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ABSTRACT 

Upregulation of acetyl-CoA carboxylase αααα and 

fatty acid synthase by HER2 at translational level 

in breast cancer cells 

 

Sarah Yoon 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Kyung-Sup Kim) 

 

Expression of HER2 oncogene is reported to be increased 

approximately in 30% of human breast carcinoma. FASN was expressed 

higher in HER-2 overexpressing breast cancer cells, such as SK-BR-3 and 

BT-474 than that of breast cancer cells, such as MCF-7 and MDA-MB-231, in 

which HER2 expression is low. Exogenous HER2 expression in MDA-MB-

231 cells induced the expression of acetyl-CoA carboxylase α (ACCα) and 

FASN proteins without increasing mRNA. HER2-mediated increase in ACCα 
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and FASN proteins was inhibited by a PI3K inhibitor, LY294002 and an 

mTOR inhibitor, rapamycin. In addition, activation of mTOR by 

overexpressing Rheb in MDA-MB-231 cells upregulated not only the amount 

of ACCα and FASN proteins but also the rate of their synthesis. However, all 

these overexpressions in proteins were not accompanied with the change in 

mRNA levels. BT-474 cells showed significant reduction in ACCα and FASN 

proteins by treating with LY294002, rapamycin, and mTOR siRNA. To 

examine whether the increase in the amount of proteins was related to specific 

sequences within their mRNAs, the 5’ and 3’ untranslated regions (UTR) of 

ACCα and FASN were fused to luciferase reporter gene and the activity of 

luciferase and the amount of its mRNA were measured. In the presence of the 

5` and 3` UTR regions of ACCα and FASN, the luciferase activity was 

increased without increasing luciferase mRNA. These results indicate that 

UTRs play important roles in mTOR-mediated translational control of ACCα 

and FASN. Taken together, these data indicate that the major regulation of 

HER2-mediated ACCα and FASN expression is regulated at translation level 

primarily through mTOR signaling pathway in breast cancer cells.  

 

 Key words : HER2, acetyl-CoA carboxylase α (ACCα), fatty acid synthase 

(FASN), mammalian target of rapamycin (mTOR) 
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(Directed by Professor Kyung-Sup Kim) 

 

I. INTRODUCTION 

 

HER2 is a member of type I family of growth factor receptors, that 

consists of 4 structurally related proteins: HER1 (ErbB1), HER2 (ErbB2), 

HER3 (ErbB3), and HER4 (ErbB4). It is reported that about 30% of breast 

cancer have amplified HER2 gene and its overexpression, which contributes 

to the aggressiveness of tumor and confers Taxol resistance1. HER2 forms a 

heterodimer with other HER family members and activates intrinsic protein 
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tyrosine kinase activity, thereby triggering a cascade of signal transduction 

events resulting in the cell proliferation 2-4. Herceptin, which is a humanized 

monoclonal antibody blocking the signals transmitted by HER2, augmented 

clinical benefit of chemotherapeutic agents 5,6. 

The studies on the targets of HER2 signaling have led fatty acid 

synthase (FASN) to be important in development, cell cycle progression, and 

apoptosis of breast cancer cells. FASN is an anabolic enzyme catalyzing the 

biosynthesis of palmitate, which is the primary resource for synthesis of 

biological membranes and triacylglycerol. FASN expression is tightly 

regulated by nutritional status and hormonal signals in normal cells. Recently, 

HER2 overexpression has shown to induce FASN expression in breast cancer 

cells and the level of FASN expression positively correlates with that of 

HER2 expression 7,8. The cancer cells which overexpress FASN were induced 

to apoptosis sensitively by treatment with FASN inhibitors or FASN siRNA 8-

11. In lipogenic organs such as adipose tissue and liver, the activities of 

lipogenic enzymes including FASN, acetyl-CoA carboxylase α (ACCα), and 

ATP-citrate lyase (ACLY) are primarily regulated at transcriptional level. 

Sterol regulatory element-binding protein-1c (SREBP-1c) is reported to be the 

major transcriptional regulator in response to nutritional or hormonal signals 

12. The expression of FASN is induced by H-ras transformation of mammary 
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epithelial cells and progestin stimulation in breast cancer cells in the similar 

way and it is reported to be mediated by SREBP-1c that is activated by the 

mitogen-activated protein (MAP) kinase and phosphatidylinositol-3 kinase 

(PI3K)/Akt pathway 13-15. 

Mammalian target of rapamycin (mTOR), one of the downstream 

effectors of PI3K, is a Ser/Thr kinase, which controls the cell growth and 

proliferation through regulating protein synthesis 16,17. Growth factors, 

hormones, and cytokines activate PI3K, which in turn stimulates Akt. 

Activated Akt phosphorylates tuberous sclerosis 2 (TSC2), TSC1/TSC2 

functions as a GAP towards Rheb, which is a major regulator of the 

mammalian target of rapamycin (mTOR). In the absence of either TSC1 or 

TSC2, high levels of Rheb-GTP lead to constitutive activation of mTOR-

raptor signaling. Activation of mTOR phosphorylates and inactivates the 4E-

BP (eIF4E-binding protein) resulting in repression of translational efficiency. 

The other target of mTOR is 70kDa subunit of S6 kinase 1 (S6K1), which 

phosphorylates S6 ribosomal proteins. S6K1 participates in the control of 

protein synthesis and is activated in response to hormones, mitogens and 

nutrients18-20. 

It was reported that the inter-relationship between the HER2 

overexpression and mTOR activation is important in breast cancers 21.  The 
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inhibition of activated mTOR kinase in breast cancer cells restored the 

sensitivity to tamoxifen 22,23, paclitaxel, and carboplatin 24.  

Although the lipogenesis is proved to be important for survival and 

proliferation of breast cancer cells, the studies on the mechanism of HER2 

signal mediated regulation of lipogenic enzyme expression is limited. In the 

present study, I demonstrated that only the lipogenic enzymes, FASN and 

ACCα, were elevated by HER2 overexpression. I also proved that mTOR 

activation by HER2 plays a major role in expression of FASN and ACCα by 

selective translational activation. The 5’ and 3’ UTRs of FASN and ACCα 

mRNA contributed to selective increase in translational efficiencies mediated 

by mTOR.  

