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Abstract: The mRNA destabilizing factor tristetraprolin (TTP) functions as a tumor suppressor
by down-regulating cancer-associated genes. TTP expression is significantly reduced in various
cancers, which contributes to cancer processes. Enforced expression of TTP impairs tumorigenesis
and abolishes maintenance of the malignant state, emphasizing the need to identify a TTP inducer
in cancer cells. To search for novel candidate agents for inducing TTP in cancer cells, we screened
a library containing 1019 natural compounds using MCF-7 breast cancer cells transfected with a
reporter vector containing the TTP promoter upstream of the luciferase gene. We identified one
molecule, of which the enantiomers are betamethasone 21-phosphate (BTM-21-P) and dexamethasone
21-phosphate (BTM-21-P), as a potent inducer of TTP in cancer cells. We confirmed that BTM-21-P,
DXM-21-P, and dexamethasone (DXM) induced the expression of TTP in MDA-MB-231 cells in a
glucocorticoid receptor (GR)-dependent manner. To identify potential pathways linking BTM-21-P
and DXM-21-P to TTP induction, we performed an RNA sequencing-based transcriptome analysis
of MDA-MB-231 cells at 3 h after treatment with these compounds. A heat map analysis of FPKM
expression showed a similar expression pattern between cells treated with the two compounds.
The KEGG pathway analysis results revealed that the upregulated DEGs were strongly associated
with several pathways, including the Hippo signaling pathway, PI3K-Akt signaling pathway, FOXO
signaling pathway, NF-κB signaling pathway, and p53 signaling pathway. Inhibition of the FOXO
pathway using a FOXO1 inhibitor blocked the effects of BTM-21-P and DXM-21-P on the induction
of TTP in MDA-MB-231 cells. We found that DXM enhanced the binding of FOXO1 to the TTP
promoter in a GR-dependent manner. In conclusion, we identified a natural compound of which the
enantiomers are DXM-21-P and BTM-21-P as a potent inducer of TTP in breast cancer cells. We also
present new insights into the role of FOXO1 in the DXM-21-P- and BTM-21-P-induced expression of
TTP in cancer cells.

Keywords: tristetraprolin; FOXO1; dexamethasone; betamethasone; cancer cells

1. Introduction

Tristetraprolin (TTP, ZFP36) is an RNA binding protein that binds to AU-rich ele-
ments (AREs) within the 3′-untranslated region (3′-UTR) of mRNAs and promotes the
degradation of these mRNAs [1,2]. AREs are found within the 3′-UTR of many short-lived
mRNAs, such as cytokines and proto-oncogenes mRNAs [3]. TTP functions as a tumor
suppressor by destabilizing the mRNA of critical genes implicated in both tumor onset
and progression [4,5]. TTP is widely expressed, with particularly high levels in spleen,
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lymph nodes, and thymus [6]. However, TTP expression is significantly decreased in vari-
ous cancers [7]; its downregulation correlates with increased expression of proto-oncogenes
and may contribute to cancer processes. Re-expression of TTP in cancer cells has a growth
inhibitory effect [8–10]. The expression of TTP in cancer cells is induced by p53 [11] and
inhibited by Myc [12]. Notably, nearly all types of cancers have abnormalities in the p53
pathway [13], and c-Myc is often activated in human cancers [14]. Together, these features
may lead to a widespread decrease in the expression of TTP in human cancers. Thus,
enforced expression of TTP may represent a new therapeutic avenue for cancer prevention
and treatment.

Previously it has been reported that glucocorticoids (GCs) induce the expression of
TTP in cells [15–18]. However, the mechanisms underlying the GC-mediated TTP induction
in cancer cells remain unclear. GCs are steroid hormones synthesized and released by the
adrenal glands in response to physiological cues and stress [19]. GCs regulate fundamental
body functions in mammals, including control of cell growth, development, metabolic
homeostasis, cognition, mental health, immune homeostasis, and apoptosis [20–23]. Vari-
ous synthetic GCs (e.g., prednisolone, aldosterone, dexamethasone, and betamethasone)
have been developed by the pharmaceutical industry and serve as treatments for various
diseases. Both natural and synthetic glucocorticoid hormones exert their biological effects
predominantly via the glucocorticoid receptor (GR; NR3C1) [24], a ligand-activated tran-
scription factor that is constitutively and ubiquitously expressed throughout the body [25].
GR functions by regulating the expression of GC responsive genes in a positive or nega-
tive manner. Upon ligand binding, GR shuttles into the nucleus [22] and binds to DNA
sequences called glucocorticoid response elements (GREs) as a homodimeric complex [26].
The binding of GR homodimers to GRE sequences leads to an enhancement of gene ex-
pression [27]. GR also interacts with DNA as a monomer by binding to GRE half-sites and
positively or negatively influences the transcription of target genes by interacting with
promoter-bound STAT5, activator protein 1 (AP-1), or NF-κB transcription factors [28,29].
Independent of binding to GRE, monomeric GR can also regulate gene expression in a
mechanism known as tethering, which involves physical interaction of monomeric GR
with another transcription factor, such as AP-1 and NF-κB [30]. GCs also exert rapid
non-genomic effects that do not require transcription processes or protein synthesis [31].
Interestingly, GCs not only increase the expression of FOXO [32–34] but also increase FOXO
activity [35,36] in a variety cells.

The FOXO family of transcription factors comprises four closely related members—
FOXO1, FOXO3, FOXO4, and FOXO6—that are direct downstream targets of AKT [37,38].
FOXOs play central roles in regulating normal hematopoiesis and are integral mediators of
AKT actions in cellular growth and survival [38,39]. In the absence of active AKT, FOXOs
localize to the nucleus, where they regulate the transcription of genes involved in cell-
cycle arrest, apoptosis, and reactive oxygen species (ROS) detoxification. Previous studies
have reported that GCs increase FOXO1 level in a variety of cells, including hepatocytes,
cardiomyocytes, and tenocytes [32–34]. A reduction in FOXO1 protein protects against beta
cell death induced by the synthetic GC dexamethasone, suggesting that FOXO1 activation
mediates the pro-apoptotic effects of GCs [40].

Several compounds and cytokines have been identified to induce TTP expression [4,5].
However, until now, there has been no report regarding the identification of compounds
from library screening. The purpose of this study was to identify natural compounds that
induce the expression of TTP in cancer cells by screening a natural compound library using
a cell-based reporter assay. Among the 1019 natural compounds in the library, we identified
one molecule, of which the enantiomers are betamethasone 21-phosphate (BTM-21-P) and
dexamethasone 21-phosphate (DXM-21-P), as the best inducer of TTP in the cell-based
reporter assay. We show here, for the first time, that GCs such as BTM-21-P, DXM-21-P, and
DXM induce the expression of TTP in a FOXO1-dependent manner, even in p53 mutant
breast cancer cells. The inhibition of GR or FOXO1 by inhibitors abrogated the effects of
GCs with respect to TTP induction. We also found that GC-induced TTP is required for
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the growth inhibitory effect of GC on breast cancer cells. Together, these studies identify
a novel signaling pathway by which GCs induce TTP expression in a FOXO1-dependent
manner, representing a possible novel pharmacological approach to treat p53 mutant breast
cancer cells.

2. Results
2.1. Screening of a Natural Compound Library Identified an Enantiomer of Betamethasone
21-Phosphate and Dexamethasone 21-Phosphate as a Potent Inducer of TTP in Cancer Cells

To perform cell-based screening for compounds that induce TTP expression in
breast cancer cells, we used a library containing 1019 natural compounds and MCF-7
cells transiently transfected with the pGL3/TTPp-1343 construct containing the TTP
promoter upstream of a luciferase reporter gene. Each natural compound was added to
the transfected cells, and the effect of the compound on TTP induction was measured at
24 h post-treatment by luciferase assay. After three rounds of screening, we identified
five compounds that induced a greater than two-fold increase in luciferase activity
(Tables S1 and S2). To determine whether the selected compounds enhanced TTP promoter
activity in p53 mutant breast cancer cells, we conducted luciferase reporter assays with
the reporter vector in MDA-MB-231 cells that express mutant p53. Among the five
identified compounds, three increased the luciferase activity in a dose-dependent manner
(Table S2 and Figure 1A). We next tested these three compounds for their effect on the
expression of endogenous TTP in MDA-MB-231 cells. Among the three compounds,
compound 05-A06 was the most potent inducer of endogenous TTP at low volume (5 µL)
in MDA-MB-231 cells (Figure 1B–D). At 50 µL, compounds 01-G05 and 05-A06 were toxic
to MDA-MB-231 cells, which might lead to a decrease in TTP expression (Figure 1C,D).
Compound 05-A06 is an enantiomer of betamethasone 21-phosphate (BTM-21-P) and
dexamethasone 21-phosphate (DXM-21-P) (Figure 1E).

