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The short-chain fatty acid acetate modulates 
epithelial-to-mesenchymal transition

ABSTRACT  Normal tissue and organ morphogenesis requires epithelial cell plasticity and 
conversion to a mesenchymal phenotype through a tightly regulated process—epithelial-to-
mesenchymal transition (EMT). Alterations of EMT go far beyond cell-lineage segregation 
and contribute to pathologic conditions such as cancer. EMT is subject to intersecting control 
pathways; however, EMT’s metabolic mechanism remains poorly understood. Here, we dem-
onstrate that transforming growth factor β (TGF-β)–induced EMT is accompanied by decreased 
fatty acid oxidation (FAO) and reduced acetyl-coenzyme A (acetyl-CoA) levels. Acetyl-CoA is 
a central metabolite and the sole donor of acetyl groups to acetylate key proteins. Further, 
the short-chain fatty acid acetate increases acetyl-CoA levels–-robustly inhibiting EMT and 
cancer cell migration. Acetate can restore EMT-associated α-tubulin acetylation levels, in-
creasing microtubule stability. Transcriptome profiling and flow cytometric analysis show that 
acetate inhibits the global gene expression program associated with EMT and the EMT-asso-
ciated G1 cell cycle arrest. Taken together, these results demonstrate that acetate is a potent 
metabolic regulator of EMT and that therapeutic manipulation of acetate metabolism could 
provide the basis for treating a wide range of EMT-linked pathological conditions, including 
cancer.

INTRODUCTION
In 1982, the epithelial-to-mesenchymal transition (EMT) process 
was experimentally described in embryonic and adult epithelia 
(Greenburg and Hay, 1982). EMT is initiated by the transforming 
growth factor β (TGF-β) family of ligands that signals through a 
family of receptors to alter cell function. During EMT, a polarized 
epithelial cell loses epithelial features and acquires a spindle-shaped 
mesenchymal-like cell phenotype (Nieto et al., 2016; Dongre and 
Weinberg, 2019). TGF-β signaling activates SMAD2 through C-ter-
minal serine phosphorylation (Schmierer and Hill, 2007; Derynck 
et al., 2021). TGF-β/SMAD2 signaling activates mesenchymal genes 
(e.g., SNAIL) and represses epithelial genes (e.g., E-cadherin; David 

and Massague, 2018; Yang et  al., 2020). Although evidence has 
suggested that EMT is associated with diverse biological settings, 
including embryogenesis (Vicovac and Aplin, 1996), heart develop-
ment (von Gise and Pu, 2012), organ fibrosis (Iwano et al., 2002; 
Zeisberg et  al., 2007a,b), cancer progression (Ye and Weinberg, 
2015), and tumor immune responses (Kudo-Saito et  al., 2009; 
Akalay et  al., 2013), the underlying metabolic regulators remain 
unclear.

Metabolic abnormalities are a hallmark shared by diverse cancer 
cells (Hanahan, 2022). Mitochondrial fatty acid β-oxidation (FAO) 
plays a crucial role in the survival of metabolically stressed cancer 
cells (Schafer et al., 2009). FAO degrades long-chain fatty acids to 
generate ATP and acetyl-coenzyme A (acetyl-CoA). Acetyl-CoA is a 
central metabolite that feeds the tricarboxylic acid (TCA) cycle for 
the catabolic process of energy production but also contributes to 
anabolic metabolism and lipid synthesis through the action of ATP 
citrate lyase (ACLY; Houten et al., 2016). Because acetyl-CoA is the 
sole donor of the acetyl groups for protein acetylation, it operates 
as a signal transducer (Pietrocola et al., 2015). Altering acetyl-CoA 
levels can broadly affect gene expression, protein stability, and cell 
fate and function through protein acetylation (Wellen et al., 2009; 
Cai et al., 2011; Lee et al., 2014; Xiong et al., 2018). Because the 
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short-chain fatty acid acetate can be converted to acetyl-CoA 
through the action of acyl-CoA synthetase short-chain family mem-
ber 2 (ACSS2), increasing evidence suggests that supplementing 
the culture media with the acetate may modulate gene expression, 
protein stability, and cell fate and function by directly increasing 
acetyl-CoA levels (Moussaieff et  al., 2015; Schoors et  al., 2015; 
Schug et al., 2015; Balmer et al., 2016; Wong et al., 2017; Xiong 
et al., 2018).

Here, we demonstrate a novel role for acetate in restraining EMT 
in cancer cells. In particular, we show that TGF-β–induced EMT is 
accompanied by a reduction in both FAO and acetyl-CoA levels. 
Furthermore, acetate inhibits EMT and its associated cell migration 
by increasing acetyl-CoA levels. We further show that acetate mod-
ulates EMT through regulation of α-tubulin acetylation, microtubule 
stability, and cell cycle arrest. Together, these results establish ace-
tate as an important regulator of the EMT process and provides a 
new therapeutic strategy for a wide variety of cancers.

RESULTS AND DISCUSSION
Induction of EMT is accompanied by a reduction in FAO and 
acetyl-CoA levels
As TGF-β signaling plays a major role in inducing EMT (Nieto et al., 
2016), we established an EMT model by treating A549 human al-
veolar epithelial cancer cells with TGF-β1. TGF-β1 robustly induced 
an EMT-associated morphological switch, adopting a more spindle-
like mesenchymal appearance (Figure 1A). Along with this switch, 
TGF-β1 activated its downstream effector SMAD2. The activation 
was marked by increased SMAD2 phosphorylation (Figure 1B), the 
mesenchymal marker SNAIL, and decreased epithelial marker E-
cadherin (Figure 1, C and D). Upon induction of EMT, TGF-β1 treat-
ment caused a significant decline in the protein and mRNA levels of 
CPT1A (Figure 1E, and Supplemental Figure S1A) and a modest 
reduction in CPT2 expression (Supplemental Figure S1B).

