α regulatory subunit of PI3K (21).

Herein, we report that miR-200 promoted lung adenocarcinoma cell growth by activating 

AKT in a FOG2-independent manner. Our results show that miR-200 had a dichotomous 

effect on the expression and activation of several key components of the PI3K pathway, 

including AKT and S6K, in lung adenocarcinoma cell. We show evidence that miR-200 may 

activate AKT through a novel mechanism involving the inactivation of S6K and an increase 

of the S6K substrate IRS-1. In vivo, the expression of miR-200 in early stage lung 

adenocarcinomas is higher than that in adjacent normal lung tissues. These results suggest 

that AKT may be a useful target for treatment of miR-200-dependent lung tumor cell 

growth.

RESULTS

To explore the role of miR-200 in early lung tumorigenesis, we quantitated its expression in 

33 pairs of early stage (stage I and II) lung adenocarcinomas and adjacent normal lung 

tissues (Table 1). Our results showed that the expression levels of both miR-200a and 

miR-200c (which represent the miR-200b/a/429 and miR-200a/141 clusters, respectively) 
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were higher in tumors than those in normal lung tissues (Figure 1A and 1B), suggesting an 

oncogenic role for miR-200 in early stage lung adenocarcinoma. In support of such a role, 

the expression of miR-200 in the 344SQ lung adenocarcinoma cells, which do not express 

miR-200 (11), significantly promoted their tumor spheroid growth in matrigel culture 

(Figure 1C).

Previously, we have shown that PI3K signaling is essential for early lung tumorigenesis in 

mouse models of human lung adenocarcinoma (25, 26). To examine whether miR-200 

regulates the PI3K signaling pathway, we performed western blotting for several key 

components of this pathway and found that miR-200 activated AKT phosphorylation but 

inactivated the phosphorylation of p70S6K and S6, a substrate of p70S6K (Figure 2A). On 

the contrary, the expression of the miR-200 repressor ZEB1 in 393P lung adenocarcinoma 

cells had a completely opposite effect on these molecules: it inactivated AKT 

phosphorylation but activated the phosphorylation of both p70S6K and S6K (Figure 2B). 

These results demonstrate that miR-200 distinctly regulates AKT and p70S6K in lung 

adenocarcinoma cells. To understand the physiological role of miR-200-mediated AKT 

activation, we treated the tumor spheroids formed by cells that express miR-200 with an 

AKT inhibitor (GSK2141795) or an mTOR inhibitor (rapamycin). The results showed that 

miR-200 significantly promoted tumor spheroid growth, which can be effectively inhibited 

by these inhibitors (Figure 2C). In a sharp contrast, these inhibitors had little effect on cells 

that do not express miR-200 (Figure 2C). These results are consistent with the observation 

that AKT was inactive in 344SQ cells (Figure 2A) and suggest that the activation of AKT by 

miR-200 promotes tumor cell growth.

A recent study showed that FOG2 is a direct target of miR-200 and acts as a PI3K antagonist 

by binding to its regulatory subunit p85α (21). Thus, it is possible that miR-200 activates 

AKT phosphorylation by repressing FOG2. Unexpectedly, our results showed that 

expression of miR-200 only marginally decreased the level of FOG2 (Figure 3A), and 

knockdown of FOG2 failed to activate AKT (Figure 3B) and had little effect on cell growth 

(Figure 3C), indicating that FOG2 is not required for miR-200-dependent AKT activation in 

lung adenocarcinoma cells. To understand the mechanism by which miR-200 activates 

AKT, we performed a reverse phase protein array (RPPA) for cells that stably express 

miR-200. Consistent with our above-mentioned results in Figure 2, the RPPA data showed 

that miR-200 strongly activated AKT but inactivated p70S6K (Figure 4A; indicated by 

arrows). Interestingly, the data also revealed a significant increase of IRS-1 in response to 

miR-200 expression (Figure 4A; indicated by the symbol #). As IRS-1 is a well-

characterized p70S6K substrate that is degraded upon p70S6K-mediated phosphorylation 

(18, 19), we posit that miR-200 increases IRS-1 by inactivating p70S6K. Importantly, IRS-1 

can activate PI3K by recruiting p85α, suggesting that it may be required for AKT activation 

by miR-200. In support of this idea, knockdown of either IRS-1 (Figure 4B) or p85α (Figure 