2.2. Betamethasone 21-Phosphate, Dexamethasone 21-Phosphate, and Dexamethasone Induce the
Expression of TTP in MDA-MB-231 Cells

We next tested whether BTM-21-P and DXM-21-P, enantiomers of the identified com-
pound, induced the expression of endogenous TTP in MDA-MB-231 TNBC cells. DXM-21-P
is a prodrug that is converted to DXM. We also used dexamethasone (DXM) to compare
its TTP-inducing ability with those of BTM-21-P and DXM-21-P. All three compounds
induced the expression of endogenous TTP in MDA-MB-231 cells at 24 h post-treatment
(Figure 2A). To determine the optimal concentration for TTP induction, MDA-MB-231 cells
were treated with various concentrations of BTM-21-P for 48 h, and TTP mRNA expression
was examined by by qRT-PCR. TTP mRNA expression was highest in response to 500 nM
of BTM-21-P in MDA-MB-231 cells (Figure 2B). TTP protein level in MDA-MB-231 cells
also was increased by treatment with 500 nM of BTM-21-P for 48 h (Figure 2C). We next
treated MDA-MB-231 cells with 500 nM BTM-21-P and collected cells from 3 h to 30 h post-
treatment at 3-h intervals and at 48 h post-treatment. TTP expression level fluctuated with
time after BTN-21-P treatment and peaked at 3 h and 48 h post-treatment (Figure 2D). These
data suggest that BTM-21-P may induce TTP expression earlier than 3 h post-treatment. We
thus analyzed TTP expression at 30-min intervals after BTM-21-P treatment. As shown in
Figure 2E, TTP expression level reached a peak at 1 h after BTM-21-P treatment (Figure 2E).
We further analyzed the effect of BTM-21-P on TTP expression in other breast cancer cell
lines such as HCC-1143, BT20, HCC-1187, MCF-7, BT-474, and T47D. BTM-21-P induced
TTP expression in all breast cancer cell lines except the T47D cell line (Figure 2F). MDA-
MB-231 cells treated with 500 nM DXM expressed a similar level of TTP as cells treated
with 500 nM BTM-21-P at 3 h and 48 h post-treatment (Figure 2G).
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Figure 1. Dose-dependent induction of TTP in MDA-MB-231 cells by three compounds selected 
from the fourth screening of the natural compound library. (A) Dose-dependent changes in lucifer-
ase activity. MDA-MB-231 cells were transfected with pGL3/TTPp-1343 luciferase reporter vector 
containing the human TTP promoter, followed by stimulation with different concentrations of three 
selected compounds solubilized in DMSO for 48 h. The same volume of DMSO was added to the 
cells as controls. For each compound, the fold change in luciferase activity of stimulated cells was 
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent 
experiments (Two-way ANOVA). Black bars, control; red bars, 01-E10; green bars, 01-G05; violet 
bars, 05-A06. (B–D) Dose-dependent changes in endogenous TTP level. MDA-MB-231 cells were 
stimulated with different concentrations of compounds (B) 01-E10, (C) 01-G05, and (D) 05-A06 for 
48 h. The expression level of TTP mRNA was analyzed by qRT-PCR. For each compound, the fold 
change in expression level was calculated relative to that of the DMSO control. The graphs are mean 
± SD of three independent experiments (one-way ANOVA, * p < 0.01). (E) Structure of compound 
05-A06, an enantiomer of BTM-21-P and DXM-21-P. 
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We next tested whether BTM-21-P and DXM-21-P, enantiomers of the identified com-
pound, induced the expression of endogenous TTP in MDA-MB-231 TNBC cells. DXM-
21-P is a prodrug that is converted to DXM. We also used dexamethasone (DXM) to com-

Figure 1. Dose-dependent induction of TTP in MDA-MB-231 cells by three compounds selected from
the fourth screening of the natural compound library. (A) Dose-dependent changes in luciferase
activity. MDA-MB-231 cells were transfected with pGL3/TTPp-1343 luciferase reporter vector
containing the human TTP promoter, followed by stimulation with different concentrations of three
selected compounds solubilized in DMSO for 48 h. The same volume of DMSO was added to the
cells as controls. For each compound, the fold change in luciferase activity of stimulated cells was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Two-way ANOVA). Black bars, control; red bars, 01-E10; green bars, 01-G05; violet
bars, 05-A06. (B–D) Dose-dependent changes in endogenous TTP level. MDA-MB-231 cells were
stimulated with different concentrations of compounds (B) 01-E10, (C) 01-G05, and (D) 05-A06
for 48 h. The expression level of TTP mRNA was analyzed by qRT-PCR. For each compound, the
fold change in expression level was calculated relative to that of the DMSO control. The graphs
are mean ± SD of three independent experiments (one-way ANOVA, * p < 0.01). (E) Structure of
compound 05-A06, an enantiomer of BTM-21-P and DXM-21-P.

GCs exert their biological effects predominantly via GR [24]. Mifepristone is a potent
antagonist of progesterone receptors and GR and has been used as an abortifacient. To
determine whether BTM-21-P and DXM induce TTP expression via GR, we pretreated
MDA-MB-231 cells with the GR inhibitor mifepristone and tested the effects of BTM-21-P
and DXM on TTP expression. The inhibition of GR using mifepristone blocked the BTM-
21-P- and DXM-induced expression of TTP in a dose-dependent manner in MDA-MB-231
cells (Figure 2H).
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Figure 2. Induction of TTP expression by BTM-21-P, DXM-21-P, and DXM in breast cancer cells in a
glucocorticoid receptor (GR)-dependent manner. (A,B) Dose-dependent changes in TTP expression
level in MDA-MB-231 cells. MDA-MB-231 cells were stimulated with the indicated concentration
of BTM-21-P, DXM-21-P, or DXM for 48 h. The expression level of TTP was analyzed by qRT-PCR.
For each compound, the fold change in expression level was calculated relative to that of the DMSO
control. The graphs are mean ± SD of three independent experiments (one-way ANOVA, * p < 0.01).
(C) Western blotting analysis for TTP in MDA-MB-231 cells stimulated by 500 nM BTM-21-P for 48 h.
(D,E) Time-dependent changes in TTP expression level in MDA-MB-231 cells. MDA-MB-231 cells
were stimulated with 500 nM BTM-21-P for the indicated times. The expression level of TTP mRNA
was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of the
DMSO control. The graphs are mean ± SD of three independent experiments (one-way ANOVA,
*** p < 0.001). (F) Effects of BTM-21-P on TTP expression in several breast cancer cell lines (MDA-
MB-231, HCC-1143, BT20, HCC-1187, MCF-7, BT-474, and T47D) stimulated with 500 nM BTM-21-P
for 3 h. The expression level of TTP was analyzed by qRT-PCR. Fold change in expression level was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Student’s t test, * p < 0.01; ** p < 0.005; *** p < 0.001). ns, not significant. (G) Comparison
of the effects of BTM-21-P and DXM on TTP expression in MDA-MB-231 cells. MDA-MB-231 cells
were stimulated with 500 nM BTM-21-P or 500 nM DXM for 3 h or 48 h. The expression level of TTP
mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of
the DMSO control. The graphs are mean ± SD of three independent experiments (Student’s t test,
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*** p < 0.001). ns, not significant. Blue bars, BTM-21-P; red bars, DXM. (H) The effect of the GR
inhibitor on the BTM-21-P- and DXM-mediated induction of TTP expression in MDA-MB-231 cells.
MDA-MB-231 cells were treated with indicated concentrations of the GR inhibitor mifepristone for
30 min, followed by stimulation with 500 nM BTM-21-P or 500 nM DXM for 3 h. The expression level
of TTP mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated relative to
that of the DMSO control. The graphs are mean ± SD of three independent experiment (one-way
ANOVA, *** p < 0.001). (I) The effect of dimerization-defective GR (GRdim) on the DXM-mediated
induction of TTP expression in MDA-MB-231 cells. MDA-MB-231 cells were transfected with empty
vector, pGR, or pGRdim, followed by 500 nM DXM for 3 h. The expression level of TTP mRNA
was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of the
DMSO control. The graphs are mean ± SD of three independent experiments (two-way ANOVA,
*** p < 0.001). ns, not significant.

