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BACKGROUND

Posttranscriptional regulation of gene expression can be mediated by AU-rich elements 

(AREs) located in the 3′-untranslated regions (3′-UTRs) of a variety of short-lived mRNAs 

such as those for cytokines and proto-oncogenes [1]. The destabilizing function of AREs is 

regulated by ARE-binding proteins [2]. One of the most well-characterized ARE-binding 

proteins is tristetraprolin (TTP), which promotes degradation of ARE-containing transcripts [3-

6]. TTP inhibits cancer cell growth by inhibiting expression of cancer-related ARE-containing 

genes and enhancing degradation of proto-oncogene transcripts [7-10]. TTP inhibits the EMT 

through down-regulation of Twist1 and Snail1 [11]. TTP expression is significantly decreased 

in various cancers [12], which may lead to abnormalities that contribute to cancer processes.

Cancer cell metabolism is characterized by enhanced uptake and utilization of glucose, a 

phenomenon known as the Warburg effect. While normal cells produce energy mainly through 

oxidation of pyruvate in mitochondria, cancer cells predominantly produce energy via 

enhanced glycolysis in the cytosol, regardless of whether they are under normoxic or hypoxic 

conditions [13,14]. Cancer cells prefer to metabolize glucose by glycolysis to support 

proliferation and anabolic growth. They avoid oxidative phosphorylation even in the presence 

of sufficient amounts of oxygen, a property first observed by Otto Warburg [15]. The altered 

metabolism of cancer cells is connected with elevated lactate production and proton 

accumulation, which causes a drop in extracellular pH that promotes cancer metastasis [16]. A 

correlation between glycolytic ATP production and tumor malignancy is reported [17].

Programmed cell death protein 1 (PD-1) is an immune checkpoint that limits excessive 

immune responses to protect tissues from damage when the immune system is responding to 
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pathogenic infection [18]. Binding of programmed death-ligand 1 (PD-L1) to PD-1 inhibits T 

cell activity [18]. PD-L1 is commonly up-regulated on the tumor cell surface of many different 

human tumors [19]. The interaction between PD-1 on T cells and PD-L1 on tumor cells inhibits 

the activity of tumor-infiltrating T cells [20].
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CHAPTER 1

Tristetraprolin-mediated hexokinase 2 and PFKFB3 expression regulation 

contributes to glycolysis in cancer cells
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Introduction

The metabolic pathway of glycolysis converts glucose to pyruvate. Cancer cells prefer to 

metabolize glucose by glycolysis for energy production and provision of precursors for 

macromolecule biosynthesis even in the presence of oxygen. This phenomenon is known as the

Warburg effect [13]. The altered metabolism of cancer cells is connected to enhanced 

glycolysis. The rate of glycolysis is controlled by different mechanisms.

Hexokinase catalyzes the first committed step of the glycolytic pathway, in which glucose is 

phosphorylated to glucose-6-phosphate with concomitant dephosphorylation of ATP. 

Mammalian cells have four major HK isoforms: HK1, HK2, HK3, and HK4 [21]. Whereas 

HK1 is the most highly expressed hexokinase isoform and has no documented function in 

human cancer, HK2 is involved in cancer progression [22]. Up-regulation of HK2 is seen in 

multiple human cancers [23], and HK2 is the most pivotal HK, with a direct function in the 

Warburg effect. HK2 is also essential for cancer growth, survival, and metastasis [24]. 

HK2 expression is reported to be regulated at epigenetic, transcriptional, and 

posttranscriptional levels. At the transcriptional level, HK2 expression is up-regulated by 

hypoxia-inducible factor- 1α (HIF-1α) in cancer cells. The HK2 promoter has a consensus motif 

for HIF-1 [25,26] and expression is enhanced by hypoxia [27,28]. Thus, HK2 is considered to 

be a HIF-1α target gene [29]. In addition, c-Myc is reported to be involved in up-regulation of 

HK2 in fibroblast growth factor–stimulated endothelial cells [30]. HK2 expression might be 

epigenetically regulated, because DNA methylation of an HK2 promoter CpG island suppresses 

HK2 expression by inhibiting interaction between HIF-1α and a hypoxia response element in 

the HK2 promoter [31]. At the posttranscriptional level, Roquin [32] and several microRNAs 

(miRs) such as miR-199a-5p [33], miR-4458 [34], and miR-143 [22,23] are reported to target 
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HK2 mRNA and down-regulate HK2 expression. Despite these findings, the regulation of HK2 

expression in cancer cells remains elusive.

A critical another modulator is the conversion of fructose-6-phosphate (F6P) to fructose-1,6-

bisphosphate (F1,6P2) by 6-phosphofructo-1-kinase (PFK-1). This is the first committed step 

and the rate-limiting step of glycolysis [35]. PFK-1 is allosterically stimulated by fructose 2,6-

bisphosphate (F2,6P2). F2,6P2 increases the affinity of PFK-1 for F6P, allowing enhanced 

F1,6P2 synthesis and glycolytic flux [36]. The steady-state concentrations of F26BP are 

controlled by the family of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB) 

that interconvert fructose-6-phosphate (F6P) and F2,6P2. Humans have four isozymes of 

PFKFB: PFKFB1, PFKFB2, PFKFB3, and PFKFB4. These isozymes have tissue-specific 

expression patterns and distinct kinase-to-phosphatase activities [37,38]. Among the four 

isozymes, PFKFB3 is of particular interest because it is overexpressed in cancers [38-40]. In 

cancer cells, PFKFB3 expression is induced by stimuli such as oncogenic Ras signaling [41,

42] and hypoxia [41]. Inhibition of PFKFB3 by small molecule antagonists [43], Ras inhibition 

[44], or knockdown of PFKFB3 [45] decreases glycolytic activity and suppresses tumor growth. 

Here, we showed that TTP acted as a negative regulator of glycolysis by post-tran-

scriptionally down-regulating HK2 and PFKFB3 expression in cancer cells. Overexpression of

TTP reduced glucose uptake, glycolysis, and growth of cancer cells. TTP did not affect the 

expression of other types of isozymes, but decreased HK2 and PFKFB3 expression by 

enhancing degradation of HK2 and PFKFB3 mRNA. Exogenous expression of HK2 and

PFKFB3 restored glucose uptake, glycolysis, and growth of cancer cells. These novel findings 

suggested that TTP served as a negative regulator of HK2 and PFKFB3 in cancer cells. 

Considering the low levels of TTP in various cancers [12], these results suggested a mechanism 
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for up-regulation of HK2 and PFKFB3 observed in human cancers.
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Materials and Methods

Cell culture

The human cancer cell lines MDAMB231, H1299, H1975, MCF-7, and A549 were from the 

Korean Cell Line Bank (KCLB-Seoul, Korea). MDAMB231 cells were cultured in DMEM. 

H1299, H1975, MCF-7, and A549 cells were cultured in RPMI media. All cell lines were 

supplemented with 10% FBS (heat-inactivated fetal bovine serum; Welgene, Korea) and were 

maintained at 37°C under a humidified atmosphere of 5% CO2.

Plasmids, small interfering RNAs, transfections, and dual-luciferase assays

The pcDNA6/V5-TTP construct was described previously [9,10]. The FLHKII-pGFPN3 

construct (Hossein Ardehali, Northwestern University) was from Addgene. The pCMV3-

PFKFB3-GFPSpark construct was from Sinobiological (HG13230-ACG).

