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Abstract: Short-chain fatty acids (SCFAs), derived from fermentation of dietary fibers and resistant
starch by the microbiota in the colon, exert multiple effects on colonic functions, including tumor
suppressing activities. Our previous studies found that SCFAs induced autophagy in colon cancer
cells via downregulating mTOR signaling, but the mechanism involved in mTOR suppression still
needs to be defined. In this study, we identified rhabdomyosarcoma 2 associated transcript (RMST), a
long non-coding RNA, as a key mediator for SCFAs to suppress mTOR activation in colon cancer cells.
RMST could be significantly induced by SCFAs in a time- and dose-dependent manner. RMST, by
itself, was sufficient to suppress mTOR signaling and augment autophagosome formation. Depletion
of RMST, through siRNA or CRISPR knockdown, reduced the abilities of SCFAs to suppress mTOR
activation or to induce autophagic responses. RMST increased the expression level of TSC2, a negative
regulator of the mTOR signaling pathway. Our data delineate a novel RMST/TSC2 cellular pathway,
enlisted by SCFAs, to modulate mTOR activities in colon cancer cells.

Keywords: short-chain fatty acids; long non-coding RNA; RMST; mTOR; autophagy; colorectal
cancer; CRISPR; propionate

1. Introduction

Short-chain fatty acids (SCFAs) are the by-products of dietary fibers going through
bacterial fermentation in the colon. The main SCFAs produced by fiber fermentation in the
colon are acetate (C2), propionate (C3) and butyrate (C4) in a molar ratio of about 3:1:1 [1].
Readily absorbed, SCFAs can modulate a variety of colonic functions, including inhibition
of carcinogenesis while promoting the growth of normal colon epithelium [2–4]. A large
body of evidence has demonstrated that SCFAs could modulate cell differentiation, pro-
liferation, apoptosis, motility and invasion [5–7]. Previously, we reported that SCFAs
suppressed mTOR signaling and increased autophagy in colon cancer cells [8,9], but the
exact mechanism is still not well defined.

Mammalian target of rapamycin (mTOR) is a revolutionary conserved serine/threonine
protein kinase in the family of the phosphatidylinositol kinase-related kinase (PIKK). There
are two distinct mTOR complexes, which are different in the substrate specificity factors:
raptor in mTORC1 complex and rictor in mTORC2 complex [10,11]. As an integrator of
numerous environmental stimuli including growth factors, nutrients, and stress-activated
signals, mTOR regulates cell metabolism, growth, proliferation and survival. Deregula-
tion of the mTOR signaling pathway is related to human diseases such as cancer, obesity,
type 2 diabetes and neurodegeneration [12,13]. Moreover, mTOR has been known as a
master regulator of autophagy. Inhibition of mTORC1 activity by nutrient deprivation
strongly induces autophagy through the regulation of the ULK protein kinase complexes
during formation of autophagosomes [14,15].

Long non-coding RNA (lncRNA) is a subset of non-coding transcripts with a min-
imum length of 200 nucleotides. LncRNAs can regulate multiple biological processes
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related to development, differentiation and metabolism [16–20]. In the present study,
we profiled lncRNAs in response to SCFA treatments and identified rhabdomyosarcoma
(RMS) 2 associated transcript (RMST) as one of lncRNAs markedly induced by SCFAs.
Further studies suggest that RMST is an important intermediary for SCFAs to suppress
mTOR signaling and consequently regulate autophagy.

2. Results
2.1. SCFAs Induced RMST Expression in Colon Cancer Cells

Previously, we reported that SCFAs can induce autophagy and suppress mTOR signaling
in colorectal cancer cells [8,9]. To determine the potential involvement of lncRNAs in SCFA
suppression of mTOR signaling in colon cancer cells, we profiled the expression of lncRNA in
HCT116 cells after SCFA treatment using disease-related lncRNA array. This lncRNA array had
83 disease-related lncRNAs selected from the lncRNA database. As shown in Figure 1A and
Supplementary Table S1, the levels of several lncRNAs were altered by propionate treatment,
with RMST as the most significantly upregulated lncRNAs (around 62 folds). Butyrate also
stimulated RMST expression at a similar extent to propionate.