GR regulates gene expression as either a homodimer or monomer [27–29]. To deter-
mine whether GR dimerization is required for TTP induction, we transfected MDA-MB-231
cells with plasmid expressing wild-type GR or dimerization-defective GR (GRdim) and
analyzed the expression of TTP after DXM treatment. In the absence of DXM treatment,
ectopic expression of either wild-type GR or GRdim did not induce the expression of TTP
(Figure 2I). DXM treatment significantly increased TTP expression in both wild-type GR–
and GRdim-transfected cells, and there was no significant difference in TTP expression lev-
els (Figure 2I). This result indicates that GR dimerization is not required for TTP induction
by DXM.

2.3. RNA-Seq Transcriptome Analysis of Betamethasone 21-Phosphate and Dexamethasone-Treated
MDA-MB-231 Cells

To gain insights into the molecular mechanism underlying the DXM-mediated in-
duction of TTP in MDA-MB-231 cells, we performed RNA-seq analysis of DXM-treated
MDA-MB-231 cells. To determine whether the gene expression profiles of DXM-treated
cells were similar to those of BTM-21-P-treated cells, we also performed an RNA-seq
analysis of BTM-21-P-treated MDA-MB-231 cells. We collected cells at 3 h post-treatment,
as both DXM and BTM-21-P induced TTP expression in MDA-MB-231 cells at this time
point. Non-treated cells were used as controls. We determined differential gene expression
between non-treated and BTM-21-P- or DXM-treated cells by comparing the three groups
using EdgeR [41]. A total of 1260 differentially expressed genes (DEGs) (FDR < 0.01) with
an absolute log2fold change of 0.3 or greater was detected in BTM-21-P-treated cells and
DXM-treated cells compared with non-treated cells (Table S3). In the comparison of BTM-
21-P-treated cells with non-treated cells, 927 DEGs were identified, with 544 up-regulated
and 383 down-regulated DEGs, as shown in the volcano plot (Figure 3A). Similarly, in
the comparison of DXM-treated cells with non-treated cells, 1107 DEGs were identified,
with 655 up-regulated and 452 down-regulated DEGs (Figure 3B). Two-way unsupervised
hierarchical clustering of the union of the DEGs showed a clear separation of BTM-21-
P-treated cells (B1–B4) and DXM-treated cells (D1–D4) from non-treated cells (N1–N4)
(Figure 3C). However, no recognizable clustering pattern from BTM-21-P-treated cells (B1–
B4) and DXM-treated cells (D1–D4) was detected in unsupervised hierarchical clustering
(Figure 3C), suggesting a high degree of similarity among them. The DEGs were separated
into two clusters of 729 up-regulated and 531 down-regulated DEGs, both in BTM-21-P-
and DXM-treated cells (Figure 3D). DEGs identified in biological replicates clustered to-
gether, indicating good reproducibility of the treatments (Figure 3D). DEGs identified in
BTM-21-P-treated cells and DXM-treated cells showed no significant intergroup differences
(Figure 3D), suggesting that BTM-21-P and DXM affect similar signaling pathways in
MDA-MB-231 cells.
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0.01, and the dotted vertical lines mean |FC| = 0.3. (C) Unsupervised hierarchical clustering of RNA-
Seq data from untreated (N1-N4), BTM-21-P-treated (B1-B4), and DXM-21-P-treated (D1-D4) MDA-
MB-231 cells. The similarities were calculated by Ward’s criterion for 1-(Pearson’s correlation coef-
ficient). (D) Unsupervised hierarchical clustering and heatmap of DEGs clustered into up-regulated 
and down-regulated DEGs. (E,F) The p values and names of the 5 most over-represented KEGG 
pathways, calculated on the basis of (E) the top 729 up-regulated DEGs and (F) the top 531 down-
regulated DEGs after treatment with BTM-21-P and DXM-21-P. 
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Figure 3. RNA-Seq data analysis and KEGG pathways. (A,B) Volcano plots for the differentially
expressed genes (DEGs) in BTM-21-P-treated and DXM-21-P-treated cells compared with untreated
cells. The y-axis corresponds to the significance level represented with -log10p value, and the x-axis
displays the log2 (FC) value. The red dots represent the significant (p≤ 0.01 and |FC|≥ 0.3) DEGs in
(A) BTM-21-P-treated cells and (B) DXM-21-P-treated cells. The dotted horizontal line means p = 0.01,
and the dotted vertical lines mean |FC| = 0.3. (C) Unsupervised hierarchical clustering of RNA-Seq
data from untreated (N1–N4), BTM-21-P-treated (B1–B4), and DXM-21-P-treated (D1–D4) MDA-MB-
231 cells. The similarities were calculated by Ward’s criterion for 1-(Pearson’s correlation coefficient).
(D) Unsupervised hierarchical clustering and heatmap of DEGs clustered into up-regulated and
down-regulated DEGs. (E,F) The p values and names of the 5 most over-represented KEGG pathways,
calculated on the basis of (E) the top 729 up-regulated DEGs and (F) the top 531 down-regulated
DEGs after treatment with BTM-21-P and DXM-21-P.

To identify pathways modulated by BTM-21-P and DXM, we analyzed the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways of 729 upregulated and 531 down-
regulated DEGs in BTM-21-P- and DXM-21-P-treated cells. The KEGG pathway analysis
results showed that the upregulated DEGs were associated with several signaling pathways,
including the Hippo signaling pathway, PI3K-AKT signaling pathway, FOXO signaling
pathway, NF-κB signaling pathway, and p53 signaling pathway (Figure 3E). The down-
regulated DEGs were associated with the TNF signaling pathway, IL-17 signaling pathway,
AGE-RAGE signaling pathway, NOD-like receptor signaling pathway, and NF-κB signaling
pathway (Figure 3F).
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2.4. FOXO1 Mediates Dexamethasone- and Betamethasone 21-Phosphate-Induced TTP Expression
in MDA-MB-231 Cells

To further uncover the signal pathways involved in DXM- and BTM-21-P-induced
expression of TTP in MDA-MB-231 cells, and to determine whether any of the up-
regulated KEGG pathways mediated the DXM- and BTM-21-P-induced expression of
TTP in MDA-MB-231 cells, we analyzed the effects of inhibitors against PI3K (Wort-
mannin) (Figures 4A and S1A), NF-κB (QNZ) (Figures 4B and S1B), AKT (MK2206)
(Figures 4C and S1C), and FOXO1 (AS1842856) (Figures 4D and S1D) on the DXM- and
BTM-21-P-induced expression of TTP in cancer cells. Only the FOXO1 inhibitor blocked
the effects of both DXM and BTM-21-P on the induction of TTP in MDA-MB-231 cells
(Figures 4D and S1D).
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cells were incubated with the indicated concentrations of inhibitors against (A) PI3K (Wortman-
nin) (B) NF-κB (QNZ), (C) AKT (MK2206), (D) FOXO1 (AS1842856), (E) MDM2 (Idasanutlin), and
(F) MST1/2 (XMU-MP-1) for 12 h, followed by stimulation with 500 nM DXM for 3 h. The expression
level of TTP mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated
relative to that of the DMSO control. The graphs are mean± SD of three independent experiment
(one-way ANOVA, ** p < 0.005; *** p < 0.001). ns, not significant. (G) MDA-MB-231 cells were
incubated in the presence of the indicated concentration of inhibitors against MST1/2 (XMU-MP-1)
and MDM2 (Idasanutlin) for 12 h. The expression level of TTP mRNA was analyzed by qRT-PCR.
Fold change in expression level was calculated relative to that of the DMSO control. The graphs are
mean ± SD of three independent experiments (one-way ANOVA). ns, not significant.
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To determine the involvement of the p53 and Hippo pathways in the induction of TTP
expression in MDA-MB-231 cells, we treated MDA-MB-231 cells with inhibitors against
MDM2 (Idasanutlin) and MST1/2 (XMU-MP-1) to activate the p53 and the Hippo pathways,
respectively. Neither inhibitor enhanced the expression of TTP in MDA-MB-231 cells, either
in the presence of DXM (Figure 4E,F) or BTM-21-P (Figure S1E,F) or in the absence of DXM
(Figure 4G). These results, combined with the inhibitor results, suggest that the FOXO1
pathway may mediate the DXM- and BTM-21-phosphate-induced expression of TTP in
MDA-MB-231 cells. Since both BTM-21-P and DXM induced TTP expression in MDA-MB-
231 cells through the FOXO1 pathway, we used DXM to induce TTP expression in further
experiments. qRT-PCR was performed to examine the expression of six genes involved in
the FOXO signaling pathway in KEGG analysis: CDKN1A, GADD45A, BCL6, IRS2, SGK1
and S1PR1. Consistent with the RNA-seq results, all six genes were significantly increased
by DXM treatment in MDA-MB-231 cells (Figure 5A).