MDAMB231 and H1299 cells were transfected with pcDNA6/V5-TTP, FLHKII-pGFPN3 and 

pCMV3-PFKFB3-GFPSpark using the TurboFect in vitro transfection reagent (R0531; Thermo 

Scientific). siRNAs against human TTP (TTP-siRNA, sc-36760) and control siRNA (scRNA, 

sc-37007) were from Santa Cruz Biotechnology (Santa Cruz, CA). MCF-7 and A549 cells were 

transfected 24 h after plating using Lipofectamine RNAiMAX (13778-150; Invitrogen) and 

harvested at 48 h. Expression of TTP, HK2 and PFKFB3 mRNA and protein was analyzed by 

RT-PCR and Western blots. A full-length version and a fragment of HK2 3′-UTR containing 

all three pentameric AUUUA motifs were amplified from MDAMB231 cDNA using the PCR 

primers HK2-3′-UTR Full-U, 5′-CCGCTCGAGAACCCCTGAAATCGGAAGGG-3′; HK2-

3′-UTR-Full-D, 5′-ATAAGAATGCGGCCGCATTTTGGAAAATGTTAAAAT-3′; HK2-3′-

UTR-Frag-U, 5′-CCGCTCGAGGTTTTACAAATTTTTCCTGC-3′; and HK2-3′-UTR-Frag-D, 
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5′-ATAAGAATGCGGCCGCCTGCCCTTTAACTACACTGA-3′. Full-length PFKFB3 3′-

UTR containing all three AREs was amplified from MDA-MB-231 cDNA using PCR primers 

PFKFB3-3′-UTR Full-U, 5′-CCGCTCGAGGGCAGACGTGTCGGTTCCAT-3’; PFKFB3-3′-

UTR-Full-D, 5′-ATAAGAATGCGGCCGCCCAATTAACAATGAAACCCA-3’. Underlined 

sequences are restriction enzyme sites. PCR products were inserted into the XhoI/NotI sites of 

the psiCHECK2 Renilla/Firefly dual-luciferase expression vector (Promega) to generate 

psiCHECK2-HK2 3′-UTR-Full, psiCHECK2-HK2 3′-UTR-Frag and psi-CHECK2-PFKFB3 

3′-UTR-Full. HK2 Oligonucleotides containing the first and the second pentameric AUUUA 

motifs (oligo-ARE-1,2) and the third pentameric AUUUA motif (oligo-ARE-3) of the HK2 

mRNA 3′-UTR, PFKFB3 Oligonucleotides containing the third AUUUA motifs (Oligo-ARE3 

W) of the PFKFB3 were synthesized by ST Pharm (Korea). 

Oligonucleotides were inserted into the XhoI/NotI sites of the psiCHECK2 expression vector. 

A mutant oligonucleotide with the AUUUA pentamer in the third AUUUA motif replaced with 

AGCA (oligo-ARE-3M) was also synthesized and ligated into the XhoI/NotI site of 

psiCHECK2. For luciferase assays, cells were cotransfected with indicated psiCHECK2-HK2 

3′-UTR constructs, psiCHECK2-PFKFB3 3′-UTR constructs and pcDNA6/V5-TTP using the 

TurboFect in vitro transfection reagent (R0531; Thermo Scientific). Transfected cells were 

lysed with lysis buffer and mixed with luciferase assay reagent (017757, Promega). 

Chemiluminescence signal was measured using a SpectraMax L microplate reader (Molecular 

Devices). Firefly luciferase was normalized to Renilla luciferase for each sample. Luciferase 

assays represent at least three independent experiments, each of three wells per transfection.



13

SDS–PAGE analysis and immunoblotting

Proteins were resolved by SDS–PAGE, transferred to nitrocellulose membranes (10600001; 

GE Healthcare), and probed with appropriate dilutions of anti-TTP (SAB4200505; Sigma), 

anti-HK2 (#2837; Cell Signaling), anti-PFKFB3 (#13123, Cell signaling) and anti–β-actin 

(A5441; Sigma). Immunoreactivity was detected using an ECL detection system (GE 

Healthcare). Films were exposed at multiple time points to ensure that images were not 

saturated. If required, band densities were analyzed with National Institutes of Health image 

software and normalized by comparison with densities of internal control β-actin bands.

RNA kinetics, quantitative real-time PCR, and semiquantitative RT-PCR

For RNA kinetic analysis, we used actinomycin D (A9415; Sigma) and assessed HK2 mRNA 

expression using quantitative real-time PCR (qRT-PCR). DNase I–treated total RNA (2 μg) 

was reverse-transcribed using oligo-dT (79237; Qiagen) and MMLV reverse transcriptase 

(3201; Beamsbio) according to the manufacturer’s instructions. qRT-PCR was performed by 

monitoring increased fluorescence in real-time with the SYBR Green dye (MasterMix-R; Abm) 

using the StepOnePlus real-time PCR system (Applied Biosystems). Semiquantitative RT-PCR 

(semi-qRT-PCR) used Taq polymerase 2X premix (Solgent) and appropriate primers. PCR 

primer pairs were TTP, 5′-CGCTACAAGACTGAGCTAT-3′ and 5′-GAGGTAGAACTTGTG

ACAGA-3′; HK2, 5′-GGTGGACAGGATACGAGAAAAC-3′ and 5′-ACATCACATTTCGG

AGCCAG-3′; PFKFB3, 5′-ATCTACCTGAACGTG GAGTCCGTCTG-3′ and 5′-TCAGTGT

TTCCTGGAGGAGTCAGC-3’; GLUT1, 5′-CTTCACTGTCGTGTCGCTGT-3′ and 5′-TGA

AGAGTTCAGCCACGATG-3′; HK1, 5′-TACTTCACGGAGCTGAAGGATG-3′ and 5′-CA

CCCGCAGAATTCGAAAGG-3′; PKM2, 5′-CTATCCTCTGGAGGCTGTGC-3′ and 5′-CCA

GACTTGGTGAGGACGAT-3′; LDHA, 5′-GAGGTTCACAAGCAGGTGGT-3′ and 5′-CCC
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AAAATGCAAGGAACACT-3′; and GAPDH, 5′-ACATCAAGAAGGTGGTGAAG-3′ and 

5′-CTGTTGCTGTAGCCAAATTC-3′. mRNA half-life was calculated by nonlinear regression 

of mRNA at 30-, 60-, 90-, and 120-min timepoints following addition of actinomycin D using 

GraphPad Prism 5.00 software based on a one-phase exponential decay model.

Ribonucleoprotein immunoprecipitation assays

To determine binding of TTP to HK2, PFKFB3 ARE, ribonucleoprotein immunoprecipitation 

(RNP) assays were conducted as described previously [10]: MDAMB231 cells (1 × 107) were 

cotransfected with 10 μg pcDNA6/V5-TTP and psiCHECK2-HK2-oligo-ARE-3W or psiCHE

CK2-HK2-oligo-ARE-3M, psiCHECK2-PFKFB3-Oligo-ARE3 W or psiCHECK2- PFKFB3-

Oligo-ARE3 M. At 24 h after transfection, cell suspensions were incubated in 1% formaldehyd

e for 20 min at room temperature. Reactions were stopped with 0.25 M glycine (pH 7.0), and 

cells were sonicated in modified radioimmune precipitation assay buffer containing protease 

inhibitors (Roche Applied Science). RNP complexes were immunoprecipitated using protein 

G-agarose beads preincubated with 1 μg anti-V5 Tag antibody (GWB-7DC53A, Genway 

Biotech) or 1 μg isotype control (Sigma). After cross-link reversion at 70°C for 45 min, RNA 

was isolated from immunoprecipitates and treated with DNase I (Qiagen). From the RNA, 

cDNA was synthesized, and the Renilla luciferase gene was amplified by PCR using Taq 

polymerase and Renilla luciferase-specific primers (Up, 5′-ACGTGCTGGACTCCTTCATC-

3′; and Down, 5′-GACACTCTCAGCATGGACGA-3′). TTP proteins in immunoprecipitated 

samples were detected by Western blot using anti-V5 Tag.
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Cell proliferation

Cells were transfected with a combination of pcDNA6/V5-TTP and FLHKII-pGFPN3 for 48 

h. Cells were seeded in triplicate in 96-well culture plates at 5 × 103 cells/well and incubated 

for 24 h. Cells were measured with CellTiter 96 AQueous One Solution cell proliferation assays 

(Promega, 3580) according to the manufacturer’s instructions, and absorbance at 490 nm was 

determined for each well using a Victor 1420 Multilabel Counter (EG&G Wallac, Turku, 

Finland).