Figure 1. SCFAs induced the expression of RMST in colon cancer cell lines. (A) LncRNA expression
of HCT116 cell was profiled with disease-related lncRNA array (system biosciences) consisting of
83 lncRNAs selected from the lncRNA database. RMST was identified as one of lncRNAs stimulated
by propionate treatment. (B) Propionate and butyrate induced the expression of RMST in colon
cancer cell lines including HCT116, HT29 and SW620 but not in non-cancerous colon cell lines
NCM356 and NCM460. (C) Time-dependent stimulation of RMST expression in HCT116 cells
by propionate treatment. (D) Dose-dependent induction of RMST expression in HCT116 cells by
propionate treatment. Fold change in RMST RNA levels in y-axis, with the RMST levels in their
respective controls set as 1. *, p < 0.05; **, p < 0.01 when compared to their respective controls (N = 3).
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To confirm the induction of RMST expression, we treated colon cancer cell lines
HCT116, HT29 and SW620 with SCFAs and evaluated RMST expression. RMST was
markedly induced by propionate and butyrate in all three colon cancer cell lines (Figure 1B).
We also examined the level of RMST in non-cancerous colon cells NCM356 and NCM460.
The basic RMST level was found to be comparable to that of colon cancer cell lines. However,
SCFA treatment did not change the level of RMST in NCM356 and NCM460 (Figure 1B).
We further examined the induction of RMST by propionate under different concentrations
and durations of treatments. As shown in Figure 1C,D, the induction of RMST in HCT116
was both time- and dose-dependent. Together, the data suggest that SCFA could stimulate
the expression of RMST in colon cancer cells, but not in non-cancerous colon cells.

2.2. RMST Is Required for SCFA to Reduce mTOR Activation

Rhabdomyosarcoma (RMS) 2 associated transcript (RMST), also known as non-coding
in RMS (NCRMS), was first identified in RMS [21]. Compared with normal muscle and
embryonic subtypes, RMST was expressed at a higher level in the more aggressive alveolar
subtype, indicating RSMT as a tumor-related lncRNA. Although RMST acts as a transcrip-
tional regulator to regulate gene expression and plays a key role in neuron differentiation
and development [22,23], the role of RMST in cellular signaling or cancer biology has not
yet been well understood.

Since RMST was markedly induced by SCFAs in colon cancer cells, we next determined
whether RMST plays a role in SCFA suppression of mTOR activation. First, we examined the
inhibitory effects of SCFA on mTOR activity in colon cancer cells as well as in non-tumorigenic
colon epithelial cells. As shown in Figure 2A, the levels of phosphorylated mTOR at ser2448
were notably decreased in HCT116 and HT29 cells 48 h after treatment with propionate, while
no difference was observed in NCM356 cells. The data suggest that propionate reduces the
levels of active mTOR in colon cancer cells but not in non-tumorigenic colon epithelial NCM356
cells, consistent with the pattern of RMST induction by SCFAs.
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(B) Knockdown of RMST levels by siRNAs in HCT116 cells with or without propionate treatment. The
RMST levels were measured by qRT-PCR in HCT116 cells after siRNAs transfections and propionate
treatments. Fold change in RMST RNA levels in y-axis, with the RMST levels in their respective controls
set as 1. (C) Decrease in propionate-induced suppression of mTOR activation after RMST knockdown.
After siRNA transfections, HCT116 cells were treated with propionate for 48 h before being harvested
for Western blot analyses. (D) ELISA measurement of phosphor-mTOR after siRNAs transfection and
propionate treatments. *, p < 0.05 when compared to their respective controls (N = 3).

To determine whether RMST is responsible for the suppression of mTOR activity by
SCFA, we reduced RMST levels with small interfering mRNA (siRNA) in HCT116 cells.
The level of RMST in targeted cells was about 30–60% lower than the control with scramble
siRNA, with some variations in the knockdown efficiency, even in the presence of propi-
onate treatment (Figure 2B). Cells with siRNA transfection were subjected to propionate
treatment to evaluate the effects of RMST knockdown on SCFA downregulation of mTOR.
The results of western blot and ELISA assay showed the preponderance of evidence that
the inhibitory efficiency of propionate on phosphorylation mTOR and p70S6K were sig-
nificantly reduced by RMST targeting siRNA, as compared with scrambled transfection
cells (Figure 2C,D). Interestingly, siRNA7 was the siRNA with least knockdown on RMST
(Figure 2B), but it restored the propionate suppression of mTOR the best, as shown by
pS6K (Figure 2C), even though it did not alter phosphorylated mTOR levels significantly
in another experiment (Figure 2D). The variations are likely the results of confounding
effects on mTOR signaling from various factors such as differences in cell conditions and
transfection efficiencies in the three different experiments. The prevalent results obtained
suggest that RMST depletion attenuated the ability of SCFAs to suppress mTOR activation.