The mammalian FOXOs have four members: FOXO1, FOXO3, FOXO4, and FOXO6 [42].
Interestingly, none of the four FOXO members was involved in the upregulated FOXO
signaling pathway, and we could not detect them from upregulated DEGs in BTM-21-P
and DXM-treated cells (Table S3). qRT-PCR and western blot analyses also confirmed that
DXM did not increase the expression of FOXO1 in MDA-MB-231 cells (Figure 5B). However,
DXM increased the phosphorylation of GR (Figure 5B). We also found that overexpression
of FOXO1 did not induce the expression of TTP in the absence of DXM and did not affect
the DXM-induced expression of TTP in MDA-MB-231 cells (Figure 5C). In addition, the
treatment of cells with a GR inhibitor, mifepristone, blocked the DXM-induced expression
of TTP, even in FOXO1-overexpressing cells (Figure 5C). Collectively, our results suggest
that even though DXM induces the expression of TTP in a monomeric GR-FOXO1 pathway-
dependent manner, the induction of FOXO1 expression is not required for DXM-induced
expression of TTP.

The mammalian FOXO family has four members: FOXO1, FOXO3, FOXO4, and
FOXO6 [35]. Notably, none of the FOXO members was involved in the upregulated FOXO
signaling pathway, and none was not detected from upregulated DEGs in BTM-21-P-
and DXM-treated cells (Table S3). qRT-PCR analyses also confirmed that DXM did not
increase the expression of FOXO1 in MDA-MB-231 cells (Figure 5B). We also found that
overexpression of FOXO1 did not induce the expression of TTP in the absence of DXM
and did not affect the DXM-induced expression of TTP in MDA-MB-231 cells (Figure 5C).
In addition, the treatment of cells with the GR inhibitor mifepristone blocked the DXM-
induced expression of TTP, even in FOXO1-overexpressing cells (Figure 5C). Collectively,
our results suggest that while DXM induced the expression of TTP in a monomeric GR-
FOXO1 pathway–dependent manner, the induction of FOXO1 expression is not required
for DXM-induced expression of TTP.

Inhibition of GR (Figure 2H) or FOXO1 (Figure 4D) abrogated the DXM-induced ex-
pression of TTP, indicating the requirement for GR and FOXO1 in DXM-induced expression
of TTP in MDA-MB-231 cells. A search for transcription factor binding sites using online
software (JASPAR) revealed the presence of putative FOXO1 binding sites within the TTP
promoter, but no putative binding sites for FOXO3, FOXO4, FOXO6, and GR were found
(Figure S2), indicating that DXM may enhance FOXO1 binding to the TTP promoter in a
GR-dependent manner in MDA-MB-231 cells.
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Figure 5. DXM induces TTP expression without induction of FOXO1 expression. (A) Validation
of the DEGs in the FOXO signaling pathway in KEGG analysis by qRT-PCR analysis. MDA-MB-
231 cells were stimulated with 500 nM DXM for 3 h. The mRNA expression levels of CDKN1A,
BCL6, GADD45A, S1PR1, IRS2, and SGK1 were analyzed by qRT-PCR. Fold change in expression
level was calculated relative to that of the DMSO control. The graphs are mean ± SD of three
independent experiments (Student’s t test, * p < 0.05; ** p < 0.005; *** p < 0.001). (B) Effect of DXM
on the expression of the FOXO1 in MDA-MB-231 cells. MDA-MB-231 cells were stimulated with
500 nM DXM for 3 h. The expression level of FOXO1 was analyzed by qRT-PCR and western blot
analysis. In addition, phosphorylation of GR was determined by western blot. Fold change in
expression level was calculated relative to that of the DMSO control. The graphs are mean ± SD of
three independent experiments (Student’s t test). (C) Effect of ectopic expression of FOXO1 on the
DXM-induced expression of TTP in MDA-MB-231 cells. MDA-MB-231 cells were transfected with
pFOXO1 plasmid. After 24 h incubation, cells were stimulated with 500 nM DXM in the presence or
absence of mifepristone for 3 h. Expression of FOXO1 and phosphorylation of GR were determined
by western blot analysis. The expression level of TTP mRNA was analyzed by qRT-PCR. Fold
change in expression level was calculated relative to that of the DMSO control. The graphs are
mean ± SD of three independent experiments (Student’s t test and one-way ANOVA, *** p < 0.001).
ns, not significant.

2.5. Dexamethasone-Induced TTP Down-Regulates ARE-Containing Genes in Cancer Cells and
Mediates the Anti-Viability Effect of Dexamethasone

TTP contributes to the down-regulation of ARE-containing genes [1,2]. We next
determined whether dexamethasone-induced TTP down-regulated the expression of ARE-
containing genes. After treatment with DXM, cells were analyzed for the expression level
of TTP-target genes, including VEGF, COX2, and Myc [9,10,12]. DXM treatment led to a
decrease in ARE-containing genes in MDA-MB-231 cells (Figure 6A–C).



Int. J. Mol. Sci. 2022, 23, 13673 11 of 17

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 19 
 

 

FOXO1 pathway–dependent manner, the induction of FOXO1 expression is not required 
for DXM-induced expression of TTP. 

Inhibition of GR (Figure 2H) or FOXO1 (Figure 4D) abrogated the DXM-induced ex-
pression of TTP, indicating the requirement for GR and FOXO1 in DXM-induced expres-
sion of TTP in MDA-MB-231 cells. A search for transcription factor binding sites using 
online software (JASPAR) revealed the presence of putative FOXO1 binding sites within 
the TTP promoter, but no putative binding sites for FOXO3, FOXO4, FOXO6, and GR were 
found (Figure S2), indicating that DXM may enhance FOXO1 binding to the TTP promoter 
in a GR-dependent manner in MDA-MB-231 cells. 

2.5. Dexamethasone-Induced TTP Down-Regulates ARE-Containing Genes in Cancer Cells and 
Mediates the Anti-Viability Effect of Dexamethasone 

TTP contributes to the down-regulation of ARE-containing genes [1,2]. We next de-
termined whether dexamethasone-induced TTP down-regulated the expression of ARE-
containing genes. After treatment with DXM, cells were analyzed for the expression level 
of TTP-target genes, including VEGF, COX2, and Myc [9,10,12]. DXM treatment led to a 
decrease in ARE-containing genes in MDA-MB-231 cells (Figure 6A–C). 

 
Figure 6. DXM-induced TTP mediates the anti-viability function of DXM in MDA-MB-231 cells. (A–
C) DXM treatment decreases expression of ARE-containing genes in MDA-MB-231 cells. MDA-MB-
231 cells were stimulated with 500 nM DXM, and the expression of ARE-containing genes such as 
(A) Myc, (B) VEGF, and (C) COX2 was analyzed by qRT-PCR. Fold change in expression level was 
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent 
experiments (Student’s t test, * p < 0.05). (D) TTP mediates the anti-viability function of DXM in 
MDA-MB-231 cells. MDA-MB-231 cells were transfected with TTP-specific siRNA (siTTP) or control 
scrambled siRNA (scRNA) and stimulated with 500 nM DXM. Viability of MDA-MB-231 cells was 
assessed using MTS assays. Graphs show relative cell viability. Data are mean ± SD of three inde-
pendent experiments (one-way ANOVA, ** p < 0.01). 

GCs have been reported to exert anti-tumorigenic effects [43]. To determine whether 
DXM exhibited anti-viability effects in MDA-MB-231 cells, we incubated cells with 500 
nM DXM and analyzed viability using MTS assays. Consistent with previous reports 
[44,45], DXM (500 nM) significantly inhibited the viability of MDA-MB-231 cells (Figure 
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Figure 6. DXM-induced TTP mediates the anti-viability function of DXM in MDA-MB-231 cells.
(A–C) DXM treatment decreases expression of ARE-containing genes in MDA-MB-231 cells. MDA-
MB-231 cells were stimulated with 500 nM DXM, and the expression of ARE-containing genes such
as (A) Myc, (B) VEGF, and (C) COX2 was analyzed by qRT-PCR. Fold change in expression level was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Student’s t test, * p < 0.05). (D) TTP mediates the anti-viability function of DXM
in MDA-MB-231 cells. MDA-MB-231 cells were transfected with TTP-specific siRNA (siTTP) or
control scrambled siRNA (scRNA) and stimulated with 500 nM DXM. Viability of MDA-MB-231 cells
was assessed using MTS assays. Graphs show relative cell viability. Data are mean ± SD of three
independent experiments (one-way ANOVA, ** p < 0.01).