 



 ５ 

II.  MATERIALS AND METHODS 

 

1. Cell cultures 

 Four human breast cancer cell lines, MDA-MB-231, MCF-7, BT-474, 

and SK-BR-3 were obtained from American Type Culture Collection (ATCC, 

Manassas, VA, USA). The cells were maintained in the respective medium 

(Invitrogen, Carlsbad, CA, USA) as recommended by ATCC, supplemented 

with 10 % (v/v) fetal bovine serum (Invitrogen) and 1 % penicillin and 

streptomycin (Invitrogen) at 37 ℃ in a humidified atmosphere of 5 % CO2 in 

air. 

 

2. Preparation of recombinant adenovirus and virus infection 

The recombinant adenoviruses expressing HER2, Rheb, a dominant-

negative form of SREBP-1c 25, and the green fluorescent protein (GFP) were 

constructed using AdEasy adenoviral vector system vector (Stratagene, La 

Jolla, CA, USA) according to the manufacturer`s protocol. Briefly, cDNAs 

encoding dominant-negative form of SREBP-1c, HER2, Rheb, and GFP were 

amplified by PCR and cloned into the pShuttle-CMV vector. The recombinant 

shuttle vector constructs and pAdEasy-1 vector were co-transformed into 

BJ5183 E.coli by electroporation. The positive recombinant adenovirus 
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plasmids were identified by restriction digestion and amplified. Five 

micrograms of recombinant adenovirus plasmid DNA were linearized by 

digestion with PacI, then transfected into HEK-293A cells using Lipofectamin 

PLUS reagent (Invitrogen). The adenoviruses were amplified in 293A cells, 

purified, and isolated using CsCl2 (Sigma-Aldrich, St. Louis, MO, USA) 

ultracentrifugation. The infective recombinant adenoviruses were collected 

and desalted, then the titers were determined by plaque-forming assay using 

agarose overlay in HEK-293A cell. For viral infection, MDA-MB-231 cells 

and BT-474 cells were incubated in serum free media with recombinant 

adenovirus at a titer of 10 multiplicity of infection (MOI) at 37℃. Culture 

medium was replaced by fresh medium containing 10% fetal bovine serum 

and antibiotics after 2 h. The cells were harvested at 48 h after viral infection 

and the lysates were prepared. 

 

3. Western blot analyses 

To demonstrate the role of each signal pathway in induction of 

lipogenic enzymes, the effects of inhibitors against the respective signals were 

measured as follows. Subconfluent cells were incubated with 25 µM 

LY294002 (Alexis, San Diego, CA, USA), 200 µg/ml Herceptin (a generous 

gift from Genentech, South San Francisco, CA, USA), and 10 nM or 100 nM 
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rapamycin (Cell Signaling Technology, Beverly, MA, USA) for 24 h. To show 

sterol-dependent SREBP processing, MDA-MB-231 and BT-474 cells (4 × 

105 cells/well) were seeded in 6-well plate in the medium containing 10 % 

FBS on day 0. On day 2, the cells were washed twice with phosphate-buffered 

saline (PBS) and cultured in the medium containing 10 % de-lipidated serum 

26 supplemented with 26 µM cholesterol and 2.5 µM 25-hydoxycholesterol for 

24 h. The cells were harvested and lysed in 2xSDS loading dye, then briefly 

sonicated. Lysates were centrifuged at 12,000rpm for 10 min at 4℃. 

Supernatants were collected and protein concentration was determined by 

Bradford assay system (Bio-Rad, Hercules, CA, USA). The proteins were 

subjected to electrophoresis on SDS-polyacrylamide gels and were transferred 

to Protran nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA). 

The membranes were blocked in PBS with 0.05% (v/v) Tween-20 containing 

5% (w/v) non-fat dried milk and probed with primary antibodies as indicated 

in the figures. The following antibodies were used : polyclonal antibodies 

against rat ACLY and ACCα from Genepia (Seoul, Korea), polyclonal 

antibodies against S6 protein, phosphor-S6 protein, mTOR, phosphor-mTOR, 

and Rheb from Cell Signaling Technology, and polyclonal antibody against 

HER2 from Oncogene (San Diego, CA, USA), and monoclonal antibody 

against α-tubulin from Calbiochem (San Diego, CA, USA). Polyclonal 
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antibodies against FASN and SREBP-1 were described previously27,28. The 

antibodies against human SREBP-2 and bovine LDL receptor were kindly 

provided by Jay Horton (University of Texas Southwestern Medical Center). 

The immuno-reactive bands were visualized by horseradish peroxidase-

conjugated secondary antibodies (Pierce, Rockford, IL, USA) using the 

SuperSignal West Pico Chemiluminescent Substrate System (Pierce). 

 

4. siRNA experiment 

siRNA oligonucleotides for mTOR were purchased from Ambion 

(Austin, TX, USA). A scrambled siRNA (Dharmacon, Chicago, IL, USA) was 

used as a control. Transfection was performed using Fugene 6 (Roche, 

Mannheim, Germany) according to the manufacturer’s protocol. Briefly, 100 

pmol siRNA and 6 µl Fugene 6 were mixed in 100 µl of serum-free media. 

After 30 min, siRNA-Fugene 6 mixture was added to the cultured cells. Forty-

eight hours after transfection, lysates were prepared and Western blot analyses 

were performed.  

 

5. Cell viability assay 

Cells (3 × 103 cell/well) were seeded in 96-well culture plates on day 

0. On day 1, medium was changed with fresh medium containing 10 µg/ml of 
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cerulenin (Sigma-Aldrich) which is solubilized in dimethylsulfoxide. On day 

2, the cell viability assay was performed using CellTiter 96 AQueous Non-

Radioactive Cell proliferation Assay kit (Promega, Madison, WI, USA) 

according to the manufacturer`s protocol. 