ATP assays

Cellular ATP levels were measured using CellTiter-Glo luminescent cell viability assay kits 

(G7570; Promega) according to the manufacturer’s instructions. MDAMB231 and H1299 cells 

were plated on 96-well white-walled plates with clear bottoms in 100 μl culture medium, and 

100 μl CellTiter-Glo reagent was added to each well. Contents were mixed for 2 min on an 

orbital shaker to induce cellular lysis, followed by incubation at room temperature for 10 min 

to stabilize the signal. Luminescence was recorded immediately.

Glucose-6-phosphate assays

Glucose-6-phosphate (G6P) was measured using glucose-6-phosphate assay kits (MAK014; 

Sigma) according to the manufacturer’s instructions: cells (1 × 106) were homogenized in two 

volumes of ice-cold PBS. After centrifugation at 13,000 × g for 10 min to remove insoluble 

materials, 50 μl of supernatant was added to duplicate wells of 96-well plates. After addition 

of 50 μl reaction mix containing G6P Assay Buffer, G6P Enzyme Mix, and G6P Substrate Mix, 

absorbance at 450 nm was determined for each well using a Victor 1420 Multilabel Counter 

(EG&G Wallac, Turku, Finland).
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Hexokinase assays

Hexokinase activity was measured using hexokinase colorimetric assay kits (MAK091, Sigma) 

according to the manufacturer’s instructions: cells (1 × 106) were homogenized in 200 μl of 

ice-cold HK Assay Buffer. After centrifugation at 13,000 × g for 10 min to remove insoluble 

materials, 50 μl supernatant was added to duplicate wells of 96-well plates. After addition of 

50 μl reaction mix containing HK Assay Buffer, HK Enzyme mix, HK Developer, HK 

Coenzyme, and HK Substrate, absorbance at 450 nm was determined for each well using a 

Victor 1420 Multilabel Counter (EG&G Wallac, Turku, Finland).

Pyruvate assays

Pyruvate production was measured using pyruvate assay kits (MAK071; Sigma) according to 

the manufacturer’s instructions: cells (1 × 106) were homogenized in four volumes Pyruvate 

Assay Buffer. After centrifugation at 13,000 × g for 10 min to remove insoluble materials, 50 

μl of supernatant was added to duplicate wells of 96-well plates. After addition of 50 μl reaction 

mix containing Pyruvate Assay Buffer, Pyruvate Probe Solution, and Pyruvate Enzyme Mix, 

absorbance at 570 nm was determined for each well using a Victor 1420 Multilabel Counter 

(EG&G Wallac, Turku, Finland).

Lactate assays

Lactate production was measured using lactate assay kits II (MAK065; Sigma) according to 

the manufacturer’s instructions: cells (1 × 106) were homogenized in four volumes of Lactate 

Assay Buffer. After centrifugation at 13,000 × g for 10 min to remove insoluble materials, 50 

μl of supernatant was added to duplicate wells of 96-well plates. After addition of 50 μl reaction 
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mix containing Lactate Assay Buffer, Lactate Enzyme Mix, and Lactate Substrate Mix, absor-

bance at 450 nm was determined for each well using a Victor 1420 Multilabel Counter (EG&G 

Wallac, Turku, Finland).

Glucose uptake assays

Glucose uptake was determined using Glucose Uptake-Glo assays (J1342; Promega) according 

to the manufacturer’s instructions: cells (1.5 × 104) were seeded in wells of 96-well plates. 

After being washed with 100 μl PBS, cells were incubated with 50 μl 1 mM 2-deoxyglucose 

(2DG) per well for 10 min at room temperature. Cells were treated with 25 μl Stop Buffer, 25 

μl Neutralization Buffer, and 100 μl 2-deoxyglucose-6-phosphate (2DG6P) Detection Reagent 

for 30 min at room temperature. Luminescence intensity was determined for each well using a 

Victor 1420 Multilabel Counter (EG&G Wallac, Turku, Finland).

Seahorse extracellular flux analysis

Glycolysis and mitochondrial stress tests were performed using an XF96 Extracellular Flux 

Analyzer (Seahorse Bioscience) according to the manufacturer’s instructions. Cells were 

seeded at 1.5 × 104 cells per well in XF96 cell culture microplates and incubated for 24 h to 

ensure attachment. To measure oxygen consumption, cells were equilibrated for 1 h in 

unbuffered XF assay medium supplemented with 25 mM glucose, 1 mM sodium pyruvate, 2 

mM glutamax, 1× nonessential amino acids, and 1% FBS in a non-CO2 incubator. Mi-

tochondrial processes were examined through sequential injections of oligomycin (1 μM), 

carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 1 μM), and rotenone (1 

μM)/antimycin A (1 μM). Indices of mitochondrial function were calculated as basal respiration 

rate (baseline OCR-rotenone/antimycin A OCR), ATP production (basal respiration rate-
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oligomycin OCR), and proton leak (oligomycin OCR-rotenone/antimycin A OCR). To measure 

glycolysis and glycolytic capacity, cells were cultured for 2 h in the absence of glucose. Three 

sequential injections of d-glucose (1 μM), oligomycin (1 μM), and 2-deoxyglucose (500 mM) 

provided ECAR associated with glycolysis, maximum glycolytic capacity, and non-glycolytic 

ECAR. Glycolysis was defined as ECAR following the addition of d-glucose and maximum 

glycolytic capacity was defined as ECAR following the addition of oligomycin. ECAR 

following treatment with 2-deoxyglucose is associated with non-glycolytic activity.

Statistical analysis

For statistical comparisons, p values were determined using Student’s t test or one-way analysis 

of variance. A p value of <0.05 was considered significant.
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Results

TTP expression decreases the glycolytic capacity of cancer cells

We previously reported that TTP overexpression decreases mitochondrial potential and ATP 

production in cancer cells [46]. We investigated whether TTP expression affected the glycolytic 

capacity of cancer cells. First we examined TTP expression by RT-PCR in five human cancer 

cell lines: MCF-7, MDAMB231, A549, H1299 and H1975. Expression of TTP was high in 

MCF-7 and A549 cells but low in MDA-MB-231, H1299 and H1975 cells (Fig. 1A).