GCs have been reported to exert anti-tumorigenic effects [43]. To determine whether
DXM exhibited anti-viability effects in MDA-MB-231 cells, we incubated cells with 500 nM
DXM and analyzed viability using MTS assays. Consistent with previous reports [44,45],
DXM (500 nM) significantly inhibited the viability of MDA-MB-231 cells (Figure 6D).
TTP exerts anti-viability functions by destabilizing the mRNAs of genes involved in cell
viability [4,5]. Thus, we speculated that TTP induced by DXM may mediate the anti-
viability effects of DXM in cancer cells. We next tested whether TTP was required for the
anti-viability activity of the combined treatment with these compounds. The inhibition of
TTP using siRNA against TTP (TTP-siRNA) attenuated the inhibitory effects of DXM on
the viability of MDA-MB-231 cells (Figure 6D). These results suggest that TTP mediates the
anti-viability functions of DXM in breast cancer cells.

3. Discussion

Approximately 16% of human genes have ARE motifs within their mRNA 3′UTR [46],
and many of them are implicated in immune response and tumorigenesis [47,48]. TTP can
bind to ARE and enhance the degradation of ARE-containing mRNA by recruiting protein
components of P-body to the TTP-mRNA complexes [49,50]. By post-transcriptional down-
regulation of the genes involved in tumor onset and progression (4, 5), TTP functions as a
tumor suppressor. However, the expression of the TTP tumor suppressor is significantly
decreased in various cancers [7]. Thus, inducers of TTP in cancer cells with low TTP
expression may be good candidates for new therapeutic drugs for cancer treatment.

Compounds derived from natural products can demonstrate structural diversity and
have the potential to act via diverse mechanisms. Until now, there has been no report of the
identification of compounds from a natural compound library that induce TTP expression
in cancer cells. The natural compound library provided by the Korea Chemical Bank
(http://www.chembank.org/. accessed on 26 January 2017) contains 1019 pure natural
compounds from medicinal plants. In this study, we used this library in conjunction with a
cell-based reporter assay to discover novel compounds to induce TTP expression in cancer
cells. By screening the library, we identified one molecule of which the enantiomers are

http://www.chembank.org/
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the GCs BTM-21-P and DXM-21-P as a potent inducer of TTP in cancer cells. Further
characterization revealed that BTM-21-P and DXM-21-P induce TTP expression in breast
cancer cells in a GR-dependent manner.

Both natural and synthetic GC hormones exert their biological effects predominantly
via the GR, a ligand-activated transcription factor that is expressed in nearly all cells [24,25].
DXM, DXM-21-P, and BTM-21-P induced TTP expression in a GR-dependent manner in
MDA-MB-231 cells. Both monomeric and homodimeric GRs regulate gene expression [27–29].
In our study, MDA-MB-231 cells transfected with either wild-type or dimerization-defective
GR (GRdim) induced similar levels of TTP after DXM treatment, indicating that monomeric
GR is involved in the DXM-induced expression of TTP in MDA-MB-231 cells.

Upon ligand binding, the GR becomes localized in the cell nucleus and binds to
DNA sequences called glucocorticoid response elements (GREs) to either inhibit [51,52]
or enhance [27,53,54] the expression of numerous genes. However, when predicting tran-
scription factor binding sites, we did not identify GREs within the promoter region of the
TTP gene, suggesting that GR may induce the expression of TTP in a GRE-independent
manner. GR can regulate gene expression without direct binding to GRE by interacting
with promoter-bound transcription factors, such as NF-κB, STAT5, and AP-1 [29,30], in a
mechanism known as tethering. To better understand the signaling pathways involved
in the TTP induction in DXM- and BTM-21-P-treated cells, we performed whole genome
transcriptome analysis of MDA-MB-231 cells treated with DXM or BTM-21-P for 3 h using
RNA-Seq. Both unsupervised hierarchical clustering and DEG clustering in a heat map
showed no significant difference between DXM- and BTM-21-P-treated cells, suggesting
that they affect similar signaling pathways in MDA-MB-231 cells. A KEGG pathway analy-
sis of up-regulated DEGs in DXM- and BTM-21-P-treated cells revealed upregulation of
the FOXO signaling pathway, and inhibition of FOXO1 blocked the DXM- and BTM-21-
P-mediated induction of TTP expression in MDA-MB-231 cells. In addition, the JASPAR
prediction revealed the presence of putative FOXO1 binding sites within the TTP promoter.
These results suggest that FOXO1 may mediate the effect of GCs on TTP expression in
cancer cells. In this study, DXM treatment induced TTP expression without increasing
FOXO1 level. The over-expression of FOXO1 without DXM stimulation did not enhance
TTP expression in MDA-MB-231 cells. Collectively, these results suggest that the GC/GR
signal pathway does not increase FOXO1 expression but may increase FOXO1 binding to
the TTP promoter, which leads to induction of TTP expression in MDA-MB-231 cells.

GCs have been reported to inhibit the growth of cells [43–45], and TTP also inhibits
the growth of cancer cells by down-regulation of ARE-containing genes involved in cell
proliferation [9,10,12]. In our study, TTP expression was induced in MDA-MB-231 cells.
This suggests that GC-induced TTP may inhibit the growth of cancer cells through down-
regulation of ARE-containing genes. Indeed, GC treatment down-regulated the expression
of ARE-containing TTP target genes such as Myc, VEGF, and COX-2 and inhibited the
viability of MDA-MB-231 cells. Inhibition of TTP by siRNA against TTP attenuated DXM-
induced inhibition of cell viability, indicating that DXM-induced TTP plays a role in the
anti-viability effect of DXM. Even though we found that GCs increased the TTP expression
and inhibited viability of MDA-MB-231 cells, it is not likely that all kinds of breast cancer
cells will show a similar response to GCs. GCs can promote metastasis of certain type of
breast cancer cells [55,56], and TTP inhibits the migration of cancer cells by suppressing the
expression of Twist1 and Snail1 [57]. Further study is required to determine whether GCs
induces TTP expression in breast cancer cells in which metastasis is promoted by GCs.

4. Materials and Methods
4.1. Cells and Chemicals

The human MCF-7, MDA-MB-231, HCC-1143, HCC-1187, BT20, BT-474, and T47D
breast cancer cell lines were purchased from the Korean Cell Line Bank (Seoul, Korea).
Cells were cultured in RPMI 1640 media supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Welgene, Korea) and were maintained at 37 ◦C in a humidified 5%
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CO2 atmosphere. Dexamethasone (DXM), dexamethasone 21-phosphate (DXM-21-P),
betamethasone 21-phosphate (BTM-21-P), mifepristone (Sigma Aldrich, St. Louis, MO,
USA), Wortmannin, QNZ, MK2206, idasanutlin, AS1842856, XMU-MP-1 and p38 MAPK
inhibitor (Selleckchem, Houston, TX, USA) were used in this study.

4.2. Cell Viability

For the MTS assay, cells were plated in triplicate at 1.0 × 104 cells/well in 96-well
culture plates in culture media. At 24 h after plating, CellTiter 96 AQueous One Solution
reagent (Promega, Madison, WI, USA) was added to each well according to the manufac-
turer’s instructions, and absorbance at 490 nm was determined for each well using a Victor
1420 Multilabel Counter (EG&G Wallac, Turku, Finland).

4.3. Plasmids, Small Interfering RNAs, Transfections, and Dual-Luciferase Assay

The pGL3/TTPp-1343 plasmid containing the human TTP promoter was described
previously [11]. The pGR-wt, pGRdim, and pFOXO1-Flag plasmids were purchased from
Addgene (Watertown, MA, USA).

Small interfering RNAs (siRNAs) against human TTP (TTP-siRNA, sc-36761) and
control siRNA [scrambled siRNA (scRNA), sc-37007] were purchased from Santa Cruz
Biotechnology (Santa Cruz, Santa Cruz, CA, USA). Cells were transfected 24 h after plating
using LipofectamineTM RNAiMAX (Invitrogen, Carlsbad, CA, USA) and harvested at 48 h
after transfection. The expression levels of TTP mRNA were analyzed by qRT-PCR.