The rate-limiting step in FAO is fatty acid transport from the 
cytosol into the mitochondrial matrix. Carnitine palmitoyltransfer-
ase 1 (CPT1), located on the outer mitochondrial membrane, facili-
tates this transfer, followed by CPT2 conversion on the inner mito-
chondrial membrane (Figure 1F; Houten et  al., 2016). Because 
CPT1A is an obligate enzyme responsible for long-chain fatty acid 
transport into mitochondria during FAO (Houten et al., 2016), we 
evaluated FAO response in these cells. Untreated A549 cells re-
sponded to an exogenous palmitate challenge with an increased 
oxygen consumption rate, while induction of EMT by TGF-β treat-
ment tended to inhibit FAO (Figure 1G). To confirm these results, 
we used FAOBlue, a newly designed fluorescent dye (Uchinomiya 
et al., 2020), to visualize FAO activity in live A549 cells. Consistent 
with our oxygen consumption rate–based FAO assay results, FAO 
activity declined in A549 cells following TGF-β treatment and EMT, 
evidenced by lower fluorescence intensity (Supplemental Figure 
S1, C and D). Our recent work, together with other studies, has 
shown that FAO is needed to maintain cellular acetyl-CoA levels 
through mitochondrial TCA cycle activity (Xiong, 2018a). Consis-
tent with this, TGF-β1–dependent induction of EMT reduced ace-
tyl-CoA levels (Figure 1H). These results suggest that induction of 
EMT is accompanied by a reduction in FAO and acetyl-CoA 
levels.

Acetate inhibits EMT by increasing acetyl-CoA levels
Because altered acetyl-CoA levels affect cell fate and function 
(Xiong et al., 2018), we asked whether a reduction in acetyl-CoA 
levels could stimulate EMT. To lower acetyl-CoA levels, we used a 
specific ACLY chemical inhibitor and found that treatment of A549 

cells with this inhibitor SB-204990 induced EMT (Supplemental 
Figure S1, E–G). We next asked whether restoring acetyl-CoA levels 
could prevent cells from undergoing EMT. We overexpressed 
CPT1A protein using a heterologous promoter in A549 cells (Sup-
plemental Figure S1H). Constitutive expression of CPT1A mildly in-
creased cellular acetyl-CoA levels (Supplemental Figure S1I), inhibit-
ing the induction of EMT mesenchymal markers following TGF-β1 
treatment (Supplemental Figure S1J).

Acetate supplementation in cell culture can replenish acetyl-CoA 
pools (Figure 2A; Xiong et al., 2018). Therefore, we asked whether 
acetate treatment could increase acetyl-CoA levels in A549 cells. 
Surprisingly, acetate treatment increased acetyl-CoA levels in A549 
cells more robustly than in CPT1A overexpression (Figure 2B and 
Supplemental Figure S1I). We reasoned that acetate might play an 
essential role in the EMT process. Consistent with this idea, we 
found that acetate supplementation prevented A549 cells from 
adopting a more mesenchymal-like appearance (Figure 2C).

Acetate-treated A549 cells showed suppressed SMAD2 phos-
phorylation but did not change SMAD1/5 phosphorylation (Figure 
2D and Supplemental Figure S2, A and B), suggesting that acetate 
treatment decreased EMT-associated TGF-β1/SMAD2 signaling. 
Acetate treatment also restored the expression of epithelial markers 
and reciprocal down-regulation of mesenchymal markers (Figure 2, 
E and F). Confocal laser scanning microscopy confirmed these re-
sults. Upon EMT induction, epithelial marker E-cadherin disap-
peared, and acetate supplementation led to increased E-cadherin 
(Figure 2, G and H). During EMT, loss of E-cadherin can facilitate cell 
migration by breaching the basement membrane and switching in-
termediate filaments, respectively (Nakaya et al., 2008; Eckert et al., 
2011). Therefore, we assessed the migratory capacity of acetate-
treated cells using a cell culture model of a wound-healing assay. 
Treatment of A549 cells with TGF-β1 resulted in increased cell mo-
bility, while acetate inhibited this effect (Figure 2, I and J). Similar 
results were obtained in human pancreatic epithelial cancer cells 
PANC-1 (Supplemental Figure S2, C–J). These results suggest that 
acetate supplementation can restore acetyl-CoA levels and inhibit 
EMT transition.