2.3. RMST Suppresses mTOR Activation

To further investigate the role of RMST in inhibition of mTOR signaling, we cloned the full-
length RMST transcript into pBabe retroviral vector and increased RMST expression in colon
cancer cells via viral transduction, as shown in HCT116 cells (Figure 3A). Increased expression
of RMST led to the repression of mTOR activity in both HCT116 and HT29 cells, as evidenced
by the decreased level of phosphorylated mTOR and p70S6K (Figure 3B). Quantitative ELISA
of active mTOR confirmed that RMST overexpression reduced the activity of mTOR by 40%
and 35% in HCT116 and HT29 cells, respectively (Figure 3C). We also determined whether
SCFAs can further reduce mTOR activation in cells with pre-existing high expression of RMST.
ELISA measurements revealed that the level of phosphor-mTOR in vector control cells was
significantly reduced after propionate treatment. However, propionate did not further reduce
the level of phosphor-mTOR in RMST-overexpressed cells (Figure 3D). The results confirm the
ability of RMST to suppress mTOR signaling, and additional SCFA treatment does not further
reduce mTOR activities in cells already with high RMST expression. The data also suggest that
RMST, a downstream effector for SCFA, is sufficient by itself to reduce mTOR activities.

Kinases Phosphatases 2024, 2, FOR PEER REVIEW  5 
 

 

Figure 3. Suppression of mTOR signaling by RMST. (A) Increased RMST expression in HCT116 cells 

through retroviral transduction with a pBabe‐RMST construct. Relative fold change in RMST RNA 

levels in y‐axis, with the RMST level in the vector control set as 1. (B) RMST overexpression reduced 

the levels of phospho‐mTORs in HCT116 and HT29 cells when compared to their vector controls. 

(C) ELISA measurement of phosphor‐mTOR levels in HCT116 and HT29 cells after RMST overex‐

pression. (D) ELISA measurement of phosphor‐mTOR levels in HCT116 cells after RMST overex‐

pression and propionate treatment. *, p < 0.05; ***, p < 0.001 when compared to their respective con‐

trols (N = 3). 

2.4. RMST Modulates SCFAs‐Induced Autophagy 

Given the critical role of RMST in SCFAs suppression of mTOR activation, we inves‐

tigated  whether  RMST  is  required  by  SCFAs  to  induce  autophagy. We  established 

HCT116  cell  line  stably  expressed autophagy marker GFP‐LC3.  In  the untreated  cells, 

GFP‐LC3 exists in a form of GFP‐LC3I and exhibits diffuse distribution within the cyto‐

plasm. When autophagy is induced by SCFA, GFP‐LC3I will be processed to GFP‐LC3II 

and recruited to the autophagosome membrane, which can be visualized as cytoplasmic 

puncta under fluorescent microscopy. 

The cells were subjected to siRNA transfection to knock down RMST, followed by 

propionate treatment. The autophagy was notably induced by propionate, as evidenced 

by a  large number of LC3 puncta  formed. Compared  to  the  scramble control,  the  for‐

mation of  autophagosomes  in  cells with RMST knockdown was  significantly  reduced 

(Figure 4A). The numbers of LC3 puncta in cells with RMST knockdown was about 65%, 

45% and 58% of those in scramble siRNA controls (Figure 4B), suggesting that RMST is 

required for propionate to induce autophagy. 

Figure 3. Cont.



Kinases Phosphatases 2024, 2 140

Kinases Phosphatases 2024, 2, FOR PEER REVIEW  5 
 

 

Figure 3. Suppression of mTOR signaling by RMST. (A) Increased RMST expression in HCT116 cells 

through retroviral transduction with a pBabe‐RMST construct. Relative fold change in RMST RNA 

levels in y‐axis, with the RMST level in the vector control set as 1. (B) RMST overexpression reduced 

the levels of phospho‐mTORs in HCT116 and HT29 cells when compared to their vector controls. 

(C) ELISA measurement of phosphor‐mTOR levels in HCT116 and HT29 cells after RMST overex‐

pression. (D) ELISA measurement of phosphor‐mTOR levels in HCT116 cells after RMST overex‐

pression and propionate treatment. *, p < 0.05; ***, p < 0.001 when compared to their respective con‐

trols (N = 3). 

2.4. RMST Modulates SCFAs‐Induced Autophagy 

Given the critical role of RMST in SCFAs suppression of mTOR activation, we inves‐

tigated  whether  RMST  is  required  by  SCFAs  to  induce  autophagy. We  established 

HCT116  cell  line  stably  expressed autophagy marker GFP‐LC3.  In  the untreated  cells, 

GFP‐LC3 exists in a form of GFP‐LC3I and exhibits diffuse distribution within the cyto‐

plasm. When autophagy is induced by SCFA, GFP‐LC3I will be processed to GFP‐LC3II 

and recruited to the autophagosome membrane, which can be visualized as cytoplasmic 

puncta under fluorescent microscopy. 

The cells were subjected to siRNA transfection to knock down RMST, followed by 

propionate treatment. The autophagy was notably induced by propionate, as evidenced 

by a  large number of LC3 puncta  formed. Compared  to  the  scramble control,  the  for‐

mation of  autophagosomes  in  cells with RMST knockdown was  significantly  reduced 

(Figure 4A). The numbers of LC3 puncta in cells with RMST knockdown was about 65%, 

45% and 58% of those in scramble siRNA controls (Figure 4B), suggesting that RMST is 

required for propionate to induce autophagy. 