4.4. Screening of the Natural Product Library and Luciferase Assay

Natural compounds have been used to develop drugs for cancer and infectious dis-
eases, since they are structurally optimized by evolution to serve particular biological
functions, and their use in traditional medicine provides insights regarding efficacy and
safety [58]. Thus, in this study, we used a natural product library to select natural com-
pounds which can induce TTP expression in cancer cells. A library containing 1019 natural
products was provided by the Korea Chemical Bank (http://www.chembank.org/. ac-
cessed on 26 January 2017) of the Korea Research Institute of Chemical Technology. MCF-7
cells in culture dishes (100 mm diameter) were co-transfected with the pGL3/TTPp-1343-
luciferase reporter construct and pRL-SV40 Renilla luciferase construct using TurboFectTM
in vitro transfection reagent (Fermentas, Waltham, MA, USA). After incubation for 24 h,
cells were harvested and seeded in 96-well plates at a density of 4 × 103 cells per well in
100 µL and cultured with 30 µL of natural compounds diluted in fresh culture media. After
further incubation for 24 h, cells were lysed with lysis buffer and mixed with luciferase
assay reagent (Promega, Madison, WI, USA). Cells were also treated with the same volume
of DMSO to detect luciferase activity induced by the native signal pathway. The chemi-
luminescent signal was measured using a SpectraMax L Microplate (Molecular Devices,
Sunnyvale, CA, USA). Firefly luciferase was normalized to Renilla luciferase in each sample.
All luciferase assays reported in this study represent at least three independent experiments,
each consisting of three wells per transfection. We selected compounds that induced a
greater than two-fold increase in luciferase activity.

4.5. Quantitative Real-Time PCR and Semi-qRT-PCR

DNase I–treated total RNA (3 µg) was reverse transcribed using oligo-dT and Super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed by monitoring
in real-time the increase in fluorescence of SYBR Green dye (QIAGEN, Hilden, Germany)
using the StepOnePlusTM real-time PCR system (Applied Biosystems, Waltham, MA, USA).
Semi-qRT-PCR was performed using Taq polymerase (Solgent, Daejeon, Korea) and the
PCR primer pairs (Table 1).

http://www.chembank.org/
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Table 1. PCR primers used in this study.

Genes Primer Sequences (5′-3′)

Gene
expression

analysis

β-actin
F ATCGTGCGTGACATTAAGGAGAAG

R AGGAAGGAAGGCTGCAAG

BCL6
F CATGCAGAGATGTGCCTCCACA

R TCAGAGAAGCGGCAGTCACACT

CDKN1A
F AGGTGGACCTGGAGACTCTCAG

R TCCTCTTGGAGAAGATCAGCCG

FOXO1
F CTACGAGTGGATGGTCAAGAGC

R CCAGTTCCTTCATTCTGCACACG

GADD45A
F CTGGAGGAAGTGCTCAGCAAAG

R AGAGCCACATCTCTGTCGTCGT

GAPDH
F AATCCCATCACCATCTTCCAG

R AAATGAGCCCCAGCCTTC

IRS2
F CCTGCCCCCTGCCAACACCT

R TGTGACATCCTGGTGATAAAGCC

S1PR1
F CCTGTGACATCCTCTTCAGAGC

R CACTTGCAGCAGGACATGATCC

SGK1
F GCTGAAATAGCCAGTGCCTTGG

R GTTCTCCTTGCAGAGTCCGAAG

TTP
F TCTTCGAGGCGGGAGTTTTT

R TGCGATTGAAGATGGGGAGTC

4.6. SDS-PAGE and Immunoblotting

Proteins were resolved by SDS-PAGE and transferred onto Hybond-P membranes
(Amersham Biosciences Inc., Amersham, UK). The membranes were blocked and then
probed with appropriate dilutions of the following antibodies: rabbit anti-human TTP
(T5327, Sigma, St. Louis, MO, USA) and anti-β-actin (A2228, Sigma, St. Louis, MO, USA).
Immunoreactivity was detected using an ECL detection system (Amersham Biosciences
Inc., Amersham, UK). Films were exposed at multiple time points to ensure that the images
were not saturated.

4.7. RNA Preparation and RNA-Seq

We performed RNA-Seq on total RNA samples (RIN above 8.5) collected from MDA-
MB-231 cells at 4 h after treatment with growth media control, 500 nM DXM-21-P or 500 nM
BTM-21-P. Residual DNA from each sample was removed using the RNeasyMinElute-
Cleanup Kit (Qiagen, Hilden, Germany). The cDNA library was prepared with 1.0 µg
of total RNA using the TrueSeq RNA library Preparation Kit (Illumina, San Diego, CA,
USA) following manufacturer’s recommendations, followed by paired-end sequencing
(2 × 100 bp) using the HiSeq1500 platform (Illumina, San Diego, CA, USA). cDNAs were
amplified according to the RNAseq protocol provided by Illumina and sequenced using an
Illumina HiSeq 2500 system to obtain 150-bp paired-end reads. The sequencing depth for
each sample was >20 million reads. RNA-seq reads were mapped using STAR 2.7.9a [59]
to the human genome GRCh38. Gene expression counts were measured using multicov
implemented in bedtools [60]. Differentially expressed genes (DEGs) were obtained by
comparing groups (Control, Beta, and Dexa) using EdgeR [41]. Genes with false discovery
rate (FDR) <0.01 and log2fold change >0.3 were selected as DEGs. The DEGs were clustered
using hierarchical clustering implemented in R. Ward’s criterion. Pearson’s correlation
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coefficient was used as a distance measure. A clustering heatmap was drawn using a
z-score scaled across samples for each gene. The enriched KEGG pathway terms were
obtained from Enrichr software [61].

4.8. Statistical Analysis

Differences in the expression of genes were evaluated by Student’s t-test or one-way
ANOVA. A p value less than 0.05 was considered statistically significant.

5. Conclusions

Herein, we have reported that GC compound, an enantiomer of BTM-21-P and
DXM-21-P, identified from a natural compound library, induces TTP expression in a GR-
dependent manner in breast cancer cells. Furthermore, we found that GR does not induce
FOXO1 expression but may stimulate FOXO1 to bind to the TTP promoter and thus to
induce TTP expression. Importantly, GC-induced TTP down-regulated ARE-containing
TTP target genes and mediated the anti-viability function of GCs. The inhibition of TTP by
siRNA attenuated the anti-viability effect of GCs. Thus, our data indicate that GCs induce
TTP expression in a FOXO1-dependent manner, and that GC-induced TTP mediates the
anti-viability activity of GCs in breast cancer cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232213673/s1.

Author Contributions: J.W.P. designed experiments and wrote the manuscript. D.Y.J., S.Y.J. and J.W.L.
performed most of the experiments and wrote the manuscript. J.K. (Jeonghwan Kim), B.A. and J.K.
(Junil Lim) performed RNA-Seq analysis. J.H.K., H.S.C., W.J.J. and B.J.L. analyzed the results. S.H.C.
designed experiments. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF- 2014R1A6A
1030318).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The chemical library used in this study was kindly provided by Korea Chemical
Bank (http://www.chembank.org/. accessed on 26 January 2017) of Korea Research Institute of
Chemical Technology.)

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brooks, S.A.; Blackshear, P.J. Tristetraprolin (TTP): Interactions with mRNA and proteins, and current thoughts on mechanisms of

action. Biochim. Biophys. Acta 2013, 1829, 666–679. [CrossRef] [PubMed]
2. Carballo, E.; Lai, W.S.; Blackshear, P.J. Feedback inhibition of macrophage tumor necrosis factor-alpha production by tristetraprolin.

Science 1998, 281, 1001–1005. [CrossRef] [PubMed]
3. Shaw, G.; Kamen, R. A conserved AU sequence from the 3′ untranslated region of GM-CSF mRNA mediates selective mRNA

degradation. Cell 1986, 46, 659–667. [CrossRef]
4. Park, J.M.; Lee, T.H.; Kang, T.H. Roles of Tristetraprolin in Tumorigenesis. Int. J. Mol. Sci. 2018, 19, 3384. [CrossRef]
5. Zhang, D.; Zhou, Z.; Yang, R.; Zhang, S.; Zhang, B.; Tan, Y.; Chen, L.; Li, T.; Tu, J. Tristetraprolin, a Potential Safeguard Against

Carcinoma: Role in the Tumor Microenvironment. Front. Oncol. 2021, 11, 632189. [CrossRef] [PubMed]
6. Lai, W.S.; Stumpo, D.J.; Blackshear, P.J. Rapid insulin-stimulated accumulation of an mRNA encoding a proline-rich protein. J.