MDAMB231 and H1299 cells were transfected with pcDNA6/V5-TTP (MDAMB231/TTP and 

H1299/TTP) or control pcDNA6/V5 vector (MDAMB231/pcDNA and H1299/pcDNA) to 

overexpress TTP. Cells were analyzed for glycolytic capacity. TTP overexpression in 

MDAMB231 or H1299 cells (Figure 1B) decreased glucose uptake (Figure 1C) and production 

of pyruvate (Figure 1D) and lactate (Figure 1E). We determined the effects of TTP inhibition 

on glycolytic capacity. MCF-7 and A549 cells were transfected with small interfering RNA 

(siRNA) against TTP (MCF-7/TTP-siRNA and A549/TTP-siRNA) or scramble control siRNA 

(MCF-7/scRNA and A549/scRNA) and analyzed for glucose uptake and pyruvate and lactate 

production. Inhibition of TTP by siRNA (Figure 2A) increased glucose uptake (Figure 2B) and 

production of pyruvate (Figure 2C) and lactate (Figure 2D). Taken together, these results 

indicated that TTP negatively regulated the glycolytic capacity of cancer cells.

TTP decreases expression of HK2 and PFKFB3 in cancer cells

TTP might inhibit the glycolytic capacity of cancer cells by down-regulating the expression of 

genes encoding enzymes in the glycolytic pathway. To test this hypothesis, we used reverse 

transcription PCR (RT-PCR) to determine the effect of overexpression or inhibition of TTP on 

expression of genes in the glycolytic pathway: GLUT1, HK1, HK2, PFKFB3, PKM2, and 
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LDHA. Among the five genes, TTP overexpression decreased only HK2 in both MDAMB231 

and H1299 cells (Figure 3A). The inhibition of TTP by siRNA increased expression of HK2 

and PFKFB3 among the six genes tested in both MCF-7 and A549 cells (Figure 3B). We 

determined the effect of TTP overexpression on mRNA degradation of the six genes. TTP 

overexpression did not affect the mRNA stability of GLUT1, HK1, PKM2, and LDHA (Figure 

3C), but enhanced degradation of HK2 and PFKFB3 mRNA (Figure 3D) in both MDAMB23 

and H1299 cells. These results indicated that TTP decreased HK2 and PFKFB3 expression by 

enhancing degradation of HK2 and PFKFB3 mRNA.

Previously, it has been reported that HK2 mRNA stability is regulated by BAG3, Roquin, and 

Imp3 in cancer cells [47]. We thus tested whether TTP enhances HK2 mRNA degradation by 

modulating the expression of these molecules. As shown in Figure 3E, overexpression or 

inhibition of TTP did not affect the expression levels of these molecules in either MDAMB231 

or H1299 cells. These results suggest that these molecules are not involved in TTP-mediated 

degradation of HK2 and PFKFB3 mRNA in cancer cells.

TTP decreases expression of luciferase mRNA containing the HK2 and PFKFB3 3′-UTR

Analysis of the 2429–base pair human HK2 3′-UTR revealed three pentameric AUUUA ARE 

motifs and we detected three AUUUA ARE motifs in the 2603-base pair human PFKFB3 3′-

UTR (Figure 4A). To determine whether down-regulation of HK2 and PFKFB3 expression by 

TTP was mediated through the HK2 and PFKFB3 mRNA 3′-UTR, we used a luciferase reporter 

gene linked to the full HK2 and PFKFB3 3′-UTR or a fragment containing all three AREs in 

the plasmid psiCHECK2. When MDAMB231 cells were transfected with plasmid to 
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overexpress TTP, luciferase activity from the full (Figure 4B, 4F) or fragment (Figure 4C, 4F) 

HK2 and PFKFB3 3′-UTR was inhibited.

To determine the AREs within HK2, PFKFB3 3′-UTR that responded to TTP, we generated a 

luciferase reporter gene linked to HK2 oligonucleotides containing the first and second (oligo-

ARE-1,2) or third AUUUA motif (oligo-ARE-3) in the plasmid psiCHECK2, PFKFB3

oligonucleotides (Oligo-ARE3 W) containing the 3rd ARE in the plasmid psiCHECK2.

HK2 Oligo-ARE-1,2 did not respond to TTP (Figure 4D), but luciferase activity from HK2, 

PFKFB3 oligo-ARE-3W was inhibited by TTP overexpression (Figure 4E, 4F). 

To determine the importance of the third AUUUA motif, we prepared a luciferase reporter gene 

with mutant oligonucleotides (HK2 oligo-ARE-3M, PFKFB3 Oligo-ARE3 M containing 

AUUUA sequences substituted with AGCA). HK2 oligo-ARE-3W, PFKFB3 Oligo-ARE3 W 

responded to TTP but HK2 oligo-ARE-3M, PFKFB3 Oligo-ARE3 M did not (Figure 4E, 4F). 

Taken together, these results demonstrated that the third AUUUA motif in the HK2 and

PFKFB3 3′-UTR was involved in TTP inhibition in MDAMB231 cells.

TTP binds to the third ARE motif, ARE-3, in the HK2 and PFKFB3 mRNA 3′-UTR

To determine whether TTP interacted with HK2 ARE-1,2 or ARE-3 of the HK2 3′-UTR,

PFKFB3 ARE-3 of the PFKFB3 3′-UTR MDAMB231 cells were cotransfected with pcDNA6/

V5-TTP and psiCHECK2-oligo-ARE-1,2 (oligo-ARE-1,2) or psiCHECK2-oligo-ARE-3W 

(oligo-ARE-3W), psiCHECK2-oligo-ARE-3M (oligo-ARE-3M) After immunoprecipitation 

with anti-V5 or control antibody (immunoglobulin G), the presence of TTP was determined by 
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Western blots using anti-V5 (Figure 4G, 4H bottom). Total RNA was extracted from 

immunoprecipitates, and the presence of luciferase mRNA was analyzed by RT-PCR using 

PCR primers specific to the luciferase gene. Amplified PCR product was observed in 

immunoprecipitates from cells cotransfected with oligo-ARE-3W and pcDNA6/V5-TTP 

(Figure 4G, top). No PCR products were detected in samples from cells cotransfected with 

pcDNA6/V5-TTP and oligo-ARE-3M or oligo-ARE-1,2 (Figure 4G, 4H top). PCR product was 

also not detected in immunoprecipitates obtained using control antibody. We also determined 

the effect of TTP overexpression on mRNA degradation of the luciferase reporter genes linked 

to HK2 and PFKFB3 AREs in MDAMB231 cells. TTP overexpression enhanced the mRNA 

degradation of reporter genes linked to a fragment containing all three AREs or ARE-3W of 

HK2 but did not affect the mRNA stability of luciferase reporter genes linked to HK2 ARE-3M 

or ARE-1,2 (Figure 4I). These results demonstrated that TTP interacted specifically with HK2

and PFKFB3 ARE-3 and enhanced degradation of HK2 and PFKFB3 ARE-3-containing 

mRNA.

TTP reduces HK2 and PFKFB3 of levels and hexokinase activity of cancer cells

HK2 and PFKFB3 is a key enzyme in glycolysis in cancer cells [48]. First we determined the 

effects of TTP expression on hexokinase activity. Expression of HK2 correlated negatively with 

TTP in cancer cells: expression of HK2 in MDAMB231 and H1299 cells, which had low TTP, 

was higher than in MCF-7 and A549 cells, which had high TTP (Figure 5A). Overexpression 

of TTP in MDAMB231 and H1299 cells (Figure 5B) reduced level of HK2, PFKFB3 and 

hexokinase activity (Figure 5C). Inhibition of TTP by siRNA (TTP-siRNA; Figure 5D) 

enhanced level of HK2, PFKFB3 and hexokinase activity in MCF-7 and A549 cells (Figure 
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5E). These results suggested that TTP expression reduced level of HK2, PFKFB3 and

hexokinase activity in cancer cells.