Figure 3. Suppression of mTOR signaling by RMST. (A) Increased RMST expression in HCT116
cells through retroviral transduction with a pBabe-RMST construct. Relative fold change in RMST
RNA levels in y-axis, with the RMST level in the vector control set as 1. (B) RMST overexpression
reduced the levels of phospho-mTORs in HCT116 and HT29 cells when compared to their vector
controls. (C) ELISA measurement of phosphor-mTOR levels in HCT116 and HT29 cells after RMST
overexpression. (D) ELISA measurement of phosphor-mTOR levels in HCT116 cells after RMST
overexpression and propionate treatment. *, p < 0.05; ***, p < 0.001 when compared to their respective
controls (N = 3).

2.4. RMST Modulates SCFAs-Induced Autophagy

Given the critical role of RMST in SCFAs suppression of mTOR activation, we investi-
gated whether RMST is required by SCFAs to induce autophagy. We established HCT116
cell line stably expressed autophagy marker GFP-LC3. In the untreated cells, GFP-LC3
exists in a form of GFP-LC3I and exhibits diffuse distribution within the cytoplasm. When
autophagy is induced by SCFA, GFP-LC3I will be processed to GFP-LC3II and recruited
to the autophagosome membrane, which can be visualized as cytoplasmic puncta under
fluorescent microscopy.

The cells were subjected to siRNA transfection to knock down RMST, followed by
propionate treatment. The autophagy was notably induced by propionate, as evidenced by
a large number of LC3 puncta formed. Compared to the scramble control, the formation of
autophagosomes in cells with RMST knockdown was significantly reduced (Figure 4A).
The numbers of LC3 puncta in cells with RMST knockdown was about 65%, 45% and 58%
of those in scramble siRNA controls (Figure 4B), suggesting that RMST is required for
propionate to induce autophagy.

Since RMST knockdown led to attenuated autophagic response to propionate treat-
ment, next we determined whether RMST, by itself, is sufficient to induce autophagy given
its capacity of downregulating mTOR activity in colon cancer cells. We increased the
expression of RMST in HCT116-GFP-LC3 cells by viral infection, however, there was no
obvious LC3 puncta formation in cells with RMST expression or vehicle control. When
acid-dependent degradation of autophagosome contents was blocked by chloroquine, there
was marked formation of LC3 puncta, and the number was comparable between cells
with RMST expression and vector control. After autophagy was triggered by propionate
treatment, we noticed that cells with RMST-forced expression exhibited much stronger
autophagic response. The number of LC3 puncta in RMST expression cells was about
five-fold higher than that of vehicle control (Figure 4C). The data, collectively, suggest that
although RMST by itself did not trigger autophagy in colon cancer cells, it could strengthen
the autophagic responses initiated by SCFAs.
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Figure 4. RMST is required for SCFA-induced autophagy. (A) Effects of RMST knockdown by siRNA
on propionate-induced autophagy; 12 h after siRNA transfection, HCT116 cells with stable GFP-LC3
expression were treated with 3 mM propionate for 24 h. Compared with scrambled control, there were
less LC3 puncta in cells with RMST knockdown. (B) Quantification of the percentage of GFP-LC3
puncta in cells with siRNA transfection compared to cells with scrambled siRNA. (C) Increased
autophagy in HCT116 cells with RMST overexpression. HCT116 cells with RMST and GFP-LC3 stable
expression were treated with propionate at low concentrations (0.5 mM) for 24 h. Compared with
control (without RMST overexpression), there are much more GFP-LC3 puncta in cells with RMST
expression. *, p < 0.05 when compared to their respective controls (N = 5).

2.5. TSC2 Is Involved in the Suppression of mTOR Signaling by SCFA/RMST

To further understand the mechanism involved in SCFA/RMST suppression of mTOR
signaling, we evaluated whether SCFA/RMST could alter the expression of genes involved in
regulation of mTOR activities (Supplementary Table S2). Of 53 upstream mTOR regulators,
tuberous sclerosis complex 2 (TSC2), one of most important factors involved in regulation
of mTOR signaling, was identified to exhibit about a 4.66-fold increase at its mRNA level in
HCT116 cells with RMST-forced expression (Figure 5A). Consistently, SCFA treatment in the
HCT116 cell also led to a 5–6-fold increase in the levels of TSC2 mRNA (Figure 5B). Western
blot analysis revealed that the protein level of TSC2 in HCT116 was significantly increased in
HCT116 cells after SCFA treatment or RMST overexpression (Figure 5C).