  

6. Northern blot analysis and reverse transcription (RT)-PCR 

To check mRNA level for lipogenic enzymes, Northern blot 

hybridization or RT-PCR was performed. Total RNAs were isolated from 

cultured cells using TRIzol reagent (Invitrogen) according to the 

manufacturer’s protocol. For Northern blot hybridization, 20 µg of total RNAs 

were denatured and subjected to electrophoresis on denaturing agarose gels 

containing formaldehyde. RNAs were transferred to Nylon membranes 

(Schleicher & Schuell), UV-crosslinked, and hybridized with probes. The 

probes were labeled using Rediprime II random primer labeling system 

(Amersham-Pharmacia, Arlington Heights, IL, USA) and [α-32P]dCTP (NEN, 

Boston, MA, USA). SREBP-1, ACLY, ACCα, FASN, and β-actin cDNAs 

were used as probes. For quantitative RT-PCR, cDNAs were synthesized from 

5 µg of total RNAs using oligo(dT) and Superscript reverse transcriptase II 

(Invitrogen) as described by manufacturer. The resulting cDNAs were used as 

a template for PCR. The sequences of the primers in these reactions are as 
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follows: FASN; 5` primer, 5’-GTC CTG GGA GGA GTG TAA ACA G-3’ and 

3` primer, 5’-GTC CCT GTG ATC CTT CTT CAT C-3, ACCα; 5` primer, 5’-

TGG TCT CTT TCC GGA CCT TTG AAG-3’ and 3` primer, 5’-TCC TCC 

TCA AAC TTA TCC CTT GCT CGG A-3’, glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH); 5` primer, 5’-CCC CTT CAT TGA CCT CAA CTA 

C-3’, 3` primer, 5’-GAG TCC TTC CAC GAT ACC AAA G-3’. The 

amplified products were analyzed on 1.5% agarose gels containing ethidium 

bromide and were visualized with UV light. 

 

7. Measurement of Rheb-induced translational activation of FASN and 

ACCαααα 

MDA-MB-231 cells (8 × 105 cells/10-cm dish) were seeded on day 0. 

On day 1, the cells were transduced with AdGFP or AdRheb at 1 × 103 MOI 

as described above. Twenty four hours after the transduction, medium was 

changed with methionine/cystein-free DMEM (Invitrogen) for one hour, then 

[35S]Met-Cys (NEN) was added to the medium at a final concentration of 0.3 

mCi/ml. Cells were incubated for 0.5, 1, 2, and 4 h in the presence of 

[35S]Met-Cys. After incubation, the cells were briefly washed with ice-cold 

PBS, and harvested with 500 µl of lysis buffer (100 mM Tris-HCl, pH 7.5, 

300 mM NaCl, 2 % (v/v) NP-40). The cell lysates were collected by 
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centrifugation at 12,000 rpm for 10 min at 4 oC and precleared by mixing with 

50 µl of protein A-agarose (50 % slurry), followed by incubation for 2 h on 

rotating device at 4 oC. After removal of protein A-agarose by centrifugation, 

indicated antibodies were added and then incubated for overnight on rotating 

device at 4 oC. Additional 50 µl of protein A-agarose slurry were added to the 

mixture, and the mixture was incubated for 2 h. The protein A-agarose beads 

were collected by centrifugation, then washed twice with 50 mM Tris-HCl, 

pH 7.5, 0.5 M NaCl, 0.1 % (v/v) NP-40, 0.05 % (w/v) deoxycholate, and once 

with 10 mM Tris-HCl, pH 7.5, 0.1 % (v/v) NP-40, 0.05% (w/v) deoxycholate. 

Immunoprecipitated proteins were eluted with 1 × SDS loading buffer and 

subjected to electrophoresis on 6 % SDS-polyacrylacide gel. After 

electorphoresis, the gels were soaked in 30 % methanol and 10 % acetic acid 

for 10 min, dried, and then exposed to X-ray film. 

 

8. Construction of plasmids and transient transfection assay 

The 599-bp, 161-bp, 100-bp, and 101bp 5’ UTRs of ACC1a, ACC1b, 

FASN, ACLY, respectively, were amplified from the cDNA prepared using 

total RNA isolated from BT-474 cells. The amplified PCR fragments were 

inserted into HindIII/ NcoI sites of the pGL3-promoter vector (Promega), 

which produced the constructs harboring the amplified 5` UTR fragments at 
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immediate upstream of the open reading frame of firefly luciferase gene. The 

3’ UTR sequences of ACCα, FASN, and ACLY were obtained by digesting 

human ACCα cDNA image clone 3874305 with NcoI/XhoI, human FASN 

cDNA image clone 6172538 with XhoI/BamHI, and hACLY cDNA image 

clone 2959339 with NdeI/XhoI, respectively. The digested fragment with size 

of 2403 bp, 1059 bp, and 1012 bp for ACCα, FASN, and ACLY, respectively, 

were subcloned into XbaI site of pGL3 promoter vector, which produced the 

constructs harboring the 3` UTR fragments at immediate downstream of 

firefly luciferase gene. To construct pGL3 promoter containing both 

sequences for 5’ and 3’ UTRs of ACC1a, ACC1b, FASN, and ACLY the 

amplified 5’ UTR fragments were inserted into the upstream of the firefly 

luciferase gene of pGL3 promoter constructs containing 3’ UTRs of ACCα, 

FASN, and ACLY. After transient transfection with the constructs into MDA-

MB-231 cells, luciferase assay and RT-PCR were performed to examine the 

translational activation of the reporter gene by the UTR sequences in the 

presence of absence or Rheb overexpression. Cells (5 X 105 cells/well) were 

seeded in 6-well plates on day 0. On day 1, the cells were transfected with 

the indicated plasmids using Lipofectmine PLUS reagent (Invitrogen) 

according to the manufacturer’s protocol with minor modification for 

transducing AdRheb. The 0.6 µg plasmid DNA were mixed with 
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lipofectamin and PLUS reagent in serum-free media. While the complexes 