Ectopic expression of HK2 attenuates reduction of glycolysis by TTP

On the basis of our results, we hypothesized that TTP controlled the glycolytic capacity of 

cancer cells by down-regulation of HK2. To test this, we cotransfected MDAMB231 and 

H1299 cells with pcDNA6/V5-TTP and FLHKII-pGFPN3, which did not contain HK2 3′-UTR. 

At 24 h after transfection, cells were analyzed for glycolytic capacity. Expression of HK2

(Figure 6A) significantly abrogated reduction by TTP of hexokinase activity (Figure 6B), 

glucose uptake (Figure 6C), and production of glucose-6-phosphate (G-6-P; Figure 6D), 

pyruvate (Figure 6E), and lactate (Figure 6F). These results indicated that TTP suppressed 

glycolytic capacity through down-regulation of HK2 in cancer cells.

TTP overexpression reduces extracellular acidification, oxygen consumption rates, ATP 

levels, and cell proliferation

Glycolysis is determined by measuring the extracellular acidification rate (ECAR) of media 

surrounding cells. Acidification is predominantly from excretion of lactic acid over time after 

conversion from pyruvate [49]. To evaluate the glycolytic phenotype, control and TTP-

overexpressing cells were subjected to Seahorse Extracellular Flux Analysis to assess cellular 

bioenergetic activity. Results from glucose stress tests indicated that TTP overexpression 

significantly decreased ECAR associated with glycolysis, glycolytic capacity, and glycolytic 

reserve in MDAMB231 and H1299 cells (Figure 7A, B). TTP overexpression also altered 

mitochondrial respiration using Seahorse Mito stress tests. Oxygen consumption rates (OCRs) 

associated with basal and maximal mitochondrial respiration were significantly down-regulated 
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in TTP-overexpressing MDAMB231 and H1299 cells (Figure 7C, D). Ectopic expression of 

HK2 abrogated reduction of ECAR and OCR by TTP in both MDAMB231 and H1299 cells 

(Figure 7FA–D). We investigated ATP content and cell proliferation of TTP-overexpressing 

cells. Consistent with the decrease in ECAR and OCR, significant decreases in ATP content 

and cell proliferation were observed in TTP-overexpressing MDAMB231 and H1299 cells 

(Figure 7E, G). Ectopic expression of HK2 and PFKFB3 rescued the ATP content (Figure 7E,

F) and cell proliferation in TTP-overexpressing MDAMB231 and H1299 cells (Figure 7G). 

Taken together, these results demonstrated that overexpression of TTP reduced expression of 

HK2 and PFKFB3, followed by decreased glycolysis, mitochondrial respiration, ATP 

production, and cell proliferation in cancer cells.
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Figure Legends

FIGURE 1: TTP overexpression decreases glycolytic capacity of cancer cells. MDAMB231 
and H1299 cells were transiently transfected with 1 μg pcDNA6/V5-TTP (MDAMB231/TTP 
and H1299/TTP) or empty vector pcDNA6/V5 (MDAMB231/pcDNA and H1299/pcDNA) for 
24 h. (A) TTP expression in MCF-7, MDA-MB-231, A549, H1299, and H1975 cells was 
determined by semi-qRT-PCR. (B) TTP level was determined by semi-qRT-PCR (top) and 
Western blot (bottom). Cells were analyzed for (C) glucose uptake, (D) pyruvate production, 
and (E) lactate production. Data represent three experiments and are mean ± SD (n = 3; *p < 
0.05; **p < 0.01; ***p < 0.001).
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FIGURE 2: Inhibition of TTP by siRNA increases glycolytic capacity in cancer cells. MCF-7 
and A549 cells were transfected with 60 pmol of TTP-specific siRNA (MCF-7/TTP-siRNA and 
A549/TTP-siRNA) or scRNA (MCF-7/scRNA and A549/scRNA) for 24 h. (A) TTP level was 
determined by semi-qRT-PCR (top) and Western blot (bottom). Cells were analyzed for (B) 
glucose uptake, (C) pyruvate production, and (D) lactate production. Data represent three 
experiments and are mean ± SD (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 3: TTP enhances decay of HK2 and PFKFB3 mRNA and reduces HK2 and PFKFB3 

expression in cancer cells. (A) TTP overexpression reduces HK2 and PFKFB3 expression in 

cancer cells. MDAMB231 and H1299 cells were transiently transfected with pcDNA6/V5-TTP 

or pcDNA6/V5 for 24 h. Cells were analyzed by semi-qRT-PCR for GLUT1, HK1, HK2, 

PFKFB3, PKM2, and LDHA. (B) Inhibition of TTP by siRNA increases HK2 and PFKFB3 

expression in cancer cells. MCF-7 and A549 cells were transiently transfected with TTP-

specific siRNA or scRNA for 24 h. Cells were analyzed by semi-qRT-PCR for GLUT1, HK1, 

HK2, PFKFB3 PKM2, and LDHA. (C, D) TTP destabilizes HK2 and PFKFB3 mRNAs in 

cancer cells. MDAMB231 and H1299 cells were transiently transfected with pcDNA6/V5-TTP 

or pcDNA6/V5 for 24 h. Expression of (C) GLUT1, HK1, PKM2, LDHA and (D) HK2 and 

PFKFB3  in cells was determined by qRT-PCR at indicated times after addition of 5 μg/ml 

actinomycin D. mRNA half-life was calculated from the nonlinear regression of the mRNA 

levels at the indicated times after addition of actinomycin D. Data are mean ± SD (n = 3; **p 
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< 0.01; ***p < 0.001). (E) TTP overexpression does not affect expression of BAG3, Imp3, and 

Roquin in cancer cells. MDAMB231 and H1299 cells were transiently transfected with 

pcDNA6/V5-TTP or pcDNA6/V5 for 24 h. Cells were analyzed by semi-qRT-PCR for BAG3, 

Imp3, and Roquin.
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FIGURE 4: ARE-3 within the HK2 and PFKFB3 mRNA 3′-UTR is essential for reduction by 
TTP. (A) Schematic representation of luciferase reporter constructs used in this study. (B–F) 
The third pentameric AUUUA motif within the HK2 and PFKFB3 3′-UTR is necessary for 
reduction by TTP. Full-length (Full), fragment (Frag), and oligonucleotides (Oligo) from the 
2429–base pair HK2 3′-UTR, Full-length (Full) and oligonucleotides (Oligo) from the 2603-
base pair PFKFB3 3′-UTR were cloned downstream of the luciferase reporter gene in the 
psiCHECK2 luciferase expression vector. White circles, wild-type (W) pentameric motif 
AUUUA; black circle, mutated (M) motif AGCA. MDAMB231 cells were cotransfected with 
pcDNA6/V5-TTP and psiCHECK2 luciferase reporter constructs containing (B)HK2 full-
length, (C) HK2 fragment, (D) HK2 oligo-ARE-1,2, and (E) HK2 oligo-ARE-3W or HK2 
oligo-ARE-3M. (F) PFKFB3 full-length, PFKFB3 oligo-ARE-3W or PFKFB3 oligo-ARE-3M. 
After normalization, luciferase activity from the MDAMB231 cells transfected with the 
psiCHECK2 vector alone was set to 1.0. Data are mean ± SD (n = 3; **p < 0.01; ***p < 0.001; 
ns, not significant). (G,H) Ribonucleoprotein immunoprecipitation assays. MDAMB231 cells 
were cotransfected with pcDNA6/V5-TTP and psiCHECK2 luciferase reporter constructs 
containing HK2 oligo-ARE-1,2 or oligo-ARE-3W, PFKFB3 oligo-ARE3W. The psiCHECK2 
luciferase reporter construct containing mutant ARE-3, oligo-ARE-3M was the negative 
control. At 48 h after transfection, ribonucleoprotein complexes containing TTP were 
immunoprecipitated with protein G-agarose and anti-V5 or control antibody. Luciferase mRNA 