Tumor suppressor gene TSC2 is a GTPase-activating protein (GAP) of Rheb, a Ras
family GTPase that stimulates the phosphorylation of mTOR and plays an essential role
in regulation of mTOR signal pathway [24]. To determine whether TSC2 is responsible
for SCFA inhibition of mTOR signaling, we knocked down TSC2 in HCT116 cells with
siRNA and then determined the subsequent responses toward SCFA treatment. As shown
in Figure 5D, siRNA transfection significantly reduced the expression of TSC2, and SCFA
could no longer increase the level of TSC2 in cells with siRNA transfection. Although the
levels of total mTOR were not changed by TSC2 knockdown, the level of phosphorylated
mTOR at serine2448 was increased. Consistently, the phosphorylated p70S6K displayed
higher level in cells with siRNA transfection, indicating the ability of TSC2 to negatively
regulate the activity of the mTOR signal pathway.

After TSC2 knockdown, the cells were subjected to propionate treatment. Phosphory-
lated mTOR and p70S6K were significantly reduced by propionate in the cells with scramble
transfection, accompanied by increased TSC2. However, propionate did not reduce the
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level of mTOR, phosphorylated mTOR and p70S6K in cells with TSC2 knocked down
(Figure 5D), suggesting that TSC2 knockdown prevents SCFA from suppressing mTOR acti-
vation. The data suggest an important role of TSC2 for SCFA to suppress mTOR activation.
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TSC2 was significantly increased by RMST overexpression. (B) Increased TSC2 mRNA levels in
HCT116 cells after treatment of 1 mM butyrate or 3 mM propionate for 48 h. Fold change in TSC2
RNA levels in y-axis, with the TSC2 level in solvent control set as 1. *, p < 0.05 compared to control
(N = 3). (C) Increased TSC2 protein expression after SCFAs treatment of HCT116 cells (i) or RMST
overexpression in HCT116 and HT29 cells (ii). (D) Effects of TSC2 knockdown on propionate
suppression of mTOR signaling. TSC2 knockdown did not change total mTOR or phosphorylated
mTOR levels with no propionate treatment, but TSC2 knockdown attenuated propionate-induced
suppression of mTOR levels or p70S6K level.

2.6. Genomic Editing of RMST Gene Affects mTOR Activities and TSC2 Expression

To further confirm the ability of RMST to modulate mTOR signaling, we generated cell
lines with RMST genes edited using a clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein-9 nuclease (CAS9) system. With the help of guide RNA
(gRNA), endonuclease CAS9 is recruited to the target genomic locus and cut DNA strands. The
resultant double-stranded breaks (DSBs) can be repaired by homology directed repair (HDR) or
non-homologous end joining (NHEJ), generating deletions/inserts at the DSB site [25]. Specific
CRISPR/CAS9 constructs targeted to individual RMST exons were designed, and pairs of
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constructs targeting two exons were delivered to the HCT116 cell by transient transfection
(Figure 6A). Several clones derived with RMST fragments deletion were verified by genotyping
PCR and sequencing (Figure 6B). F12 and F20 were heterozygous deletion of the segment from
exon 1 to exon 9, with about 66,624 base pairs edited out (Figure 6B, top panel). E562 was the
heterozygous, while 56210 and 56213 were the homozygous of deletion from exon 5 to exon
6 with 807 base pairs (Figure 6B, bottom panel). The mRNA level of RMST was significantly
reduced in all deletion cell lines generated (Figure 6C).

Figure 6. Impacts of mTOR signaling by genomic editing of RMST gene loci by CRISPR/CAS9.
(A) Schematic diagram of RMST genomic structure and the site targeted by CRISPR/CAS9 system.
RMST is composed with 9 exons spanning over 68 kb. To achieve genomic deletion, constructs were
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designed to target each of the exons, and a pair of them was delivered to HCT116
cells. (B) Confirmation of RMST gene editing through PCR analyses of genomic DNA and
sequencing. F12 and F20 cell lines were generated by CRISPR/CAS9 constructs targeting exon 1 and
exon 9 of RMST gene. Both of F12 and F20 were heterozygous deletion cell lines since both had the
upper wildtype band and the bottom deletion band in PCR analysis. E562, 56210 and 56213 cells were
generated with CRISPR/CAS9 constructs targeting exon 5 and exon 6 of RMST genes. E562 cells were
heterozygous in RMST deletion, while cell lines of 56210 and 56213 cells were homozygous deletion.
RMST fold change in y-axis, with the RMST level in the parental HCT116 as 1. (C) Reduced RMST
expression in HCT116 cells through genomic editing. Fold change in RMST RNA levels in y-axis,
with the RMST level in the parental HCT116 cells set as 1, *, p < 0.05 compared to control (N = 3).
(D) Genomic editing of RMST gene loci increased the levels of phosphor-mTOR and p70S6K and
reduced TSC2 expression.