Acetate regulates EMT-associated α-tubulin acetylation 
and microtubule stability
Altering acetyl-CoA levels can broadly affect cell fate and function 
by influencing protein acetylation (Xiong et al., 2018). Therefore, we 
reasoned that increasing acetyl-CoA levels by exogenous acetate 
supplementation might modulate EMT-associated protein acetyla-
tion. Loss of α-tubulin acetylation leads to microtubule destabiliza-
tion, potentiating EMT (Gu et al., 2016). Therefore, we hypothesized 
that acetate might inhibit EMT by contributing to the acetylation of 
α-tubulin. Our Western blot data confirmed that A549 cells under-
going EMT showed a significant decrease in α-tubulin acetylation 
levels, which was restored by acetate (Figure 3A). In accordance 
with these findings, our confocal microscopic analysis showed that 
inducing EMT in A549 cells reduced acetyl-α-tubulin levels, while 
acetate treatment rescued acetyl-α-tubulin levels (Figure 3, B and 
C). Moreover, the long fibers of α-tubulin disassembled into shorter 
units in A549 cells undergoing EMT, while acetate supplementation 
enhanced microtubule polymerization (Figure 3, B and C). Because 
acetylation of α-tubulin contributes to α-tubulin polymerization, sta-
bilizing microtubules (Yun et al., 2021), we asked whether acetate 
might play a role in α-tubulin polymerization and microtubule stabi-
lization. Our microtubule stability assay showed that the microtu-
bules of A549 cells undergoing EMT were markedly less polymer-
ized (Figure 3, D and E). Acetate treatment caused a dramatic 
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increase in α-tubulin polymerization and microtubule stability, con-
sistent with acetate modulation of α-tubulin acetylation (Figure 3, D 
and E).

Epithelial cancer cells from different tissues may share EMT-asso-
ciated mechanisms underlying α-tubulin acetylation (Gu et  al., 
2016). Similarly, after TGF-β1 stimulation to induce EMT in PANC-1 

FIGURE 1:  EMT induction is accompanied by FAO inhibition and a fall in acetyl-CoA levels. (A) TGF-β1 induces 
morphological changes consistent with EMT in A549 cells. Scale bar, 40 µm. (B) Western blot analysis of SMAD2 
phosphorylation at Ser465/467 in control or TGF-β1–treated A549 cells (n = 3 experiments). (C, D) TGF-β1 up-regulates 
SNAIL (C) and down-regulates E-cadherin (D) (n = 3 experiments). (E) TGF-β1 treatment down-regulates CPT1A protein 
(n = 3 experiments). (F) A model for how FAO generates acetyl-CoA through the action of CPT1A. (G) TGF-β1 treatment 
suppresses FAO, per inability of palmitate conjugated BSA to stimulate OCR (n = 9 technical replicates per condition; 
data = one representative experiment of three similar independent experiments). (H) TGF-β1 treatment reduces 
acetyl-CoA levels (n = 3 experiments). Data represent mean ± SEM and significance via one-way ANOVA with Tukey’s 
multiple comparison test (G). **, p < 0.01; ***, p < 0.001; ns, not significant.
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and NMuMG, acetate treatment restored α-tubulin acetylation and 
increased microtubule stability (Figure 3, F–J, and Supplemental 
Figure S3, A and B). To further assess whether α-tubulin acetylation 
and microtubule stability play a role in acetate-modulated EMT, we 
took advantage of acetylation-resistant tubulin mutant K40R and 
the microtubule destabilizer, vinorelbine. We found that the effect of 
acetate on EMT is via α-tubulin acetylation and microtubule stability 
(Supplemental Figure S3, C–E). RNA sequencing (RNA-Seq) analysis 
of A549 cells showed that acetate treatment inhibited the EMT-spe-
cific transcriptomic program (Supplemental Figure S3F). Thus, mi-
crotubule stabilization appeared to suppress the EMT program. We 
obtained similar results using real-time quantitative reverse tran-
scription PCR (qRT-PCR) for select EMT target genes (Supplemental 
Figure S3, G and H), adding evidence that acetate inhibits EMT. Our 
results support a role for acetate in mediating microtubule stability 
and EMT program and provide a potential mechanism linking TGF-β 
signaling to acetate-mediated microtubule stability.

Acetate inhibits EMT-associated G1 cell cycle arrest
We next asked whether regulation of microtubule stabilization and 
EMT program by acetate plays a role in EMT-associated cell func-
tions. Because TGF-β signaling potently activates EMT and related 
cell functions, we reasoned that acetate treatment might modulate 
EMT-associated cell function. We performed a transcriptome profile 
in control cells or A549 cells cultured in the presence or absence of 
acetate following TGF-β1 stimulation. We found that acetate treat-
ment significantly down-regulated the expression of 967 TGF-β1–in-
duced genes (Figure 4A and Supplemental Table S1). Further, prin-
cipal component analysis (PCA) showed that gene expression 
changes were more distinct in TGF-β1–treated cells than in control 
cells. In contrast, acetate treatment prevented EMT-associated gene 
expression (Figure 4B).

The number of human colorectal cancer cells in the G1 phase 
increases during the TGF-β1–induced EMT process (Chei et  al., 
2019), and microtubule depolymerization in human breast cancer 
cells promotes G1 cell cycle arrest (Blajeski et al., 2002). Consistent 
with these observations, our gene ontology (GO) analysis pin-
pointed a significant change for “G1/S transition of mitotic cell cy-
cle” (Figure 4C). A KEGG analysis was consistent with this idea 
(Figure 4C). Interestingly, key genes associated with G1 cell cycle 
arrest were regulated by acetate treatment (Figure 4D) and these 
genes include CDKN2C (encoding p18, a specific inhibitor of cyclin-
dependent kinase activities required for overcoming G1 checkpoint; 
Guan et al., 1994; Hirai et al., 1995), INHBA (encoding inhibin sub-
unit β A, a member of the TGF-β superfamily of proteins that can 
induce G1 cell cycle arrest; Jiang et al., 2018), MCM family mem-
bers (MCM4, MCM6I, and MCM7 encoding minichromosome main-
tenance proteins that are key components of the prereplication 

complex and accumulated during G1 phase; Labib et al., 2001), and 
RHOU (encoding a member of the Rho family of GTPases that con-
tributes to cell accumulation at G1 phase; Canovas et al., 2018). We 
confirmed acetate-mediated down-regulation of several of these 
genes by qRT-PCR (Figure 4E). To further investigate the influence of 
acetate treatment on cell cycle progression, we performed flow cy-
tometric analysis. We found that TGF-β1 treatment arrested the cell 
cycle in the G1 phase during EMT (Figure 4, F and G), and we re-
versed this effect by supplementing acetate in culture media (Figure 
4, F and G). Furthermore, treatment of A549 cells with the CDK4/6 
inhibitor palbociclib acted as an inducer of EMT (Figure 4, H and I). 
These results suggest that acetate may regulate EMT in a cell cycle–
dependent manner.