in immunoprecipitates was amplified by semi-qRT-PCR. TTP in immunoprecipitates was 
detected by Western blot with anti-V5. (I) TTP destabilizes luciferase reporter mRNA 
containing HK2 oligo-ARE-3W but not HK2 oligo-ARE-3M or HK2 oligo-ARE-1,2. 
MDAMB231 cells were transiently cotransfected with pcDNA6/V5-TTP and psiCHECK2 
luciferase reporter constructs containing fragment, oligo-ARE-1,2, oligo-ARE-3W, or oligo-
ARE-3M for 24 h. Expression of luciferase reporter in cells was determined by qRT-PCR at 
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indicated times after addition of 5 μg/ml actinomycin D. mRNA half-life was calculated from 
the nonlinear regression of the mRNA levels at the indicated times after addition of actinomycin 
D. Data are mean ± SD (n = 3; **p < 0.01).
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FIGURE 5: TTP reduces HK2 and PFKFB3 protein expression and hexokinase activity in 

cancer cells. (A)Expression of HK2 negatively correlates with TTP in cancer cells. 

MDAMB231, MCF-7, H1299, and A549 cells were analyzed for TTP and HK2 by semi-qRT-

PCR (top) and Western blot (bottom). (B, C) Overexpression of TTP decreases HK2 and 

PFKFB3 protein expression and hexokinase activity in cancer cells. MDAMB231 and H1299 

cells were transiently transfected with 1 μg pcDNA6/V5-TTP (MDAMB231/TTP) or 

pcDNA6/V5 (MDAMB231/pcDNA) for 24 h. Cells were analyzed for expression of TTP, HK2 

and PFKFB3 by semi-qRT-PCR (top) and Western blot (bottom) (B) and for hexokinase activity 

(C). Data represent three experiments and are mean ± SD (n = 3; *p < 0.05; **p < 0.01). (D, E) 

Inhibition of TTP by siRNA increases HK2 and PFKFB3 protein expression and hexokinase 

activity in cancer cells. MCF-7 and A549 cells were transfected with scRNA or TTP-specific 

siRNA (TTP-siRNA) for 24 h. Cells were analyzed for expression of TTP, HK2 and PFKFB3 

by semi-qRT-PCR (top) and Western blot (bottom) (D) and for hexokinase activity (E). Data 

represent three experiments and are mean ± SD (n = 3; *p < 0.05; **p < 0.01).
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FIGURE 6: Overexpression of HK2 attenuates reduction of glycolytic capacity of cancer cells 
by TTP. MDAMB231 and H1299 cells were transiently transfected with empty vector 
pcDNA6/V5 or pcDNA6/V5-TTP and FLHKII-pGFPN3 for 48 h. (A) TTP and HK2 levels 
were determined by RT-PCR (top) and Western blot (bottom). Cells were analyzed for (B) 
hexokinase activity, (C) glucose uptake, (D) G6P, (E) pyruvate production, and (F) lactate 

production. Data are mean ± SD (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001).



33

FIGURE 7: TTP overexpression decreases extracellular acidification rate (ECAR) and oxygen 
consumption rate (OCR) and ectopic expression of HK2 attenuates TTP reduction of OCR and 
ECAR in cancer cells. MDAMB231 and H1299 cells were transiently transfected with empty 
vector pcDNA6/V5 or pcDNA6/V5-TTP and FLHKII-pGFPN3 for 48 h. (A–D) TTP 
overexpression decreases both ECAR and OCR in cancer cells. Mean ECAR in transiently 
transfected MDAMB231 cells (A) and H1299 cells (B) was measured before and after 

sequential addition of glucose (1 μM), oligomycin (1 μM), and 2-DG (1 μM). Each data point 
represents an ECAR measurement. Graphs show glycolysis, glycolytic capacity, and glycolytic 
reserve. Data are mean ± SD (n = 3; *p < 0.05; **p < 0.01). Mean OCR of transfected 
MDAMB231 cells (C) and H1299 cells (D) before and after addition of oligomycin (1 μM), 
FCCP (1 μM), or antimycin A (1 μM). Each data point represents an OCR measurement. Graphs 
are basal respiration, proton leak, and ATP production. Data are mean ± SD (n = 3; *p < 0.05; 
**p < 0.01). (E,F) TTP overexpression decreases cellular ATP levels in cancer cells. Cellular 
ATP from transfected MDAMB231 and H1299 cells, measured using the luminescent cell 
viability assays. Data are mean ± SD (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001). (G) TTP 
overexpression inhibits proliferation of cancer cells. Proliferation of transfected MDAMB231 
and H1299 cells was assessed as absorbance at 490 nm using MTS cell proliferation assays. 
Graphs show relative cell proliferation. Data are mean ± SD (n = 3; *p < 0.05; **p < 0.01).
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DISCUSSION

HK2 is a key enzyme that catalyzes the rate-limiting first step of glycolysis and is highly up-

regulated in multiple human tumors [23]. PFKFB3 is upregulated in a variety of tumor cells, 

and downregulation of PFKFB3 suppresses the growth of tumor cells by downregulating 

glycolytic flux [50]. PFKFB3 mRNA is reported to contain the AUUUA motif within its 3′-

UTR and be important for destabilization of PFKFB3 mRNA [51,52]. 

Here, we demonstrated that TTP acts as a key regulator of HK2 and PFKFB3 expression and 

glycolysis in cancer cells. We provided evidence that HK2 and PFKFB3 was a target of TTP: 

the HK2 and PFKFB3 mRNA 3′-UTR contained an ARE, TTP decreased expression of a 

luciferase reporter gene linked to the HK2 and PFKFB3 mRNA 3′-UTR, TTP bound to the 

HK2 and PFKFB3 mRNA 3′-UTR, and overexpression of TTP enhanced degradation of HK2 

and PFKFB3 mRNA and decreased expression of HK2 and PFKFB3 in cancer cells. 

In addition, we found that TTP overexpression decreased glycolytic capacity. Ectopic 

expression of HK2 and PFKFB3 abrogated reduction of the glycolytic capacity of cancer cells 

by TTP. Thus, our data indicated that TTP acted as a negative regulator of glycolysis through 

posttranscriptional down-regulation of HK2 and PFKFB3 in cancer cells. Roquin [32] and 

several miRs such as miR-199a-5p [33], miR-4458 [47], and miR-143 [22,23] are reported to 

target HK2 mRNA and down-regulate HK2 expression and miR-206 [53] and miR-26b [54] 

are reported to target PFKFB3 mRNA and downregulate PFKFB3 expression. Although these 

findings help explain the selective expression of HK2 and PFKFB3 in cancer cells, they are not 

sufficient to explain the enhanced expression of HK2 and PFKFB3 in cancer cells, because 

these regulations may not occur only in tumor cells. In this study, we demonstrated that HK2

and PFKFB3, contains an ARE within its mRNA 3′-UTR. Thus, TTP reduced the expression 
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of HK2 and PFKFB3 in human cancer cells. It has been reported that TTP expression is 

substantially decreased in 65% of human tumors derived from 19 different tissues and with 

particularly high frequency in tumors of the thyroid, lung, ovary, uterus, and breast [12]. 

Considering that TTP acts as a negative regulator of HK2 and PFKFB3 expression in cancer 

cells, down-regulation of TTP in human tumors would critically contribute to up-regulation of 

HK2 and PFKFB3 and the Warburg effect in cancer cells.