The levels of active mTOR in HCT116 with genomic deletion of RMST segments were
then determined with Western blot. As shown in Figure 6D, the total mTOR levels in all of
RMST deletion cells were comparable to that of parental wildtype HCT116. However, the levels
of phosphorylated mTOR in F12, F20 and E56, 56210 and 56213 were significantly increased
when compared with the parental wildtype HCT116 cells. Also, phosphorylated p70S6K
was significantly increased in cells with RMST deletion (Figure 6D), suggesting that genomic
deletion of RMST segments enhanced mTOR activity. Furthermore, RMST deleted cells
exhibited significantly low levels of TSC2 when compared with wildtype HCT116 (Figure 6D),
indicating that genomic deletion of RMST segments by the CRISPR/CAS9 system could
modulate the activities of mTOR signaling through reducing the expression of TSC2 in colon
cancer cells.

3. Discussion

SCFAs have been shown to induce differentiation, cell cycle arrest, apoptosis, au-
tophagy and necrosis in colorectal cancer cells. Inhibition of histone deacetylases (HDAC)
by SCFAs is often attributed as the mechanism involved [26]. We previously reported that
GPR43, the receptor for SCFAs, could be involved in SCFA suppression of colon cancer [27].
However, the precise molecular mechanism underlying the anti-cancer activities of SCFAs
remains to be defined. Non-coding RNAs, such as small microRNA and lncRNA, play
important roles in the development of colorectal cancer and could be used as potential
biomarkers for colon cancer diagnosis and prognosis as well as in the prediction of the
response to therapy [28]. Emerging evidence demonstrated the ability of SCFA to disturb
the expression of microRNA in colon cancer to elicit or mediate the biological effects of
SCFA towards colon cancer [29,30]. In the present study, we found that SCFAs have a
significant impact on the expression of lncRNA in colon cancer cells. Among 83 disease-
related lncRNAs tested in our study, six of them were strongly altered in their expression
(by more than 5 times) by propionate treatment (Supplementary Table S1). Considering the
pathological role of these lncRNAs in cancer biology, we expect that these lncRNAs can be
potentially involved in the biological activities of SCFAs.

In the present study, we conclusively demonstrated that lncRNA RMST expression
was stimulated by SCFAs and that RMST was required for SCFAs to suppress mTOR
signaling and to induce autophagy. RMST increased the expression of TSC2, leading to the
suppression of the mTOR signaling pathway. When RMST was knocked down, SCFAs were
no longer able to suppress mTOR signaling. Forced expression of RMST in colon cancer
cells suppressed mTOR signaling with a similar mechanism to SCFAs. Taken together, the
data suggest an important role for RMST in SCFA modulation of mTOR signaling.

Recently, several cancer-related lncRNAs like MALAT1, UCA1, and MEG3 have
been reported to be involved in the regulation of mTOR signaling [31–33]. Our studies
demonstrate that RMST is another important lncRNA that can regulate mTOR signaling.
The suppression of mTOR activity by SCFA could be compromised by the depletion
of RMST with siRNA, and forced expression of RMST was sufficient to inhibit mTOR
activity. Consistently, the genomic deletion of RMST by CRISPR/CAS9 gene editing led
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to a significant increase in mTOR activity in colon cancer cells. The data collectively
demonstrate a critical role of RMST in SCFA-mediated inhibition of mTOR signaling.

We further demonstrated in our study that RMST modified mTOR activity through
increasing the level of TSC2 in colon cancer cells. TSC2 forms heterodimer with TSC1
and servers as critical negative regulator of mTOR signaling. In TSC1/TSC2 complex,
TSC2 exhibits a selective GAP activity toward RheB, the small GTPase, which is a positive
regulator of the mTOR pathway [24,34]. Therefore, it is likely that RMST can decrease the
activities of RheB and mTOR because of the significantly increased TSC2 protein level.

Autophagy is a self-degradative process important for maintaining cellular homeosta-
sis by eliminating superfluous or damaged proteins and organelles as well as providing
substrates for energy generation and biosynthesis. Autophagy could be activated by
various stresses or stimuli such as starvation, oxidative stress and endoplasmic reticu-
lum stresses. SCFA-triggered autophagy was dependent on downregulation of mTOR
activity [9,35,36]. Consistent with its capability to suppress the activity of mTOR signaling,
RMST was identified as a key mediator responsible for SCFA-triggered autophagy in the
present study. Downregulation of RMST reduced the formation of LC3 puncta, while RMST
overexpression resulted in more intense autophagic response to SCFAs. Given the critical
role of RMST in SCFA-mediated autophagy, RMST may protect colon cancer cells from
apoptosis, especially during metabolic stresses. Further studies are needed to determine
the precise roles of RMST in colon cancers.