were being formed, the cells were washed with PBS, and then incubated with 

1 ml of serum-free media containing 1 x 103 MOI AdGFP or AdRheb. After 

15 min, Lipofectamin-DNA complexes were added to the medium. After 3 h 

of transfection, the medium was changed with fresh medium containing 

10 % FBS. For BT-474 cells, the same transfection procedures were 

performed except omitting infection with adenoviruses. On day 2, the cells 

were was treated with rapamycin for 24 h and cultured for the additional 24 

h. On day 4, the cells were harvested and lysed with 200 µl of reporter lysis 

buffer (Promega). Luciferase activity assay was performed using 5 µl of the 

cell extract and 45 µl of luciferase assay reagent (Promega). Each 

transfection experiment was performed in triplicate, and mean ± standard 

errors values of three independent experiments were calculated. For 

quantitative analysis of luciferase mRNA in reporter-transfected cells by RT-

PCR, poly(A)-rich RNAs were isolated using PolyATtract mRNA isolation 

system IV (Promega) from total RNA and digested with RNase-free DNase 

(Ambion) to remove the transfected DNA. RT-PCR for the luciferase was 

performed using luciferase primer set, 5` primer, 5’-AGC GAC CAA CGC 

CTT GAT T-3’ and 3` primer, 5’-ACT TCA GGC GGT CAA CGA TG-3’. 

SV40 promoter region of reporter constructs was used as the negative 
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control in RT-PCR in order to confirm the complete removal of transfected 

DNA with the following primers: 5` primer, 5’-CTA GCA AAA TAG GCT 

GTC CCC-3’ and 3` primer, 5’-CTT TAT GTT TTT GGC GTC TTC C-3’.  
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III.  RESULTS 

 

1. Correlation of the expression of FASN with that of HER2 

Recently, the overexpression of HER2 was reported to be correlated 

to increased levels of FASN 11,29, in the breast and ovarian cancer cells. To 

check the correlation of the expression of FASN with that of HER2, we 

performed western blot analysis from four different human breast cancer cell 

lines, MDA-MB-231, MCF-7, BT-474, and SK-BR-3. FASN was expressed 

higher in HER2 overexpressing breast cancer cells, such as SK-BR-3 and BT-

474 that that of breast cancer cells, such as MCF-7 and MDA-MB-231, in 

which HER2 expression is low (Fig. 1). To examine the effects of FASN 

overexpression on cell survival, four different human breast cancer cell lines, 

MDA-MB-231, MCF-7, BT-474, and SK-BR-3, were treated with cerulenin 

(10 µg/ml) for 24 h. Cerulenin, a natural product derived from the fungus 

Cephalosporium caerulens, is a suicide inhibitor that binds irreversibly to the 

catalytic binding site of the β-ketoacyl-acyl-carrier protein of multifunctional 

FASN 30,31. As expected, BT-474 and SK-BR-3 cells showed more 

susceptibility to inhibition of cell growth by cerulenin (Fig. 1). These findings 

suggest that upregulated expression of fatty acid synthase is important for cell 

survival in HER2-overexpressing breast cells.  
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Figure 1. FASN is important for cell survival in HER2-overexpressing breast 

cancer cells. (A) MDA-MB-231, MCF-7, BT-474, and SK-BR-3 cells were 

cultured with the medium containing 10% FBS and the cell lysates were 

prepared as described under “Experimental Procedures”. Lysates were 

subjected to SDS-PAGE for western blot analysis using polyclonal antibodies 

against HER2 and FASN. The tubulin was used as a loading control. (B) The 

same cell lines were cultured in the medium as in A in the presence or absence 

of 10 µg/ml of cerulenin for 24 h. The cell viability was measured by the MTS 

assay and represented as % of activity of cerulenin-treated cells compared to 

that of vehicle-treated cells. Each value represents the mean ± S.D. for 

triplicates. Similar results were obtained in three independent experiments. 
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2. SREBP-1 is not a major regulator for expression of lipogenic enzyme 

genes in breast cancer cells  

Previously, it was reported that mature form of SREBP-1c 

upregulates FASN in cancer cells at transcriptional level 32,33. To examine the 

effects of SREBP-1 in HER2-related increase of FASN, we compared the 

relative amounts of SREBP-1 and the other lipogenic enzymes, such as ACLY 

and ACCα, in BT-474 and MDA-MB-231 cells, which express high and low 

levels of HER2, respectively (Fig. 2). The amount of the precursor form 

SREBP-1 and ACLY were almost equal both cell lines (Fig. 2A). Interestingly, 

the amount of the nuclear form of SREBP-1 appeared to be slightly higher 

level in MDA-MB-231 cells than in BT-474 cells, where it was barely 

detected. However, the expression of ACCα and FASN were significantly 

raised in BT-474 cells than in MDA-MB-231 cells.  

To examine the sterol dependency of lipogenic enzyme expressions 

in both cell lines, immunoblot analysis were performed using the cells that 

were grown in the presence or absence of cholesterol/25-hydroxycholesterol 

(Fig. 2B). Deprivation of cholesterol significantly increased the nuclear forms 

of SREBP-1 and SREBP-2, whereas an addition of sterol almost completely 

blocked the processing of SREBP-1 and SREBP-2, resulting in disappearance 

of nuclear form of SREBPs in both cell lines. Depletion of nuclear forms of 
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SREBPs significantly downregulated LDL receptor level in both cell lines as 

expected, however, the levels of FASN, ACCα and ACLY were not affected. 

When the dominant negative form of SREBP-1, lacking DNA-binding activity, 

was exogenously overexpressed in BT-474 cells, the elevated levels of FASN 

and ACCα were not changed as well as that of ACLY (Fig. 2C). Taken 

together, it is supposed that SREBP-1 is not the major regulator to increase 

the expression of FASN and ACCα in BT-474 cells, which overexpresses 

HER2.  
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Figure 2. SREBP-1 is not an essential factor for overexpression of ACCα and 

FASN in HER2 overexpressing breast cancer cells. Cell lysates of MDA-MB-

231 and BT-474 cells were prepared as described under “Experimental 

Procedures”. Lysates were subjected to SDS-PAGE for western blot analysis. 