In support of this hypothesis, we found that inhibition of TTP by siRNA significantly 

increased HK2 and PFKFB3 expression in cancer cells. In addition, restoring TTP expression 

suppressed the expression of HK2 and PFKFB3 and ATP generation. Expression Ectopic 

expression of HK2 and PFKFB3 without the 3′-UTR restored the ATP generation in cells 

overexpressing TTP, indicating that the inhibitory effect of TTP on ATP generation was 

mediated by downregulation of HK2 and PFKFB3. In addition, TTP overexpression decreased 

intracellular ATP in cancer cells. We previously reported that TTP induces mitochondrial 

dysfunction through down-regulation of α-synuclein [46]. Thus, we hypothesize that even 

though we did not determine the effect of TTP overexpression on α-synuclein level, TTP 

overexpression might inhibit mitochondrial oxidative phosphorylation through down-

regulation of α-synuclein. We found that ectopic expression of HK2 rescued OCR and ECAR 

in TTP-overexpressed cancer cells, indicating that inhibition of mitochondrial oxidative 

phosphorylation and glycolysis by TTP was mediated by HK2 down-regulation. Collectively, 

our data suggested that TTP reduced both mitochondrial oxidative phosphorylation and 

glycolysis through down-regulation of HK2 and PFKFB3 in cancer cells.

In this study, we found that the expression of Glut1 and LDHA was induced by TTP 

inhibition. It is not likely that these genes are direct targets of TTP since TTP overexpression 
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did not affect their mRNA stability. Glycolytic genes including Glut1 and LDHA are induced 

by HIF-1α [55], whose expression and activity are modulated by mitochondrial dysfunction 

[56,57]. Considering that TTP can induce mitochondrial dysfunction [46], it is possible that 

TTP may indirectly regulate the expression of Glut1 and LDHA by inducing mitochondrial 

dysfunction. 

In conclusion, our data suggested that TTP reduced both glycolysis and mitochondrial energy 

generation of human cancer cells through destabilization of HK2 and PFKFB3 mRNA. We 

demonstrated that TTP enhanced degradation of HK2 and PFKFB3 mRNA through binding to 

an AUUUA motif in the HK2 and PFKFB3 mRNA 3′-UTR. Since TTP expression is inhibited 

in a variety of human cancer cells [12], HK2 and PFKFB3 up-regulation in cancer cells could 

be considered a consequence of low TTP levels in cancer. This study provided a molecular 

mechanism for the enhanced levels of HK2 and PFKFB3 in cancer cells. TTP-mediated 

enhancing of HK2 and PFKFB3 mRNA degradation expands our understanding of the 

regulation of HK2 and PFKFB3 expression in cancer cells.
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CHAPTER 2

Doxorubicin inhibits PD-L1 expression by enhancing TTP-mediated 
decay of PD-L1 mRNA in cancer cells



45

Introduction

Programmed cell death protein 1 (PD-1) is an immune checkpoint that limits excessive immune 

responses to protect tissues from damage when the immune system is responding to pathogenic 

infection [1]. Binding of programmed death-ligand 1 (PD-L1) to PD-1 inhibits T cell activity 

[1]. PD-L1 is commonly up-regulated on the tumor cell surface of many different human tumors 

[2]. The interaction between PD-1 on T cells and PD-L1 on tumor cells inhibits the activity of 

tumor-infiltrating T cells [3]. PD-L1 expression can be regulated at transcriptional [4], post-

transcriptional [5], and post-translational levels [6]. PD-L1 expression can be induced or 

maintained by many cytokines [2], of which interferon-g (IFN-g) is the most potent [7]. The 

PD-L1 3′UTR contains a number of cis-acting elements involved in mRNA decay [5,8], and 

disruption of the 3′UTR of PD-L1 gene leads to elevated PD-L1 expression in cancer cells [9].

AU-rich elements (AREs) post-transcriptionally regulate expression of a variety of short-

lived mRNAs, such as cytokines and proto-oncogenes [10]. The stability of ARE-containing 

mRNAs is regulated by ARE-binding proteins [11]. One of the best characterized ARE-binding 

proteins is tristetraprolin (TTP) [12]. TTP expression is significantly decreased in various 

cancers [13]. TTP expression correlates with increased expression of protooncogenes and may 

contribute to cancer processes. Expression of TTP in cancer cells is induced by p53 [14] but 

inhibited by Myc [15]. However, nearly all types of cancer have abnormalities in the p53 

pathway [16]. Furthermore, c-Myc is often activated in human cancers [17]. Together, these 

features may lead to widespread decrease in expression of TTP in human cancers. It has 

recently been reported that the PD-L1 3′UTR contains AREs, overexpression of TTP 

suppresses PD-L1 expression in cancer cells [18], and oncogenic RAS signaling leads to TTP 

inhibition and up-regulation of PD-L1 expression in cancer cells [8]. 
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Doxorubicin is one of the most effective anti-cancer drugs that kills cancer cells by direct 

cytotoxicity [19]. Accumulating evidence suggests that doxorubicin also enhances anti-cancer 

immune responses [20]. One of the mechanisms of doxorubicin is triggering of immunogenic 

cell death (ICD), whereby dying cancer cells initiate a robust anti-tumor immune response [21]. 

Doxorubicin also induces anti-tumor immunity by down-regulating surface PD-L1 expression

of cancer cells [22]. Although doxorubicin induces translocation of PD-L1 to the nucleus 

concomitant with nuclear translocation of phospho-Akt [22], the molecular mechanism by

which doxorubicin down-regulates PD-L1 expression is not yet well understood.

We previously reported that doxorubicin increased expression of TTP in cancer cells [14]. 

We here demonstrate that doxorubicin enhances expression of TTP and decreases expression 

of PD-L1 in cancer cells. Specifically, TTP induced by doxorubicin binds to the 3′UTR within 

PD-L1 mRNA and enhances decay of PD-L1 mRNA. Inhibition of TTP using siRNA abrogated 

the inhibitory effect of doxorubicin on PD-L1 expression. Together, these studies identify a

novel mechanism by which doxorubicin down-regulates PD-L1 expression by enhancing TTP-

mediated degradation of PD-L1 mRNA in cancer cells.
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Materials and Methods 

Cell culture

Human breast cancer cell lines (MCF7 and MDA-MB-231) and lung cancer cell lines (A549 

and H1975) were obtained from the Korean Cell Line Bank (KCLB-Seoul, Korea). MDA-MB-

231 cells were cultured in Dulbecco’s modified Eagle medium. A549, H1975, and MCF7 cells 

were cultured in RPMI 1640 media. All cell lines were supplemented with 10% heat-inactivated 

fetal bovine serum (Welgene, Korea) and maintained at 37°C. To investigate induction of TTP, 

cells were treated with 1.5, 2, 2.5, or 3 mM doxorubicin (Sigma) and harvested at the indicated 

times.