So far, most well-characterized lncRNAs are engaged in epigenetic regulation of gene
expression. LncRNAs may serve as a signal for transcription, a decoy to titrate transcription
factors away from chromatin, a guide for recruitment of chromatin-modifying enzymes to
target genes and as a scaffold to bring together multiple proteins to form ribonucleoprotein
complexes [37]. RMST is a nuclear-localized lncRNA and has been reported to interact
with nuclear factors like SOX2 or chromatin to regulate gene expression [22,38]. Here, we
demonstrate a new role of RMST in regulating gene expression of TSC2 transcripts in colon
cancer cells, and this function could be one underlying mechanism for RMST to augment
TSC2 expression and suppress mTOR signaling.

In summary, we have identified lncRNA RMST as a novel regulator of mTOR signaling
via elevating TSC2 levels. As shown in Figure 7, elevated RMST and TSC2 levels are
required for SCFAs to suppress mTOR signaling and trigger autophagy in colon cancer
cells. Our data present a novel pathway by SCFAs to regulate mTOR signaling and provide
a new perspective on the potential antitumor effects of SCFAs in colon cancers.

Figure 7. Schematic diagram of the mechanism by which SCFAs downregulate mTOR activity in
colon cancer cells. SCFAs extensively induce the expression of RMST in colon cancer cells. RMST
increased the level of TSC2, which in turn suppresses the level of phosphorylated mTOR.
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4. Materials and Methods
4.1. Constructs and Gene Cloning

Exons of RMST were amplified from human genomic DNA and subcloned into pBabe
retroviral vector at BamHI/EcoRI cloning sites. The individual exons were ligated into
a full-length RMST transcript with the cold fusion cloning kit (System Bioscience, Palo
Alto, CA, USA) and sequenced for verification. For RMST genomic deletion, we de-
signed CRISPR/CAS9 to target every exon of the RMST gene. Two oligonucleotides
(Table 1) for each target were commercially synthesized from IDT Inc. After annealing, the
oligonucleotides were cloned into the GeneArt®CRISPR nuclease vector (Life Technologies,
Carlsbad, CA, USA, cat# A21178). The inserted sequences were confirmed by sequencing.

Table 1. Sequences targeted to RMST genomic loci by CRISPR/CAS9 system.

Target 1 TGAAACTTGGAGCAAAGTGG(AGG)

Target 2 GCTGAATATCTTCAGGAAAA(TGG)

Target 3 TTTTTATTTTGCAGATTCTC(AGG)

Target 4 CTATATTTTGTTAGAAAGGA(AGG)

Target 5 ACTTAGCATTCCATCCGTGC(AGG)

Target 6 CTTATTCTGAACTTTCAGAC(TGG)

Target 7 AACCTCTATTGTATTCCAGT(TGG)

Target 8 TGTCTGGCTTTCCTTGCAGT(GGG)

Target 9 (CCT)GCTCGATGTTTGCATTTAAA

4.2. Cell Culture and Stable Transfection

HCT116, HT29, SW620, NCM356 and NCM460 cells were grown in RPMI-1640
medium with 10% FBS and 1% antibiotics in a humidified incubator under an atmo-
sphere containing 5% CO2 at 37 ◦C; 293T and Phoenix Ampho cells were grown in DMEM
medium with 10% FBS and 1% antibiotics. In order to generate retrovirus, 1 × 107 Phoenix
Ampho cells were transfected with the viral constructs (pBabe-RMST) using DNAfection
liposome transfection reagent. Viral supernatants were harvested 72 h after transfection,
diluted 1:1 with fresh medium in the presence of polybrene (4 µg/mL) and added to
HCT116 or HT29 cells seeded in 6-well plates at 30% confluence. Twenty-four hours after
incubation, the viral supernatant was replaced with fresh media. Positively infected cells
were selected with puromycin for 1 week.

For observation of autophagy, HCT116 cells with GFP-LC3II markers were seeded
into six-well plates containing cover glass and subjected to different treatments including
propionate. The GFP-LC3 cellular localizations and formation of puncta were observed
under a BX41 system fluorescent microscope (Olympus, Tokyo, Japan). The number of
puncta formed were quantified in a double-blind approach.

4.3. siRNA Transfections

For the siRNA approach to knock down RMST, three duplex siRNAs were designed
and synthesized by IDT. The sequences of these duplexes were shown in Table 2. The
siRNAs to knock down TSC2 were purchased from Cell Signaling. The transfection of
siRNA was performed using Silencer siRNA Transfection II Kit (Ambion, ThermoFisher
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. The negative
control siRNA provided by transfection kit is a scrambled sequence that has no significant
homology to human genes.
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Table 2. Sequences of siRNA targeted to human RMST.