(A) Cells were grown in the medium containing 10% FBS. (B) Cells were 

seeded in the medium containing 10% FBS on day 0. On day 2, medium was 

changed with the fresh medium supplemented with 10% de-lipidated serum. 

For + sterol group, cells were incubated for 24 h in the presence of cholesterol 

(26 µM) and 25-hydroxycholesterol (2.5 µM). For – sterol group, the same 

volume of ethanol was added to the medium. (C) BT-474 cells were 

transduced with AdGFP or dominant-negative form of SREBP-1c 
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(AdSREBP1c-DN) for 48 h. Cell lysates were used for western blot analysis 

with antibodies against SREBP-1, SREBP-2, ACLY, FASN, ACCα, LDLR, 

HER2, and tubulin. P and N denote the precursor and nuclear forms, 

respectively, of SREBP-1 and SREBP-2. Similar results were obtained in 

three independent experiments. 
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3. The inductions of ACCαααα and FASN by HER2 are via PI3K/Akt/mTOR 

signaling pathway 

To examine whether overexpression of HER2 in MDA-MB-231 cells 

could increase transcription and translation of lipogenic enzymes, MDA-MB-

231 cells were transduced with AdHER2. HER2 overexpression markedly 

increased ACCα and FASN proteins whereas ACLY remained unchanged (Fig. 

3B, lane 2). However, the amounts of mRNA for ACLY, ACCα, and FASN 

were not significantly changed (Fig. 3A). Blocking of HER2 by treatment of 

the same cells with Herceptin, a humanized monoclonal antibody against 

HER2, completely abolished the HER2-mediated induction of ACCα and 

FASN (Fig. 3B, lane 4). These results suggest that the induction of ACCα and 

FASN by HER2 overexpression may be regulated at the post-transcriptional 

level. 

Because it has been reported that the phenotypic changes dictated by 

HER2 are dependent upon downstream activation of PI3K/Akt transduction 

pathways, we examined the effect of PI3K/Akt pathway on HER2-induced 

accumulation of ACCα and FASN proteins in MDA-MB-231 cells. MDA-

MB-231 cells were transduced with AdHER2 and treated with LY294002, a 

PI3K inhibitor, for 24 h. The inhibition of PI3K by LY294002 completely 

blocked the induction of ACCα and FASN (Fig. 3B), indicating the 
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involvement of PI3K signaling in HER2-mediated regulation of ACCα and 

FASN. 

Because HER2 activates Akt, which in turn, activates mTOR to 

enhance protein synthesis, we hypotheized that the increase in ACCα and 

FASN protein synthesis by HER2 may result from the activation of 

PI3K/Akt/mTOR pathway. If mTOR is involved, blockage of the mTOR 

could inhibit HER2-mediated ACCα and FASN expression. Consistent with 

this notion, the inductions of ACCα and FASN were completely blocked by 

treatment of AdHER2-infected MDA-MB-231 cells with rapamycin, as well 

as Herceptin (Fig. 4A). To examine whether mTOR signal pathway in BT-474 

cells which express endogenous HER2, is involved in ACCα and FASN 

expression, the cells were treated with LY294002, Herceptin, and rapamycin 

(Fig. 4B). The levels of ACCα and FASN protein were down-regulated with 

theses drugs without significant changes in their mRNA levels (Fig. 4C), but 

the amount of ACLY protein levels remained unchanged (Fig. 4B,C). As 

expected, treatment of BT-474 cells with these drugs completely blocked the 

phosphorylation of S6 protein, which is mediated by mTOR signaling 

pathway. 

To confirm the involvement of mTOR in HER2-mediated ACCα and 

FASN expression in BT-474 cells, the cells were transiently transfected with 
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siRNA against mTOR. Western blot analysis showed that the silencing of 

mTOR led to a marked suppression of ACCα and FASN expression, but not 

ACLY expression (Fig. 4D). 

To evaluate the role of Rheb on ACCα and FASN expression in 

breast cancer cells, MDA-MB-231 cells were transduced with AdRheb. 

Overexpression of Rheb increased the amount of mTOR and phospho-mTOR 

proteins in MDA-MB-231 cells (Figure 5A). Rheb-mediated mTOR 

activation resulted in increase of ACCα and FASN protein level without 

changing the amounts of their mRNA (Fig. 5B). 

Because these results suggested the possibility that Rheb regulated 

ACCα and FASN at post-transcriptional level, we then measured the 

translational efficiencies of ACCα and FASN transcripts by mTOR using 

metabolic labeling assays (Fig. 6). Rheb overexpression increased the 

translation rates of ACCα and FASN, but not that of ACLY. Taken together, 

the results suggest that translational activation via mTOR is the primary 

mechanism to increase in the expression of ACCα and FASN in HER2-

overexpressing breast cancer cells.  
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Figure 3. The inductions of ACCα and FASN by HER2 and the effects of 

PI3K inhibitor. (A) Twenty four hour after transducing MDA-MB-231 cells 

with AdGFP or AdHER-2, total RNAs were isolated, and subjected to 

Northern blot analysis using ACLY, ACCα, FASN, or β-actin as probes. (B) 

After transduction with adenoviruses for 24 h, the cells were incubated for 24 

h with 25 µM LY294002 or 200 µg/ml Herceptin as indicated. Cell lysates 

were prepared and western  blot analysis was performed using antibodies 

against ACLY, ACCα, FASN, HER2, or tubulin. 
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Figure 4. The effects of rapamycin and mTOR siRNA on the inductions of 

ACCα and FASN. AdHER2-transduced MDA-MB-231 cells were treated 

with 200 µg/ml Herceptin or 10 nM rapamycin for 24 h (A). BT-474 cells that 

overexpress HER2 endogenously were treated with 25 µM LY294002, 10 nM, 

or 100 nM rapamycin, or 200 µg/ml Herceptin for 24 h. Cell lysates were 

prepared and western blot analyses were performed using antibodies against 

ACLY, ACCα, FASN, S6 protein, phosphor-S6 protein, or tubulin (B). Total 

RNAs were prepared BT-474 cells that had been treated with 25 µM 

LY294002 or 10 nM rapamycin, then RT-PCR was performed (C). GAPDH 

was used as an invariant control. (D) BT-474 cells were transfected with 100 
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pmole of scrambled siRNA or mTOR siRNA as described under 