4C) suppressed the phosphorylation of AKT. Notably, knockdown of IRS-1 only partially 

inhibited AKT phosphorylation, suggesting that miR-200 may activate AKT through 

multiple mediators, including IRS-1.
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DISCUSSION

In this report, we studied the impact of miR-200 on the PI3K/AKT signaling and the 

mechanism of miR-200-mediated AKT activation. A previous report showed that FOG2, a 

transcription co-factor for the GATA family of transcription factors (27, 28), is a miR-200 

target that antagonizes PI3K/AKT by binding to the p85α PI3K subunit in liver cancer cells 

(21). However, our results (Figure 3) showed that the depletion of FOG2 in lung cancer cells 

had little effect on AKT activation, suggesting that miR-200 may utilize cellular context-

dependent mechanisms to regulate AKT in different types of cancer cells.

Interestingly, our data (Figures 2 and 4) showed that miR-200 concomitantly induced the 

activation of AKT and inactivation of p70S6K, demonstrating a dichotomous effect of 

miR-200 on the PI3K/AKT signaling. More importantly, we found that IRS-1 was increased 

by miR-200 and partially involved in AKT activation. These findings provide evidence for a 

novel mechanism by which miR-200 activates AKT in lung cancer cells. Given that p70S6K 

phosphorylates IRS-1 and induces its degradation (18, 19), we postulate that the inactivation 

of p70S6K by miR-200 in lung cancer cells may feedback activate AKT by increasing IRS-1 

(Figure 5).

Our results also showed that miR-200 expression level was higher in lung adenocarcinomas 

than that in normal lung tissues. Functional studies showed that miR-200 promoted tumor 

spheroid growth and that the AKT/mTOR inhibitors inhibited the tumor spheroid growth of 

cells expressing miR-200, but not of those that do not express miR-200, suggesting that the 

presence or absence of miR-200 in lung cancer cells may induce a switch of AKT’s growth 

regulating function. Therefore, our data also suggest that AKT antagonists may be useful for 

treatment of miR-200-dependent lung tumors.

MATERIALS AND METHODS

Cell culture and transfection: all cells are cultured in RPMI-1640 medium supplemented 

with 10% fetal bovine serum (FBS) and in a humidified 5% CO2 incubator. Synthesized 

siRNAs (Cell Signaling) were transiently transfected into the cells using RNAiMAX reagent 

from Life Technologies, and gene expression was examined by western blotting 48 hours 

post transfection. To stably knock down target gene expression, specific shRNA expression 

plasmids (Sigma) were transfected into the cells using lipofectamine 2000 transfection 

reagent (Invitrogen). After 48 hours, cells were re-suspended and put into culture medium 

containing 15 μg/ml puromycin (Sigma). Cells that stably express shRNA plasmids were 

generally acquired within 6–8 weeks post antibiotic selection.

Reagents: rabbit anti-pAKT (9271), AKT (9272), p70S6K (9202), pS6 (2211), S6 (2212), 

and IRS-1 (2382), and mouse-anti-pp70S6K (9206), and siRNA against mouse IRS-1 (6346) 

were from Cell Signaling. Goat anti-Actin (sc-1616), rabbit anti-FOG2 (sc-10755), and 

mouse anti-p85α (sc-1637) were from Santa Cruz.
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Human tissues

Human tissues were acquired from Mayo Clinic lung tissue registry with protocols approved 

by the Mayo Clinic internal review board (IRB) and human tissue subcommittee.

Reverse phase protein array (RPPA assay): the RPPA assay was performed by University of 

Texas M.D. Anderson Cancer Center RPPA core facility.

Quantitative RT-PCR: the expression levels of the five microRNA-200 members were 

examined by quantitative RT-PCR using TaqMan assays from Applied Biosystems. Briefly, 

total RNA was extracted from cells using the miRNeasy kit (217004) from Qiagen. 5 ng 

total RNA was subjected to reverse transcription, followed by quantitative PCR using a 

7500 fast qPCR machine (Applied Biosystems). The levels of miR-200 members were then 

normalized to that of an internal control small non-coding RNA snoRNA-135.