Biol. Chem. 1990, 265, 16556–16563. [CrossRef]
7. Brennan, S.E.; Kuwano, Y.; Alkharouf, N.; Blackshear, P.J.; Gorospe, M.; Wilson, G.M. The mRNA-destabilizing protein triste-

traprolin is suppressed in many cancers, altering tumorigenic phenotypes and patient prognosis. Cancer Res. 2009, 69, 5168–5176.
[CrossRef]

8. Marderosian, M.; Sharma, A.; Funk, A.P.; Vartanian, R.; Masri, J.; Jo, O.D.; Gera, J.F. Tristetraprolin regulates Cyclin D1 and c-Myc
mRNA stability in response to rapamycin in an Akt-dependent manner via p38 MAPK signaling. Oncogene 2006, 25, 6277–6290.
[CrossRef]

9. Young, L.E.; Sanduja, S.; Bemis-Standoli, K.; Pena, E.A.; Price, R.L.; Dixon, D.A. The mRNA binding proteins HuR and
tristetraprolin regulate cyclooxygenase 2 expression during colon carcinogenesis. Gastroenterology 2009, 136, 1669–1679. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms232213673/s1
https://www.mdpi.com/article/10.3390/ijms232213673/s1
http://www.chembank.org/
http://doi.org/10.1016/j.bbagrm.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23428348
http://doi.org/10.1126/science.281.5379.1001
http://www.ncbi.nlm.nih.gov/pubmed/9703499
http://doi.org/10.1016/0092-8674(86)90341-7
http://doi.org/10.3390/ijms19113384
http://doi.org/10.3389/fonc.2021.632189
http://www.ncbi.nlm.nih.gov/pubmed/34026612
http://doi.org/10.1016/S0021-9258(17)46259-4
http://doi.org/10.1158/0008-5472.CAN-08-4238
http://doi.org/10.1038/sj.onc.1209645
http://doi.org/10.1053/j.gastro.2009.01.010


Int. J. Mol. Sci. 2022, 23, 13673 16 of 17

10. Lee, H.H.; Son, Y.J.; Lee, W.H.; Park, Y.W.; Chae, S.W.; Cho, W.J.; Kim, Y.M.; Choi, H.J.; Choi, D.H.; Jung, S.W.; et al. Tristetraprolin
regulates expression of VEGF and tumorigenesis in human colon cancer. Int. J. Cancer 2010, 126, 1817–1827. [CrossRef]

11. Lee, J.Y.; Kim, H.J.; Yoon, N.A.; Lee, W.H.; Min, Y.J.; Ko, B.K.; Lee, B.J.; Lee, A.; Cha, H.J.; Cho, W.J.; et al. Tumor suppressor
p53 plays a key role in induction of both tristetraprolin and let-7 in human cancer cells. Nucleic Acids Res. 2013, 41, 5614–5625.
[CrossRef]

12. Rounbehler, R.J.; Fallahi, M.; Yang, C.; Steeves, M.A.; Li, W.; Doherty, J.R.; Schaub, F.X.; Sanduja, S.; Dixon, D.A.; Blackshear,
P.J.; et al. Tristetraprolin impairs myc-induced lymphoma and abolishes the malignant state. Cell 2012, 150, 563–574. [CrossRef]

13. Soussi, T.; Beroud, C. Assessing TP53 status in human tumours to evaluate clinical outcome. Nat. Rev. Cancer 2001, 1, 233–240.
[CrossRef]

14. Cole, M.D. The myc oncogene: Its role in transformation and differentiation. Ann. Rev. Genet. 1986, 20, 361–384. [CrossRef]
[PubMed]

15. Smoak, K.; Cidlowski, J.A. Glucocorticoids regulate tristetraprolin synthesis and posttranscriptionally regulate tumor necrosis
factor alpha inflammatory signaling. Mol. Cell Biol. 2006, 26, 9126–9135. [CrossRef]

16. Ishmael, F.T.; Fang, X.; Galdiero, M.R.; Atasoy, U.; Rigby, W.F.; Gorospe, M.; Cheadle, C.; Stellato, C. Role of the RNA-binding
protein tristetraprolin in glucocorticoid-mediated gene regulation. J. Immunol. 2008, 180, 8342–8353. [CrossRef] [PubMed]

17. Kaur, M.; Chivers, J.E.; Giembycz, M.A.; Newton, R. Long-acting beta2-adrenoceptor agonists synergistically enhance
glucocorticoid-dependent transcription in human airway epithelial and smooth muscle cells. Mol. Pharmacol. 2008, 73, 203–214.
[CrossRef] [PubMed]

18. King, E.M.; Kaur, M.; Gong, W.; Rider, C.F.; Holden, N.S.; Newton, R. Regulation of tristetraprolin expression by interleukin-1
beta and dexamethasone in human pulmonary epithelial cells: Roles for nuclear factor-kappa B and p38 mitogen-activated
protein kinase. J. Pharmacol. Exp. Ther. 2009, 330, 575–585. [CrossRef]

19. Miller, W.L.; Auchus, R.J. The molecular biology, biochemistry, and physiology of human steroidogenesis and its disorders.
Endocr. Rev. 2011, 32, 81–151. [CrossRef]

20. Sapolsky, R.M.; Romero, L.M.; Munck, A.U. How do glucocorticoids influence stress responses? Integrating permissive,
suppressive, stimulatory, and preparative actions. Endocr. Rev. 2000, 21, 55–89.

21. Rhen, T.; Cidlowski, J.A. Antiinflammatory action of glucocorticoids–new mechanisms for old drugs. N. Engl. J. Med. 2005,
353, 1711–1723. [CrossRef] [PubMed]

22. Oakley, R.H.; Cidlowski, J.A. The biology of the glucocorticoid receptor: New signaling mechanisms in health and disease. J.
Allergy Clin. Immunol. 2013, 132, 1033–1044. [CrossRef] [PubMed]

23. Vandewalle, J.; Luypaert, A.; De Bosscher, K.; Libert, C. Therapeutic Mechanisms of Glucocorticoids. Trends Endocrinol. Metab.
2018, 29, 42–54. [CrossRef] [PubMed]

24. Wright, A.P.; Zilliacus, J.; McEwan, I.J.; Dahlman-Wright, K.; Almlof, T.; Carlstedt-Duke, J.; Gustafsson, J.A. Structure and function
of the glucocorticoid receptor. J. Steroid Biochem. Mol. Biol. 1993, 47, 11–19. [CrossRef]

25. Kadmiel, M.; Cidlowski, J.A. Glucocorticoid receptor signaling in health and disease. Trends Pharmacol. Sci. 2013, 34, 518–530.
[CrossRef] [PubMed]

26. Beato, M.; Chalepakis, G.; Schauer, M.; Slater, E.P. DNA regulatory elements for steroid hormones. J. Steroid Biochem. 1989,
32, 737–747. [CrossRef]

27. Lim, H.W.; Uhlenhaut, N.H.; Rauch, A.; Weiner, J.; Hubner, S.; Hubner, N.; Won, K.J.; Lazar, M.A.; Tuckermann, J.; Steger, D.J.
Genomic redistribution of GR monomers and dimers mediates transcriptional response to exogenous glucocorticoid in vivo.
Genome Res. 2015, 25, 836–844. [CrossRef]

28. Diamond, M.I.; Miner, J.N.; Yoshinaga, S.K.; Yamamoto, K.R. Transcription factor interactions: Selectors of positive or negative
regulation from a single DNA element. Science 1990, 249, 1266–1272. [CrossRef]

29. Tuckermann, J.P.; Kleiman, A.; McPherson, K.G.; Reichardt, H.M. Molecular mechanisms of glucocorticoids in the control of
inflammation and lymphocyte apoptosis. Crit. Rev. Clin. Lab. Sci. 2005, 42, 71–104. [CrossRef]

30. Ratman, D.; Vanden Berghe, W.; Dejager, L.; Libert, C.; Tavernier, J.; Beck, I.M.; De Bosscher, K. How glucocorticoid receptors
modulate the activity of other transcription factors: A scope beyond tethering. Mol. Cell Endocrinol. 2013, 380, 41–54. [CrossRef]