“Experimental Procedures”. Forty eight hour after transfection, cell lysates 

were prepared and western blot analysis was performed using antibodies 

against mTOR, ACCα, FASN, ACLY, or tubulin. 
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Figure 5. Induction of ACCα and FASN proteins by overexpression of Rheb 

in MDA-MB-231 cells. (A) MDA-MB-231 cells were transduced with 

AdGFP or AdRheb, and cell lysates were prepared for western blot analysis 

using antibodies against ACLY, ACCα, FASN, mTOR, phosphor-mTOR, 

Rheb, or tubulin 48 h after transduction. (B) Total RNAs from MDA-MB-231 

cells that were transduced with AdGFP or AdRheb were prepared 48 h after 

transfection, and performed RT-PCR as described under “Experimental 

Procedures”. GAPDH was used as an invariant control. Similar results were 

obtained from three independent experiments. 



 ２８ 

 

Figure 6. Synthesis of ACLY, ACCα, and FASN in MDA-MB-231 cells 

transduced with AdRheb. MDA-MB-231 cells were transduced with AdGFP 

or AdRheb, and preincubated in methionine/cystein-free DMEM for 1 h. After 

preincubation, [35S]Met-Cys was added and incubated for the indicated times. 

After labeling, aliquots of cell lysate were used in pull-down assay with 

antibodies against ACLY, ACCα, or FASN as described under “Experimental 

Procedures”. The protein-antibody complexes were eluted from protein A-

agarose and subjected to 6% SDS-PAGE. The gel was dried and 

autoradiography was performed. Similar results were obtained in two 

independent experiments.  
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4. The 5’ and 3’ UTRs of ACCαααα and FASN mRNAs are involved in their 

translational activation by mTOR. 

To elucidate the mechanism of translational activation of ACCα and 

FASN by mTOR signaling, we focused on the 5` and 3` UTRs in ACCα and 

FASN mRNAs. The 5` and 3` UTR sequences were inserted in front of or 

behind luciferase gene of SV40 promoter-driven reporter construct (pGL3-

promoter) as shown in Fig. 7A. Insertion of 5’ UTR of FASN markedly 

enhanced the activity of luciferase. In most tissues, expression of ACCα gene 

is reported to be controlled by two kinds of promoters (P-I and P-II), 

generating two different 5’ UTRs, which contain one of exon 1 or exon 2 

sequences 34,35. Because both of 5’ UTRs could also be detected in the breast 

cancer cell lines (data not shown), two kinds of 5’ UTR for ACCα were 

prepared. ACC1a and ACC1b containing exon 1 and exon 2 sequence, 

respectively, in front of the common exon 4 and a portion of exon 5 sequences. 

The exon 1 in ACC1a is relatively long (~550 bp), and contains high GC 

contents and multiple ATG codons. The insertion of ACC1a repressed the 

luciferase activity, whereas the relatively short (~120 bp) exon 2 in ACC1b 

without ATG codon increased the luciferase activity (Fig. 7B, inner figure). 

Overexpression of Rheb further increased the luciferase activities driven by 5` 

UTR of FASN and ACC1b, whereas the luciferase activities of that of ACLY 
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were not affected. All the 3’ UTRs of ACCα, FASN and ACLY slightly 

suppressed the luciferase activities (Fig. 7B, inner figure). However, the 3’ 

UTRs of ACCα and FASN significantly activated luciferase activities when 

Rheb was overexpressed, while the 3` UTR of ACLY did not. The 

combination of 5’ and 3’ UTRs of ACCα and FASN mRNA showed 

synergistic increase of luciferase activities by Rheb overexpression, while the 

5’ and 3’ UTR of ACLY did not (Fig. 7B). The changes of luciferase activities 

by addition of UTRs and their responsiveness to Rheb overexpression is 

supposed to be under translational control but not transcriptional regulation, 

because the luciferase mRNAs were almost same between the constructs 

containing different UTRs or the conditions with or without Rheb 

overexpression (Fig. 7C).  

When the constructs containing both 5` and 3` UTRs of FASN, 

ACC1b, and ACLY were trasnfected into BT-474 cells, treatment with 

rapamycin for 24 h reduced luciferase activities by 80% and 78% in 

constructs harboring the UTRs of FASN and ACC1b, respectively (Fig. 8). 

These results indicate that the 5’ and 3’ UTRs of ACCα and FASN transcripts 

contribute to mTOR-dependent translational activation of ACCα and FASN.  
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Figure 7. Translational activation of reporter protein by 5’ and 3’ UTR of 

ACCα and FASN mRNA in MDA-MB-231 cells. (A) A diagrammatic 

representation of pGL3 promoter (pGL3p) and its derivative constructs 

containing 5’ UTR and/or 3’ UTR. pGL3p plasmid contains SV40 promoter at 

upstream of luciferase gene. The DNA fragments for 5` UTR (5`UTR), 3` 

UTR (3`UTR), or both (5&3`UTR) sequences were prepared as described 

under “Experimental Procedures”, and inserted right upstream or downstream 

of luciferase gene of pGL3p. (B) MDA-MB-231 cells transduced with AdGFP 

(blank bars) or AdRheb (filled bars) were transiently transfected with pGL3p, 

5’UTR, 3’UTR, or 5’&3’UTR constructs. Aliquots of cell lysates were 

analyzed 48 h after transfection for luciferase assay. Each result represents the 

mean ± S. D. of three independent experiments. (C) Poly(A)-rich RNAs were 

isolated from the cells and cDNA were synthesized from aliquots of RNA, 

then analyzed by RT-PCR with the primers a described under “Experimental 
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Procedures”. Amplification of GAPDH and transfected DNA were carried out 

for a positive and a negative control, respectively. Similar results were 

obtained in two independent experiments. 
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Figure 8. The effects of rapamycin on the translational activity of UTR of 