Our results suggest that acetate can control the EMT process by 
modulating α-tubulin acetylation, microtubule stabilization, and cell 
cycle arrest (Figure 4J). Although our data linked acetate to EMT 
through the regulation of microtubule stabilization and cell cycle 
arrest, we cannot exclude the possibility that acetate treatment and 
hence acetyl-CoA might have additional epigenetic effects on the 
EMT program (e.g., through histone acetylation). Also, stabilized 
microtubule-mediated binding of SMAD2 and acetyl-CoA level–as-
sociated SMAD7 acetylation might negatively regulate TGF-β sig-
naling during EMT (Dong et al., 2000; Xiong et al., 2018). Even so, 
our observations suggest that therapeutic manipulation of acetate 
production and levels could provide the basis for treating various 
EMT-linked pathological conditions such as cancer.

Discoveries of the mechanism and regulation of lipid metabolism 
were awarded the Nobel Prize in Physiology or Medicine in 1964 
(Xiong, 2018b). However, the fatty acid metabolism’s role in health 
and disease is incompletely characterized. Recent evidence sug-
gests that the short-chain fatty acid acetate might play a role in pro-
tection of infection (Fukuda et al., 2011) and cancer cell growth ar-
rest (Sahuri-Arisoylu et al., 2021). Moreover, dietary fructose can be 
converted to acetate by the gut microbiota (Zhao et al., 2020). It 
might be helpful to define how fructose and other dietary sources of 
acetate, such as ethanol and fermentable fibers, influence the treat-
ment of diseases in a clinical setting. Because acetate is the pre-
dominant short-chain fatty acid generated from gut microbial fer-
mentation (Bergman, 1990; Moffett et al., 2020), our results suggest 
that therapeutic manipulation of microbiota-derived acetate could 
provide the basis for treating EMT-linked tumor progression.

MATERIALS AND METHODS
Cell culture
The human lung epithelial cancer cell line A549 cells (American Type 
Culture Collection) were cultured in Ham’s F-12K (Kaighn’s) Medium 
(21127022; Thermo Fisher Scientific, Waltham, MA), supplemented 
with 10% (vol/vol) fetal bovine serum (FBS; HyClone), 100 U/ml 

FIGURE 2:  Acetate mediates EMT. (A) A model for how acetate, converted to acetyl-CoA, replenishes cellular acetyl-
CoA pools. (B) Relative levels of acetyl-CoA in control or acetate-treated A549 cells (n = 3 experiments). (C) Acetate 
supplementation inhibits a TGF-β1–induced EMT-associated morphological switch. Scale bar, 100 µm. (D) Western blot 
of phosphorylated SMAD2 (pSMAD2) in control cells or A549 cells, with or without acetate, following TGF-β1 
stimulation (n = 3 experiments). (E, F) Western blot of SNAIL (E) and E-cadherin (F) in control cells or A549 cells, with or 
without acetate, following TGF-β1 stimulation (n = 3 experiments). (G, H) Representative immunostaining images 
(G) and quantification (H) of epithelial marker E-cadherin in control cells or A549 cells, with or without acetate, following 
TGF-β1 stimulation. (I, J) Representative microscopic images (I) and quantification (J) of cell motility in control cells or 
A549 cells, with or without acetate, following TGF-β1 stimulation (n = 3 experiments). Cell motility determined by 
wound closure analysis. Scale bar, 100 µm. Data represent mean ± SEM and significance via one-way ANOVA with 
Tukey’s multiple comparison test (D–F, H, and J). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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FIGURE 3:  Acetate controls EMT by modulating EMT-associated α-tubulin acetylation and microtubule stability. 
(A) Western blot of acetyl-α-tubulin in control cells or A549 cells, with or without acetate, following TGF-β1 stimulation 
(n = 3 experiments). (B, C). Representative immunostaining images (B) and quantification (C) of acetyl-α-tubulin in control 
cells or A549 cells, with or without acetate, following TGF-β1 stimulation. Scale bar, 50 µm. (D, E) Representative 
Western blot (D) and quantification (E) of microtubule polymerization in control cells or A549 cells, with or without 
acetate, following TGF-β1 stimulation (n = 3 experiments). (F) Western blot of acetyl-α-tubulin in control cells or PANC-1 
cells, with or without acetate, following TGF-β1 stimulation (n = 3 experiments). (G, H). Representative immunostaining 
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penicillin, and 100 μg/ml streptomycin (15070-063; Thermo Fisher 
Scientific). The human pancreatic epithelial cancer cell line PANC-1 
cells (American Type Culture Collection) were cultured in DMEM 
(D5796; Sigma-Aldrich, Saint Louis, MO), supplemented with 10% 
(vol/vol) FBS (HyClone), 100 U/ml penicillin, and 100 μg/ml strepto-
mycin (15070-063; Thermo Fisher Scientific). The mouse mammary 
epithelial cell line NMuMG cells (American Type Culture Collection) 
were cultured in DMEM (D5796; Sigma-Aldrich), supplemented with 
10% (vol/vol) FBS (HyClone), 10 μg/ml insulin (91077C-100MG; 
Sigma-Aldrich), 100 U/ml penicillin, and 100 μg/ml  streptomycin 
(15070-063; Thermo Fisher Scientific). All the cell lines were regu-
larly evaluated for mycoplasma contamination using MycoAlert My-
coplasma Detection Kit (Lonza, Basel, Switzerland). Cell morphol-
ogy was examined using a Nikon Eclipse Ti or TS 100 microscope 
(Nikon, Tokyo, Japan) and acquired images using NIS-Elements Im-
aging Software (version 5.21.03).