31. Song, I.H.; Buttgereit, F. Non-genomic glucocorticoid effects to provide the basis for new drug developments. Mol. Cell Endocrinol.
2006, 246, 142–146. [CrossRef] [PubMed]

32. Puthanveetil, P.; Wang, Y.; Wang, F.; Kim, M.S.; Abrahani, A.; Rodrigues, B. The increase in cardiac pyruvate dehydrogenase
kinase-4 after short-term dexamethasone is controlled by an Akt-p38-forkhead box other factor-1 signaling axis. Endocrinology
2010, 151, 2306–2318. [CrossRef] [PubMed]

33. Poulsen, R.C.; Carr, A.J.; Hulley, P.A. Protection against glucocorticoid-induced damage in human tenocytes by modulation of
ERK, Akt, and forkhead signaling. Endocrinology 2011, 152, 503–514. [CrossRef]

34. Kaiser, G.; Gerst, F.; Michael, D.; Berchtold, S.; Friedrich, B.; Strutz-Seebohm, N.; Lang, F.; Haring, H.U.; Ullrich, S. Regulation of
forkhead box O1 (FOXO1) by protein kinase B and glucocorticoids: Different mechanisms of induction of beta cell death in vitro.
Diabetologia 2013, 56, 1587–1595. [CrossRef] [PubMed]

35. Wang, X.J.; Xiao, J.J.; Liu, L.; Jiao, H.C.; Lin, H. Excessive glucocorticoid-induced muscle MuRF1 overexpression is independent of
Akt/FoXO1 pathway. Biosci. Rep. 2017, 37, BSR20171056. [CrossRef]

http://doi.org/10.1002/ijc.24847
http://doi.org/10.1093/nar/gkt222
http://doi.org/10.1016/j.cell.2012.06.033
http://doi.org/10.1038/35106009
http://doi.org/10.1146/annurev.ge.20.120186.002045
http://www.ncbi.nlm.nih.gov/pubmed/3028245
http://doi.org/10.1128/MCB.00679-06
http://doi.org/10.4049/jimmunol.180.12.8342
http://www.ncbi.nlm.nih.gov/pubmed/18523301
http://doi.org/10.1124/mol.107.040121
http://www.ncbi.nlm.nih.gov/pubmed/17901197
http://doi.org/10.1124/jpet.109.151423
http://doi.org/10.1210/er.2010-0013
http://doi.org/10.1056/NEJMra050541
http://www.ncbi.nlm.nih.gov/pubmed/16236742
http://doi.org/10.1016/j.jaci.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24084075
http://doi.org/10.1016/j.tem.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29162310
http://doi.org/10.1016/0960-0760(93)90052-X
http://doi.org/10.1016/j.tips.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23953592
http://doi.org/10.1016/0022-4731(89)90521-9
http://doi.org/10.1101/gr.188581.114
http://doi.org/10.1126/science.2119054
http://doi.org/10.1080/10408360590888983
http://doi.org/10.1016/j.mce.2012.12.014
http://doi.org/10.1016/j.mce.2005.11.012
http://www.ncbi.nlm.nih.gov/pubmed/16388891
http://doi.org/10.1210/en.2009-1072
http://www.ncbi.nlm.nih.gov/pubmed/20181797
http://doi.org/10.1210/en.2010-1087
http://doi.org/10.1007/s00125-013-2863-7
http://www.ncbi.nlm.nih.gov/pubmed/23435785
http://doi.org/10.1042/BSR20171056


Int. J. Mol. Sci. 2022, 23, 13673 17 of 17

36. Felice, F.; Cesare, M.M.; Fredianelli, L.; De Leo, M.; Conti, V.; Braca, A.; Di Stefano, R. Effect of Tomato Peel Extract Grown under
Drought Stress Condition in a Sarcopenia Model. Molecules 2022, 27, 2563. [CrossRef]

37. Arden, K.C. Multiple roles of FOXO transcription factors in mammalian cells point to multiple roles in cancer. Exp. Gerontol. 2006,
41, 709–717. [CrossRef]

38. Fu, Z.; Tindall, D.J. FOXOs, cancer and regulation of apoptosis. Oncogene 2008, 27, 2312–2319. [CrossRef]
39. Miyamoto, K.; Araki, K.Y.; Naka, K.; Arai, F.; Takubo, K.; Yamazaki, S.; Matsuoka, S.; Miyamoto, T.; Ito, K.; Ohmura, M.; et al.

Foxo3a is essential for maintenance of the hematopoietic stem cell pool. Cell Stem. Cell 2007, 1, 101–112. [CrossRef]
40. Zhang, X.; Yong, W.; Lv, J.; Zhu, Y.; Zhang, J.; Chen, F.; Zhang, R.; Yang, T.; Sun, Y.; Han, X. Inhibition of forkhead box O1 protects

pancreatic beta-cells against dexamethasone-induced dysfunction. Endocrinology 2009, 150, 4065–4073. [CrossRef]
41. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene

expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]
42. Ma, J.; Matkar, S.; He, X.; Hua, X. FOXO family in regulating cancer and metabolism. Semin. Cancer Biol. 2018, 50, 32–41.

[CrossRef] [PubMed]
43. Kalfeist, L.; Galland, L.; Ledys, F.; Ghiringhelli, F.; Limagne, E.; Ladoire, S. Impact of Glucocorticoid Use in Oncology in the

Immunotherapy Era. Cells 2022, 11, 770. [CrossRef]
44. Almawi, W.Y.; Saouda, M.S.; Stevens, A.C.; Lipman, M.L.; Barth, C.M.; Strom, T.B. Partial mediation of glucocorticoid antiprolifer-

ative effects by lipocortins. J. Immunol. 1996, 157, 5231–5239.
45. Almawi, W.Y.; Tamim, H. Posttranscriptional mechanisms of glucocorticoid antiproliferative effects: Glucocorticoids inhibit

IL-6-induced proliferation of B9 hybridoma cells. Cell Transpl. 2001, 10, 161–164. [CrossRef]
46. Gruber, A.R.; Fallmann, J.; Kratochvill, F.; Kovarik, P.; Hofacker, I.L. Aresite: A database for the comprehensive investigation of

au-rich elements. Nucleic Acids Res. 2011, 39, D66–D69. [CrossRef]
47. Khabar, K.S.A. Hallmarks of cancer and AU-rich elements. Wiley Interdiscip. Rev. RNA 2017, 8, 1368. [CrossRef]
48. Bisogno, L.S.; Keene, J.D. RNA regulons in cancer and inflammation. Curr. Opin. Genet. Dev. 2018, 48, 97–103. [CrossRef]

[PubMed]
49. Lykke-Andersen, J.; Wagner, E. Recruitment and activation of mRNA decay enzymes by two ARE-mediated decay activation

domains in the proteins TTP and BRF-1. Genes Dev. 2005, 19, 351–361. [CrossRef]
50. Jing, Q.; Huang, S.; Guth, S.; Zarubin, T.; Motoyama, A.; Chen, J.; Padova, F.D.; Lin, S.; Gram, H.; Han, J. Involvement of

microRNA in AU-rich element-mediated mRNA instability. Cell 2005, 120, 623–634. [CrossRef]
51. Surjit, M.; Ganti, K.P.; Mukherji, A.; Ye, T.; Hua, G.; Metzger, D.; Li, M.; Chambon, P. Widespread negative response elements

mediate direct repression by agonist-liganded glucocorticoid receptor. Cell 2011, 145, 224–241. [CrossRef] [PubMed]
52. Hua, G.; Ganti, K.P.; Chambon, P. Glucocorticoid-induced tethered transrepression requires SUMOylation of GR and formation of

a SUMO-SMRT/NCoR1-HDAC3 repressing complex. Proc. Natl. Acad. Sci. USA 2016, 113, E635–E643. [CrossRef] [PubMed]
53. Chandler, V.L.; Maler, B.A.; Yamamoto, K.R. DNA sequences bound specifically by glucocorticoid receptor in vitro render a

heterologous promoter hormone responsive in vivo. Cell 1983, 33, 489–499. [CrossRef]
54. Schiller, B.J.; Chodankar, R.; Watson, L.C.; Stallcup, M.R.; Yamamoto, K.R. Glucocorticoid receptor binds half sites as a monomer

and regulates specific target genes. Genome Biol. 2014, 15, 418. [CrossRef]
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