ACCα and FASN. BT-474 cells were transfected with 5’&3’UTR constructs 

of ACC1b, FASN, and ACLY, then treated with DMSO (blank bars) or 100 

nM rapamycin (filled bars) for 24 h. Cell lysates were analyzed by luciferase 

assay. RLU (relative luciferase units) represent the mean ± S. E. of three 

independent experiments.  
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IV.  DISCUSSION 

 

Fatty acids are raw materials for biosynthesis of triacylglycerols, 

phospholipids and sphingolipids as well as fuel molecules for the energy 

production through the mitochondrial β-oxidation. The product of de novo 

fatty acid synthesis is palmitate, catalyzed by FASN. The substrates for this 

anabolic reaction, such as acetyl-CoA and malonyl-CoA, are supplied by the 

serial reactions catalyzed by ACLY and ACCα. Many studies have shown that 

the levels of these lipogenic enzymes are dramatically and tightly regulated in 

liver and adipose tissues at transcriptional level. SREBP-1 is known to be 

critical for nutritional regulation of these lipogenic enzymes. Recently, high 

levels of FASN protein were demonstrated in a number of solid tumors, where 

FASN inhibitors induced apoptosis or cell cycle arrest. In breast cancer cells, 

expression of FASN correlated with HER2 amplification and/or 

overexpression, which is considered to be a poor prognostic marker. Kumar-

Sinha, et al 7 reported that HER2 overexpression increased transcription of 

FASN via PI3K signal pathway. In prostate cancer cells, the expression of 

FASN induced by androgen or EGF has been demonstrated to be regulated at 

transcription levels via SREBP-1 activation 36. Many researchers suggested 

that SREBP-1 is the essential transcription factor for expression of the 
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lipogenic enzyme genes in HER2 overexpressing breast cancer cells 33. 

In the present study, we studied the roles of SREBPs in expressions 

of lipogenic enzymes in breast cancer cells. We observed that the expressions 

of ACCα and FASN were not suppressed by dominant negative form of 

SREBP-1 or by treatment with cholesterol and 25-hydroxycholesterol for 

inhibition of SREBP maturation for lipogenesis in HER2-overexpressing 

breast cancer cells. However, the expression levels of LDLR were completely 

blocked by addition of cholesterol and 25-hydroxycholesterol. Moreover, the 

amounts of SREBP-1 and ACLY protein were similar between BT-474 and 

MDA-MB-231 cells even though ACCα and FASN showed marked 

difference between BT-474 and MDA-MB-231 cells. Western blot analyses 

revealed that HER2 signals activated only ACCα and FASN gene expression, 

but not ACLY, malic enzyme, and glucose 6-phsophate dehydrogenase (data 

not shown), all of which have been reported to be controlled by SREBP-1 37. 

These results led us to demonstrate the translational regulation of FASN and 

ACCα mRNAs by HER2 signal in breast cancer cells, and finally we 

demonstrated that mTOR signal pathway activated by HER2/PI3K/Akt signal 

plays the primary role in induction of ACCα and FASN contents. 

In breast cancers, the activations of Akt/mTOR pathway showed its 

close link to HER2, suggesting the possible roles of Akt/mTOR pathway in 
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HER2-mediated tumor progression 21. PKB/Akt was previously demonstrated 

to protect cancer cells from tamoxifen-induced apoptosis 38. Recently, 

activation of mTOR, a downstream effector of PKB/Akt signal was reported 

to have a critical role in development of hormone-refractory phenotype of 

breast cancer cell. Accordingly, the inhibition of mTOR by rapamycin resulted 

in restoration of sensitivity to tamoxifen 22. The level of FASN expression in 

MCF7 cells was also reported to change the activity of estrogen receptor 39. 

The increase in the amount of ACCα and FASN proteins by mTOR signal 

pathway, shown by the present study might provide the possibility that ACCα 

and FASN are the important effector molecules in HER2/PI3K signal pathway, 

involved in the appearance of resistance to tamoxifen in breast cancer.  

It is reported that the activation of mTOR increases the overall 

translation rates by activation of S6K1 and inactivation of 4E-BP, resulting in 

the activation of eIF-4E. In the present study, the selective increase in the 

translation of ACCα and FASN was demonstrated by the activation of mTOR 

induced by HER2-overexpression above the overall increased levels of 

protein synthesis. The selective translational controls by mTOR were 

previously reported in the breast cancer cells related to its upregulation of 

CXCR4 40, which is implicated in tumor metastasis 41. Src and c-myc were 

also reported to be increased by translational control via the activated 
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Akt/mTOR pathway 42. The 5` UTR derived from the major promoter P2 of c-

myc gene mediated the translational activation by HER2 signal 43. However, 

the precise mechanisms about these selective translational controls by mTOR 

signal were not elucidated 43,44. In the present study, we demonstrated that the 

5’ UTR of FASN significantly activated the luciferase expressions, and the 

activation of mTOR further augmented its effect 

ACCα gene has multiple promoters, such as PI, PII and PIII 34,35. PI 

promoter is unique to human and produces relatively long 5` UTR with 

multiple ATG codons in its transcript 35. PI promoter was shown to be 

constitutively active in breast cancer cell lines including BT-474 and MDA-

MB-231 (data not shown). PII promoter is reported to be regulated by various 

hormones, including insulin and thyroid hormone, and highly conserved 

between species 43. In this study, the 5’ UTR (exon 1) derived from ACCα PI 

promoter showed strong suppression of the reporter expression, while the 5’ 

UTR (exon 2) derived from PII strongly activated the reporter expressions. 

The upregulations of ACCα by mTOR activation were detected by the anti-

ACCα rabbit serum raised against N-terminal 74 amino acids of ACCα, 

which is not encoded by transcripts derived from PIII promoter. For this 

reason, we did not tried the 5’ UTR derived from PIII, despite of its mammary 

gland-specificity. Both ACCα 5’ UTRs increased the reporter expression 
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when mTOR is activated by overexpression of Rheb. All the 3’ UTRs of 

ACCα, FASN α, and ACLY decreased the luciferase activities to a slight 

degree, however the 3’ UTRs of ACCα and FASN could play a role in mTOR-

mediated translational activations, but not ACLY 3’ UTR. It is strongly 

suggested that the UTRs-mediated changes of luciferase activities resulted 

from the translational control rather than transcriptional control, because the 

luciferase transcript levels were almost same between the constructs harboring 

different UTRs.  