Chemicals, plasmids, and lentiviral vectors
Cells were seeded in a six-well plate and treated with 10 ng/ml 
TGF-β1 (240-B-010/CF; R&D Systems, Minneapolis, MN), with or 
without 40 mM sodium acetate (S5636; Sigma-Aldrich, Saint Louis, 
MO), for 2 d. The concentrations of TGF-β1 and acetate have been 
previously employed (Xiong et al., 2018). A549 cells were treated 
with the microtubule destabilizer, vinorelbine (V2264-5MG; Sigma-
Aldrich) at a final concentration of 100 nM, or the CDK4/6 inhibitor, 
palbociclib (PD 0332991; 16273; Cayman Chemical, Ann Arbor, MI) 
at a final concentration of 5 μM. A549 cells were incubated with the 
ACLY inhibitor, SB-204990 (4962; Bio-Techne, Minneapolis, MN) at 
a final concentration of 100 μM. After 3 h of SB-204990 treatment, 
Western blot measurement of SNAIL protein expression in A549 
cells was performed, while E-cadherin was assessed 1 d after SB-
204990 treatment. Wild-type α-tubulin (Tubulin-WT) plasmid and its 
mutant version with K40R (Tubulin-K40R) were used (Gao et  al., 
2010). The lentiviral vectors for overexpression of Tubulin-WT and 
Tubulin-K40R were cloned in pCDH-CMV vector backbone.

Western blotting
Cells were lysed with a RIPA buffer (BP-115; Boston BioProducts, 
Milford, MA) containing protease inhibitor (11836170001; Roche 
Life Sciences, Mannheim, Germany) and phosphatase inhibitor 
cocktails (04906837001; Roche Life Sciences). A Pierce BCA Pro-
tein Assay Kit (23209; Thermo Fisher Scientific) was used to mea-
sure protein concentration. The protein lysates were diluted with 
4× Laemmli sample buffer (1610747; Bio-Rad Laboratories, Hercu-
les, CA) and then boiled at 95°C for 10 min. The samples were 
separated on Mini-PROTEAN TGX Gel (4561096; Bio-Rad Labora-
tories). The separated molecules were blotted onto a nitrocellulose 
membrane and the membrane was blocked with 5% nonfat milk for 
1 h at room temperature. The membrane was probed with the pri-
mary antibody overnight at 4°C followed by a horseradish peroxi-
dase–conjugated secondary antibody for 1 h at room temperature. 
The primary antibody against α-tubulin (T5168) was purchased 
from Sigma-Aldrich. The following primary antibodies from Cell 
Signaling Technology (Danvers, MA) were used: acetyl-α-tubulin 
(5335S), E-cadherin (3195P), pSMAD1/5 (13820P), pSMAD2 

(3108S), SMAD1 (6944P), SMAD2 (5339S), SMAD5 (12534P), and 
SNAIL (3879S). A primary antibody against HSP60 (sc-1052) was 
purchased from Santa Cruz Biotechnology (Dallas, TX). A primary 
antibody against CPT1A (ab128568) was purchased from Abcam 
(Cambridge, United Kingdom). Secondary antibodies conjugated 
horseradish peroxidase (HRP) against mouse IgG (1706515) or 
rabbit IgG (1706510) were purchased from Bio-Rad Laboratories. 
The protein bands were detected with Clarity Western ECL Sub-
strate (1705061; Bio-Rad Laboratories) under the ChemiDoc MP 
imaging system (Bio-Rad Laboratories). Image Lab Touch or Image 
Lab (version 6.1.0 build 7) software was used to acquire and ana-
lyze Western blot images.

FAO assay
The XF96 extracellular flux analyzer (Agilent) was used to assess 
A549 cells’ ability to oxidize exogenous fatty acids according to a 
previous protocol (Xiong et al., 2018) with minor modifications. The 
utility plate was filled with 200 µl XF Calibrant Solution (Agilent) 
overnight in a humidified non-CO2 37°C incubator. A549 cells were 
treated with or without 10 ng/ml TGF-β1 for 2 d and seeded them 
on an XF96 cell culture microplate (Agilent). To analyze the oxygen 
consumption rate (OCR) of A549 cells with or without treatment of 
10 ng/ml TGF-β1, 2 × 104 cells per well were seeded on an XF96 cell 
culture microplate (Agilent). Immediately before the assay, the me-
dium was changed to FAO assay medium (111 mM NaCl, 4.7 mM 
KCl, 1.25 mM CaCl2, 2.0 mM MgSO4, 1.2 mM Na2HPO4, 2.5 mM 
glucose, 0.5 mM carnitine, and 5 mM HEPES), adjusted to pH 7.4. 
The cells were subsequently maintained in a non-CO2 incubator for 
approximately 45 min to 1 h at 37°C. After that, the XF Palmitate-
BSA (bovine serum albumin) FAO substrates (102720-100; Agilent), 
palmitate-BSA (166.7 µM palmitate conjugated with 28.3 mM BSA) 
or BSA (28.3 mM BSA) was added. OCR was measured using the XF 
Cell Mito Stress Test and the data was analyzed using Wave software 
(version 2.4.0; Agilent).