Protein lysate preparation and Western blotting: cells were lysed in ice-cold RIPA buffer 

containing protein inhibitor cocktail (Sigma), 1 mM PMSF, and 1 mM orthovanadate, 

homogenized three times by 25 gauge needles, and centrifuged at 12,000 g for 15 minutes to 

remove cell debris and non-soluble components. The resulted supernatant (total protein 

lysate) was immediately subjected to protein concentration quantitation using a BCA protein 

assay kit from Pierce. SDS PAGE electrophoresis and immunoblotting were performed as 

we described before (Yang et al., 2014).

Soft agar colony formation and tumor spheroid growth assay: single cell suspension was 

prepared by Trypsin-EDTA digestion, followed by re-suspension of cells into RPMI-1640 

medium containing 10% FBS and aspiration of cells through a 25 gauge needle. For tumor 

spheroid growth assay, cells (500 cells per well) were seeded in matrigel coated 8-well 

NuncLink chambers (Fisher Scientific) and incubated for two weeks. For soft agar formation 

assay, cells (10,000 cells per well of 6-well plates) were mixed well with 0.3% agar, which 

was then plated on 0.6% agar in RPMI 1640 medium containing 20% FBS. After two 

weeks, the colonies of tumor cells were visualized by MTT staining and counted and 

expressed as mean ± SD of the number of colonies.
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Figure 1. 
miR-200 promotes lung adenocarcinoma cell growth. (A and B) The expression levels of 

miR-200a (A) and miR-200c (B) were quantitated by qPCR and normalized to that of 

RNU24 (internal control for small non-coding RNAs). (C) Light microscopic images of 

tumor spheroids formed by 344SQ lung adenocarcinoma cells that stably express either an 

empty vector or miR-200b/a/429.
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Figure 2. 
miR-200 and ZEB1 reversely regulate key signaling components of the PI3K/AKT pathway. 

(A and B) Western blotting of pAKT (pS473), AKT, pp70S6K (pT389), p70S6K, pS6 

(S235/S236), and S6 for 344SQ lung adenocarcinoma cells that express either an empty 

vector or a miR-200b/a/429 plasmid (A) and 393P lung adenocarcinoma cells that express 

either an empty vector or ZEB1 (B). (C) Tumor spheroids formed by 344SQ lung 

adenocarcinoma cells expressing either an empty vector or miR-200b/a/429 were treated 

with DMSO, GSK2141795 (2 μM), and rapamycin (500 nM). Tumor spheroids were 

counted and expressed as means ± S.D. * indicates that the t-test’s p value is less than 0.05 

(statistically significant).
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Figure 3. 
FOG2 is not required for AKT activation. (A) Western blotting of FOG2 and Actin (as a 

loading control) for 393Pzeb1 lung adenocarcinoma cells. (B) Western blotting of FOG2, 

pAKT (pS473), and AKT for 344SQ (left panels) and HCC827zeb1 (right panels) lung 

adenocarcinoma cells that stably express either non-targeting shRNA (N.T. shRNA) or 

FOG2 specific shRNAs. (C) Knockdown of FOG2 had no effect on 344SQ soft agar colony 

growth.
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Figure 4. 
IRS-1 is partially involved in miR-200-dependent AKT activation. (A) RPPA array for 

344SQ lung adenocarcinoma cells that stably express either an empty vector or 

miR-200b/a/429 plasmid. * and ** indicate that the t-test’s p values are less than 0.05 or 

0.01, respectively (statistically significant or very significant). (B) Western blotting of 

IRS-1, pAKT (pS473), AKT and Actin for 344SQ lung adenocarcinoma cells expressing an 

empty vector or miR-200b/a/429 that transfected with control non-targeting siRNA (N.T. 

siRNA) or IRS-1 siRNA. (C) Western blotting of p85α, pAKT (pS473), and Actin showing 

knockdown of p85α suppresses AKT phosphorylation.
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Figure 5. 
Schematic for the mechanism of miR-200-mediated AKT activation and tumor cell growth.
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Table 1

Demographic and clinical information for the 33 paired frozen lung adenocarcinoma and adjacent normal lung 

tissues used in this study

Total number of tissues: 41 pairs

Age at surgery

 Mean 67

 Range 47–89

Sex

 Male 11 (33%)

 Female 22 (67%)

Race

 Caucasian 30 (91%)

 Unknown 3 (9%)

Smoking status

 Never 16 (48%)

 Former 10 (30%)

 Current 7 (22%)

Stage

 I 16 (48%)

 II 17 (52%)
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