It is generally agreed that lipogenic enzymes in lipogenic organs are 

regulated at transcriptional levels by several hormones. In the present study, 

we first demonstrated that only ACCα and FASN were selectively upregulated, 

but not ACLY, at translational level by HER2/PI3K/Akt pathway via mTOR 

activation, and the 5’ and 3’ UTRs of their transcripts were shown to play an 

important role in this translational regulation. Future studies will be required 

to elucidate the mechanism of the translation activation by UTRs of ACCα 

and FASN in regard to mTOR signal. It will also require the studies to 

confirm whether the expression of ACCα and FASN are regulated at 

translational levels in addition to transcriptional and post-translational levels 

in normal lipogenic organs where the aberrant translational regulation might 

contribute pathologic conditions, i. e., the constitutive overexpression of 
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lipogenic enzymes in insulin resistant diabetes. 
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V. CONCLUSION 

 

1. Lipogenesis is important for cell survival of HER2-expressing 

breast cancer cells. 

2. HER2 signaling pathway up-regulates ACCα and FASN 

selectively via PI3K/Akt/mTOR signaling pathway in breast 

cancer cells. 

3. HER2-mediated increase of ACCα and FASN rises from 

selective translational activation, not from transcriptional 

activation. 

4. UTRs of ACCα and FASN mRNA might contain the elements 

for translational activation by mTOR signal. 
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ABSTRACT (IN KOREAN) 

유방암세포에서유방암세포에서유방암세포에서유방암세포에서 HER2 HER2 HER2 HER2에에에에    의한의한의한의한 acetyl acetyl acetyl acetyl----CoA CoA CoA CoA 

carboxylase carboxylase carboxylase carboxylase αααα    와와와와 fatty acid synthase fatty acid synthase fatty acid synthase fatty acid synthase의의의의    조절조절조절조절    

    

((((지도교수    김김김김    경경경경    섭섭섭섭))))        

연세대학교 대학원 의과학과  

윤윤윤윤    사사사사    라라라라    

    

전체 유방암의 30%는 HER2가 과발현하며, 이 경우 

tamoxifen과 같은 항암 호르몬치료에 내성을 보이고, 예후가 나쁘

다고 알려져 있다. 최근의 연구들에 의해 HER2가 과발현하는 유방

암세포에서 fatty acid synthase (FASN)가 과발현되어 있음이 보고 

되었으나, 그 조절 기전에 관한 연구는 미미한 상태이다. 이에 본 

실험에서는 HER2 과발현에 의한 FASN의 발현 증가의 조절기전을 규

명하였다. 우선, 유방암세포에서 HER2 발현정도에 따른 FASN의 발

현 정도를 알아보기 위해, HER2가 과발현하는 세포인 SK-BR-3, BT-

474와 HER2의 발현이 적은 MCF-7, MDA-MB-231 유방암 세포에서 

western blot 방법을 이용하여 FASN의 발현을 측정하였다. 그 결과, 

FASN의 발현은 HER2의 발현이 증가되어 있는 세포인 SK-BR-3와 BT-



 ４８ 

474세포에서 증가되어 있었으며, 이들 세포에 FASN의 억제제인 

cerulenin을 처리한 결과, HER2가 과발현하는 세포일수록 생존율이 

감소하는 것을 알 수 있었다. MDA-MB-231세포에 HER2에 대한 

adenovirus를 infection시켜 HER2 과발현을 유도한 결과, acetyl 

CoA carboxylase α (ACCα)와 FASN의 발현이 단백질 수준에서 증가

하였으나, mRNA 수준에는 변화가 없었다. HER2 과발현에 의한 ACCα

와 FASN 증가는 PI3K 억제제인 LY294002나 mTOR 억제제인 

rapamycin에 의해 억제되었다. 또한, Rheb에 대한 adenovirus를 

MDA-MB-231 세포에 infection하여 mTOR를 활성화시킨 결과, ACCα와 

FASN의 발현이 증가함을 확인할 수 있었다. 유방암세포에서 

HER2/PI3K/mTOR 신호전달에 의한 ACCα와 FASN의 발현증가가 HER2 

발현이 증가되어 있는 BT-474 세포에서도 일어나는지 확인하기 위

해, BT-474 세포에 LY294002와 rapamycin, mTOR siRNA를 수행하여 

PI3K/mTOR 신호전달을 억제한 결과 ACCα와 FASN 발현이 감소하였다. 

또한, 이러한 증가는 단백질 합성 속도에서의 증가임을 확인할 수 

있었다. HER2/PI3K/mTOR 활성에 의한 ACCα와 FASN 발현 증가가 이

들 유전자의 mRNA에 존재하는 specific sequences와 연관 있는지 

알아보기 위해, ACCα와 FASN의 5`과 3`에 존재하는 untranslated 

region (UTR)을 luciferase reporter gene에 연결하여 mTOR 활성화

에 따른 luciferase activity를 측정하였다. Rheb에 의해 mTOR 활



 ４９ 

성화되면 ACCα와 FASN mRNA의 5`과 3` UTR에 의해 reporter 

construct의 luciferase activity가 증가하였다. 이는 mTOR에 의한 

ACCα와 FASN 단백질의 발현 증가에 이들 유전자의 UTR이 관여함을 

제시하고 있다. 본 실험을 통해, 유방암세포에서 HER2에 의한 ACCα

와 FASN 발현증가는 mTOR 신호전달을 통한 번역 (translation) 단

계에서 이루어짐을 알 수 있다. 

 

핵심되는 말 : HER2, acetyl-CoA carboxylase α (ACCα), fatty acid 

synthase (FASN), mammalian target of rapamycin (mTOR) 
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