High-performance liquid chromatography analysis of 
acetyl-CoA
Acetyl-CoA levels were measured in A549 cells with CPT1A overex-
pression or treated with 10 ng/ml TGF-β1 as previously described 
(Xiong et al., 2018). The cells were resuspended in a 5% 5-sulfosali-
cylic acid (S3147-100G; Sigma-Aldrich) solution. Samples were 
frozen in liquid nitrogen and thawed on ice twice to permeabilize 
the cells. After centrifugation, the supernatant was filtered with 
Ultrafree-MC LH Centrifugal Filter (UFC30LH25; Millipore), and then 
transferred into SUN-SRi Glass Microsampling Vials (14-823-359; 
Thermo Fisher Scientific) with SUN-SRi 11 mm Snap Caps (14-823-
379; Thermo Fisher Scientific). Acetyl-CoA was separated with an 
Agilent 1100 HPLC (high-performance liquid chromatography) with 
a fluorescence detector (Agilent) on a Luna 3 µm C18(2) column 
(150 × 4.6 mm, 3 µm; Phenomenex, Torrance, CA). Data was ana-
lyzed using ChemoStation software Rev. A.10.01 (Agilent).

Immunofluorescence and FAOBlue staining
Cells were seeded in a Nunc Lab-Tek II 8-Chamber Slide (154534; 
Thermo Fisher Scientific) and treated them with TGF-β1, with or 

images (G) and quantification (H) of acetyl-α-tubulin in control cells or PANC-1 cells, with or without acetate, following 
TGF-β1 stimulation. Scale bar, 50 µm. (I, J) Representative Western blot (I) and quantification (J) of microtubule 
polymerization in control cells or PANC-1 cells, with or without acetate, following TGF-β1 stimulation (n = 3 
experiments). Data represent mean ± SEM and significance via one-way ANOVA with Tukey’s multiple comparison test 
(A, C, E, F, H, and J). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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without 40 mM sodium acetate, for 2 d. The cells were fixed with 4% 
paraformaldehyde (28908; Thermo Fisher Scientific) for 20 min at 
room temperature and then permeabilized them with 0.5% Triton 
X-100 (1610407; Bio-Rad Laboratories) for 15 min at room tempera-
ture. For E-cadherin staining, nonpermeabilized cells were used and 
analyzed. The cells were blocked with 3% BSA (700-107P; Gemini-
bio, West Sacramento, CA) in PBS for 1 h. The cells were incubated 
with acetyl-α-tubulin (5335S; Cell Signaling Technology) and E-cad-
herin (3195P; Cell Signaling Technology) primary antibodies over-
night at 4°C. Then the cells were incubated with anti-rabbit second-
ary antibodies conjugated to Alexa Fluor 488 (A11034; Thermo 
Fisher Scientific) for 1 h at room temperature. The nuclei were 
stained with Hoechst 33342 (H3570; Thermo Fisher Scientific) for 
5 min at room temperature. The cells were mounted with Immu-
mount (9990402; Epredia, Kalamazoo, MI). For FAOBlue staining-
based analysis of FAO, A549 cells were seeded in a four-well confo-
cal dish and incubated them overnight. The cells were treated with 
10 ng/ml TGF-β1, with or without 40 mM sodium acetate, for 2 d 
before adding FAOBlue (FDV-0033; Funakoshi, Tokyo, Japan). Fol-
lowing the manufacturer’s instructions (Uchinomiya et al., 2020), the 
culture medium was removed and then the cells were washed twice 
with HEPES-buffered saline (HBS). Then, 5 μM FAOBlue in HBS was 
added to the cells for 30 min of incubation at 37°C. The cells were 
imaged under Nikon Eclipse Ti2 confocal microscope and acquired 
images using NIS-Elements Imaging Software (version 5.21.03). 
Average fluorescent intensity was determined by dividing the over-
all mean fluorescence intensity by the area of the cell from at least 
10 cells and quantified using Image J (version 1.53k).

Wound-healing assay
Cells were seeded in a six-well plate at a density of 2 × 105 A549 
cells/well or 4 × 105 PANC-1 cells/well and incubated them over-
night. For A549 cells, the cells were treated with 10 ng/ml TGF-β1, 
with or without 40 mM sodium acetate, for 2 d before creating the 
wound area with a 10-μl pipette tip. For PANC-1 cells, the wound 
area was created by a 10-μl pipette tip and the cells were treated 
with 10 ng/ml TGF-β1, with or without 40 mM sodium acetate, for 
24 h. The cell image was acquired under a Nikon Eclipse Ti micro-
scope, using NIS-Elements Imaging Software (version 5.21.03). Cell 
migration was quantified using Image J based on the relative wound 
distance.