RMST

siRNA1 sense CGGAGACUUGGUAGUGAAAUUCUTC

antisense GAAGAAUUUCACUACCAAGUCUCCGUG

siRNA2 sense GUUUGAUUGACCUUUGUUAGGGUGA

antisense UCACCCUAACAAAGGUCAAUCAAACUU

siRNA3 sense CGAAUUAUUUGCAAUGCCAUUUAAT

antisense AUUAAAUGGCAUUGCAAAUAAUUCGUU

4.4. RNA Isolation and Real-Time RT-PCR

Total RNAs were isolated from cultured cells using the PerfectPure RNA Purifica-
tion System (5 prime) and directe-zol RNA miniprep (Zymo Reseach, Irvine, CA, USA),
respectively. RNA quantity and quality were determined by the 260:280 nm absorbance
ratios using a BioSpec-mini DNA/RNA/protein analyzer (Shimadzu Corporation, Kyoto,
Japan). Reverse transcription was performed with random hexanucleotide primers and
ProtoScript M-MuLVTaq RT-PCR kit (New England Biolab, Ipswich, MA, USA). Resulting
cDNA were quantified by real-time PCR using Applied Biosystems 7500 real-time PCR sys-
tem (Applied Biosystems, Waltham, MA, USA), according to the manufacture’s instruction.
Primer sequences are listed in Supplementary Tables S1 and S2. The relative expression
was calculated using the ∆∆Ct method and normalized to human β-actin expression.

4.5. RMST Genomic Deletion with CRISPR/CAS9 System

HCT116 cells were cultured in RPMI-1640 medium with 10% FBS and 1% peni-
cillin/streptomycin. To delete the target DNA sequence, cells were plated in 6-well plate
and transiently transfected with 1 µg GeneArt®CRISPR nuclease vector with DNAfection lipo-
some transfection reagent; 48 h after transfection, cells were subjected to fluorescence-activated
cell sorting. The successfully transfected cells with OFP positivity were seeded individually in
96-well plate and incubated under standard culture conditions for 3 to 4 weeks. The single cell
colony generated was then expanded. Genomic DNA of each single cell colony was extracted
using ArchivePure DNA cell/tissue kit (5 Prime) following the manufacture’s protocol. Specific
primers (Table 3) were used for genotyping via PCR analysis. PCR products were run on 1.0%
agar gel, and the target bands were verified by DNA sequencing.

Table 3. RMST primers for real-time PCR primers and genomic deletion assay.

Name Forward Primer Reverse Primer

qPCR CCCAGTGCCACCAACTGGGAT CCAGCTGGCGGGTACGATCAG

gRMST1 GGG AAA CAG AGG GAG CAC GGT ATG GAA CAA GGC AGC

gRMST2 ATC AAT GCC CCT ACT CAC ACG CTG CTC TGC ATT TTC

gRMST3 TAG CCC GGC TTT TAG GTC ACC CGT CAG TTT CCA AGA

gRMST4 AGC TCT GTC GTT CCA CCT GTC ACT CCT CGG AAA GC

gRMST5 CAG TAG TGC TTG GGA CTC ACA GCT GAT GTC CCG TTT

4.6. Western Blot

Cells were lysed with 2 × SDS-PAGE electrophoresis sample buffer. The lysate was
boiled, sonicated and centrifuged. Supernatants were subjected to separation by 10%
SDS-PGAGE gel electrophoresis and transferred to a polyvinylidenedifluoride (PVDF)
membrane. The membrane was blocked for 1 h and then incubated with the primary
antibody overnight at 4 ◦C. After washing with TBS-T 3 times on the shaker for 15 min
each time, membranes were incubated with a fluorescently labeled secondary antibody for
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1 h and washed another 3 times. The immunoblots were visualized by an Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE, USA).

4.7. ELISA for mTOR pser2448

The quantitative measurement of phosphor-mTOR levels in culture cells was per-
formed using mTOR (pSer2448) ELISA Kit (Cell Signaling Technologies, Danvers, MA,
USA) following the manufacturer’s instructions. Cells were directly lysed by supplemented
extraction buffer. After centrifuging at 18,000× g for 20 min at 4 ◦C, 50 µL aliquot of each
sample was added to the well of an mTOR microplate and incubated at room temperature
for 2 h. The wells were washed 3 times and incubated with mTOR pSer2448 primary
detector antibody, followed by incubation with 1 × HRP labeled secondary detector anti-
body. Each well was aspirated, washed and incubated with TMB development solution
for 30 min. The stop solution was added, and the absorbance at 450 nm was recorded. All
experiments were performed on at least two separate occasions.

4.8. Statistics

A two-tailed Student’s t-test was used to analyze differences between two experimental
groups. All the results were expressed as mean ± SEM. p-values of less than 0.05 were
considered to be significant.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/kinasesphosphatases2020008/s1. Table S1: The effects
of propionate on the expression of 83 lncRNAs array in HCT116 cell. Table S2: Sequence of real-time
PCR primers for mTOR regulator, and the effects of increased RMST expression on the expression
levels of mTOR regulators.
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