Cell cycle assay
A549 cells were seeded in a six-well plate and treated them with 10 
ng/ml TGF-β1, with or without 40 mM sodium acetate, for 2 d. Then 

the cells were harvested, washed with PBS, and fixed with cold 70% 
ethanol overnight at −20°C. The cold 70% ethanol was added in a 
dropwise manner. The fixed cells were washed with PBS and 
suspended in 0.5 ml PBS containing 50 μg/ml propidium iodide (PI), 
0.1 mg/ml RNase A, and 0.1% Triton X-100 for 30 min at 37°C. Then 
the cells were washed with cell staining/washing buffer (420201; 
BioLegend) three times and their cell cycle was analyzed under a 
CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA). The soft-
ware CytExpert for CytoFLEX Acquisition and Analysis was used to 
acquire and analyze cell cycle data.

Real-time qRT-PCR
A549 cells were seeded in a six-well dish and treated them with 
10 ng/ml TGF-β1, with or without 40 mM sodium acetate, for 2 d. 
Total RNA was extracted using Direct-zol RNA Miniprep Plus (R2072; 
ZYMO RESEARCH, Irvine, CA). Complementary DNA was synthe-
sized using an iScript cDNA Synthesis Kit (1708891; Bio-Rad Labora-
tories). Real-time qPCR was performed on a CFX Connect real-time 
PCR detection system (Bio-Rad) using a THUNDERBIRD SYBR qPCR 
mix (Toyobo; QPS-201) or THUNDERBIRD Next SYBR qPCR mix 
(Toyobo; QPX-201), according to the manufacturer’s instructions. 
Data was using the comparative cycling threshold (ΔΔCt) method. 
Bio-Rad CFX Maestro was used to acquire the data and the compara-
tive CT (2−ΔΔCt) method was used to quantify relative mRNA level. 
The primers were synthesized and purified by Integrated DNA Tech-
nologies (Coralville, IA). The following primers were used to detect 
gene expression: 18S rRNA, forward primer, 5′-GTAACCCGTT-
GAACCCCATT-3′, and reverse primer, 5′-CCATCCAATCGGTAG-
TAGCG-3′; human ACTA2, forward primer, 5′-CAGCCAAGCACTGT-
CAGG-3′, and reverse primer, 5′-CCAGAGCCATTGTCACACAC-3′; 
human CDH1, forward primer, 5′-CCGCTGGCGTCTGTAGGAA-3′, 
and reverse primer, 5′-AGGGCTCTTTGACCACCGCTCTC-3′; human 
CDH2, forward primer, 5′-GTGCATGAAGGACAGCCTCT-3′, and re-
verse primer, 5′-CCACCTTAAAATCTGCAGGC-3′; human CDKN2C, 
forward primer, 5′-GTAAACGTCAATGCACAAAATGG-3′, and re-
verse primer, 5′-AGTTCGGTCTTTCAAATCGGG-3′; human EPCAM, 
forward primer, 5′-AATCGTCAATGCCAGTGTACTT-3′, and reverse 
primer, 5′-TCTCATCGCAGTCAGGATCATAA-3′; human INHBA, for-
ward primer, 5′-ACGGGTATGTGGAGATAGAGG-3′, and reverse 
primer, 5′-TGGAAATCTCGAAGTGCAGC-3′; human KRT18, forward 
primer, 5′-TCGCAAATACTGTGGACAATGC-3′, and reverse primer, 
5′-GCAGTCGTGTGATATTGGTGT-3′; human KRT19, forward primer, 
5′-AACGGCGAGCTAGAGGTGA-3′, and reverse primer, 
5′-GGATGGTCGTGTAGTAGTGGC-3′; human MCM4, forward 
primer, 5′-TTCTTTGACCGTTACCCTGAC-3′, and reverse primer, 

FIGURE 4:  Acetate regulates EMT-associated G1 cell cycle arrest. (A) RNA-Seq Venn diagram shows common 
differentially expressed genes of TGF-β1–activated genes and acetate-suppressed genes. (B) PCA of common 
differentially expressed genes of TGF-β1–activated genes and acetate-suppressed genes from RNA-Seq data of control 
cells or the A549 cells treated with or without acetate following TGF-β1 stimulation. Each stimulation was performed in 
quadruplicate. (C) RNA-Seq bubble plot depicts top 10 enriched GO biological processes and top 10 KEGG pathways 
for the common differentially expressed genes of TGF-β1–activated genes and acetate-suppressed genes from 
RNA-Seq data of control cells or A549 cells treated with or without acetate following TGF-β1 stimulation. (D) Heatmap 
of RNA-Seq data for key genes associated with G1 cell cycle arrest. (E) mRNA levels by qRT-PCR of genes associated 
with G1 cell cycle arrest in control cells or A549 cells treated with or without acetate following TGF-β1 stimulation. 
(F, G) Flow cytometric analysis (F) and quantification (G) of cell cycle progression in control cells or A549 cells, with or 
without acetate, following TGF-β1 stimulation (n = 3 experiments). x-axis represents propidium iodine and y-axis 
represents cell count. (H, I) The CDK4/6 inhibitor palbociclib inhibits the effects of acetate on EMT. (J) Model for how 
acetate, converted to acetyl-CoA, inhibits the EMT program through regulation of α-tubulin acetylation, microtubule 
stability, and cell cycle arrest. Data represent mean ± SEM and significance via one-way ANOVA with Tukey’s multiple 
comparison test (E and G). **, p < 0.01; ***, p < 0.001.
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5′-GGGATGTCCTGATCACCATG-3′; human MCM6, forward 
primer, 5′-GTGATCAGGGATGTAGAACAGC-3′, and reverse 
primer, 5′-AGCTTGGGTCTCTTGAATACG-3′; human MCM7, for-
ward primer, 5′-GATGCCACCTATACTTCTGCC-3′, and reverse 
primer, 5′-TCCTTTGACATCTCCATTAGCC-3′; human RHOU, for-
ward primer, 5′-GTACATCCCTACTGCCTTCG-3′, and reverse 
primer, 5′-AGGAAGATGTCTGTGTTGGTG-3′; human RPL7, for-
ward primer, 5′-CAAGGCTTCGATTAACATGCTGA-3′, and reverse 
primer, 5′-GCCATAACCACGCTTGTAGATT-3′; human SNAI1, for-
ward primer, 5′-CTCTAGGCCCTGGCTGCTAC-3′, and reverse 
primer, 5′-TCTGAGTGGGTCTGGAGGTG-3′; human VIM, forward 
primer, 5′-CTTCAGAGAGAGGAAGCCGA-3′, and reverse primer, 
5′-ATTCCACTTTGCGTTCAAGG.

Microtubule stability assay
Microtubule stability assay was performed based on a previous re-
port (Nishida et al., 2005). Cells were treated with 10 ng/ml TGF-β1, 
with or without 40 mM sodium acetate, for 2 d and then suspended 
in 200 μl of extraction buffer containing 0.1 M PIPES, pH 7.1, 1 mM 
MgSO4, 1 mM EGTA, 2 M glycerol, 0.1% Triton X-100, and a prote-
ase inhibitor and phosphatase inhibitor cocktail. The cell lysates 
were on ice for 15 min, and then centrifuged at 15,000 rpm for 
15 min at 4°C. The supernatant containing soluble tubulin was 
collected. The remaining pellet was resuspended in a lysis buffer 
containing 25 mM Tris-HCl, pH 7.4, 0.4 M NaCl, and 0.5% SDS. The 
sample was boiled for 10 min at 95°C, then centrifuged at 15,000 rpm 
for 5 min at room temperature. The supernatant containing poly-
meric tubulin was then collected. The soluble (S) and polymerized 
(P) tubulins were subjected to SDS–PAGE, and then detected by 
Western blot using an anti–α-tubulin antibody. An anti-GAPDH anti-
body (5174S; Cell Signaling Technology) was used as a loading con-
trol. The microtubule polymerization was quantified based on the 
ratio of polymerized (P) tubulin to total tubulin (P + S) using Image 
Lab software (version 6.1.0 build 7).

RNA sequencing analysis
Total RNA was extracted from control A549 cells and cells treated 
with TGF-β1, with or without 40 mM sodium acetate, using the 
RNeasy Mini Kit (74106; Qiagen, Germany). The sequencing librar-
ies were constructed from 100–500 ng of total RNA using Illumina’s 
TruSeq Stranded Total RNA kit with Ribo-Zero, following the manu-
facturer’s instructions. The fragment size of RNA-Seq libraries was 
verified using the Agilent 2100 Bioanalyzer (Agilent) and the con-
centrations were determined using a Qubit instrument (Thermo 
Fisher Scientific). The libraries were then loaded onto Illumina HiSeq 
3000 (Illumina, San Diego, CA) for 2 × 75 base pair paired-end read 
sequencing. The fastq files were generated using bcl2fastq software 
for further analysis. The data were analyzed as previously described 
(Houston et al., 2020) with minor modifications. Briefly, quality con-
firmed RNA-Seq reads from each library were aligned and mapped 
with HISAT2 (Kim et al., 2015). Only uniquely mapped paired-end 
reads were used for subsequent analyses. FeatureCounts (Liao 
et al., 2014) was employed for gene-level abundance estimation. 
Differential expression analysis was performed using the open-
source Limma R package (Ritchie et  al., 2015). Limma-voom was 
used to implement gene-wise linear modeling, which processes the 
read counts into log2 counts per million (logCPM) with associated 
precision weights. The logCPM values between samples were nor-
malized using a trimmed mean of M-values. We adjusted for multi-
ple testing by reporting the FDR q values for each feature. We de-
clared features with q < 5% as having genome-wide significance. 
We identified filtered gene sets as up-regulated or down-regulated 

(log2FC > 0.5 or < −0.5, p < 0.05) in paired samples. We selected the 
common differentially expressed genes of TGF-β1–activated genes 
and acetate-suppressed genes using the Venn diagram from RNA-
Seq data of control cells or the A549 cells (treated with or without 
acetate), following TGF-β1 stimulation. We performed each stimula-
tion in quadruplicate. We subjected genes showing differential ex-
pression to the GO analysis using the Web-based tool, DAVID v6.8 
(The Database for Annotation, Visualization, and Integrated Discov-
ery, National Institute of Allergy and Infectious Diseases, National 
Institutes of Health [NIH]), for the functional annotation of transcrip-
tome profiles. We performed the analyses of RNA-Seq PCA, bubble 
plot, and heatmap using an R programming environment (version 
4.0.2). The RNA-Seq data were deposited in the NCBI’s Gene Ex-
pression Omnibus repository with the accession number GSE197132.

Statistical analysis
Statistical data differences were determined between control and 
test groups using unpaired two-sided Student’s t tests using Graph-
Pad Prism 9 (version 9.3.1; GraphPad Software, La Jolla, CA) unless 
otherwise stated. Data were represented as the mean ± standard 
error of the mean (SEM) and p values < 0.05 were considered 
significant.
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