Plasmids, small interfering RNAs, transfections, and dual-luciferase assays

The pcDNA6/V5-TTP construct was described previously [23]. Cells were transfected with 

pcDNA6/V5-TTP using TurboFect™ in vitro transfection reagent (Thermo Scientific). Small 

interfering RNAs (siRNAs) against human TTP (TTP-siRNA) and control siRNA (scRNA) 

were from Santa Cruz Biotechnology, Inc. MCF7 was transfected with TTP-siRNA or scRNA 

using Lipofectamine™ RNAiMAX (Invitrogen). Full length PD-L1 3′ UTR was amplified 

from MDA-MB-231 cDNA using PCR primers PD-L1 3′ UTR Full Up, 5′-CCGCTCGAGTCC

AGCATTGGAACTTCTGA-3′; PD-L1 3′ UTR Full Down, 5′-ATAAGAATGCGGCCGCAA

CTTTCTCCAC TGGGATGT-3′. PCR products were inserted into the XhoI/NotI sites of the 

psiCHECK2 Renilla/Firefly dual-luciferase expression vector (Promega) to generate psi-

CHECK2-PD-L1 3′ UTR Full. Oligonucleotides of the PD-L1 mRNA 3′UTR containing the 

first and the second AREs (Oligo-ARE-1,2W Up, 5′-TCGAGCAGTGTTGGAACGGGACAG

TATTTATGTATGAGTTTTTCCTATTTATTTTGAGTCTGTGAGGTCTTGC-3′; and Dow



48

n, 5′-GGCCGCAAGACC TCACAGACTCAAAATAAATAGGAAAAACTCATACATAAA

TACTGTCCCGTTCCAACACTGC-3′), the third ARE (Oligo-ARE-3W Up, 5′-TCGAGTCT

GCTGTGTACTTTGCTATTTTTATTTATTTTAGTGTTTCTTATATAGCAGAGC-3′; and 

Down, 5′-GGCCGCTCTGCTATATAAGAAACACTAAAATAAATAAAAATAGCAAAG

TACACAGCAGAC-3′), and a mutant oligonucleotide with the AUUUA motif in the third 

ARE substituted with AGCA (Oligo-ARE-3M Up, 5′-TCGAGT CTGCTGTGTACTTTGCTA

TTTTTAGCATTTTAGTGTTTCTTATATAGCAGAGC-3′; and Down, 5′- GGCCGCTCTG

CTATATAAGAAACACTAAAATGCTAAAAATAGCAAAGTACACAGCAGAC-3′, with 

restriction sites underlined) were synthesized by ST Pharm. Co., Ltd. (Korea). Oligonucleotides 

were inserted into the XhoI/NotI sites of the psiCHECK2 vector. For luciferase assays, cells 

were co-transfected with indicated psi-CHECK2-PD-L1 3′UTR constructs and pcDNA6/V5-

TTP. Transfected cells were lysed with lysis buffer and mixed with luciferase assay reagent 

(Promega). Chemiluminescent signal was measured using a microplate reader (SpectraMax L, 

Molecular Devices). Firefly luciferase was normalized to Renilla luciferase for each sample.

SDS-PAGE analysis and immunoblotting

Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes (GE 

Healthcare), and probed with appropriate dilutions of anti-TTP (Sigma), anti-PD-L1 (abcam), 

and anti- β -actin (Sigma). Immunoreactivity was detected using an ECL detection system (GE 

Healthcare). Films were exposed at multiple time points to ensure images were not saturated. 

If required, band densities were analyzed with NIH image software and normalized by 

comparison to densities of internal control β -actin bands.
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Quantitative real-time PCR and semiquantitative RT-PCR

Two micrograms of DNase I-treated total RNA was reverse transcribed using oligo-dT (Qiagen) 

and MMLV reverse transcriptase (Beamsbio). Quantitative real-time polymerase chain reaction 

(qRTPCR) was performed by monitoring increased fluorescence in real-time with SYBR Green 

dye (MasterMix-R, Abm) using a real-time PCR system (StepOnePlus™, Applied Biosystems). 

Semi-qRT-PCR used Taq polymerase 2X premix (Solgent) and appropriate primers. PCR 

primer pairs were: TTP Up, 5′-CGCTACAAGACTGAGCTAT-3′; and Down, 5′-GAGGTAG

AACTTGTGACAGA-3′; PD-L1 Up, 5′-ACCACCACCAATTCCAAGAG-3′; and Down, 5′-

TGGCTCCCAGAATTACCAAG-3′; GAPDH UP, 5′-ACATCAAGAAGGTGGTGAAG-3′; 

and Down, 5′-CTGTTGCTGTAGCCAAATTC-3′.

RNA kinetics

Actinomycin D (Sigma) was used for RNA kinetic analysis, and PD-L1 mRNA expression was 

assessed using qRT-PCR. MDA-MB-231 cells were treated with 2 mM doxorubicin for 24 h. 

After adding 5 mg/ml actinomycin D, cells were harvested at indicated times following addition 

of actinomycin D and PD-L1 mRNA levels were analyzed by qRT-PCR using the same PD-L1 

and GAPDH primer pairs as described above. The mRNA half-life was calculated by nonlinear 

regression using GraphPad Prism 5.00 software based on a one-phase exponential decay model.

Ribonucleoprotein immunoprecipitation assays

To determine binding of TTP to PD-L1 ARE, ribonucleoprotein (RNP) immunoprecipitation 

assays were conducted as described previously [23]. Briefly, MDA-MB-231 cells were co-

transfected with pcDNA6/V5-TTP and psiCHECK2-PD-L1-Oligo-ARE-3W or psiCHECK2-
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PD-L1-Oligo-ARE-3M for 24 h. To analyze the effect of doxorubicin on binding of TTP to 

PD-L1 ARE, MDA-MB-231 cells were transfected with psiCHECK2-PD-L1-Oligo-ARE-3W 

or psi-CHECK2-PD-L1-Oligo-ARE-3M for 24 h and further incubated in the presence of 2 

mM doxorubicin for 24 h. After incubation in 1% formaldehyde, cells were sonicated in 

modified radioimmune precipitation assay buffer containing protease inhibitors (Roche

Applied Science). RNP complexes were immunoprecipitated using protein G-agarose beads 

and anti-V5 Tag antibody (Genway Biotech), anti-TTP antibody (Sigma), or isotype control 

(Sigma). From RNA, cDNA was synthesized from RNA in the immunoprecipitates and the 

Renilla luciferase gene was amplified by PCR using Taq polymerase and Renilla luciferase-

specific primers (Up, 5′-ACGTGCTGGACTCCTTCATC-3’; and Down, 5′-GACACTCTCAG

CATGGACGA-3′). TTP proteins in immunoprecipitated samples were detected by Western 

blot using anti-V5 antibody or anti-TTP antibody. 

Statistical analysis

For statistical comparisons, p values were determined using Student’s t-test or one-way 

ANOVA.
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Result

PD-L1 expression is inversely correlated with TTP expression in human cancer cell lines

TTP and PD-L1 expression levels were first examined by semi-qRT-PCR and western blotting 

in MCF7, MDA-MB-231, A549, and H1975 cells. TTP level was high in MCF7 and A549 cells 

but low in MDA-MB-231 and H1975 cells. In contrast, the PD-L1 level in MCF7 and A549 

cells was low compared with that in MDA-MB-231 and H1975 cells (Figure 1A). We next 

determined whether overexpression of TTP reduces PD-L1 expression in MDA-MB-231 cells. 

Overexpression of TTP in MDA-MB-231 cells transfected with TTP expression vector 

(pcDNA6/V5-TTP) significantly inhibited the level of PD-L1 mRNA and protein (Figure 1B,

C). On the contrary, inhibition of TTP by siRNA increased the levels of PD-L1 mRNA and 

protein in MCF7 cells (Figure 1D, E). These results indicate that TTP downregulates PD-L1 

expression in human cancer cells.

Doxorubicin increases TTP expression and decreases PD-L1expression in cancer cells

We previously reported that doxorubicin induces expression of TTP in cancer cells [14]. These 

results suggest that doxorubicin may inhibit PD-L1 expression by inducing TTP expression in 

cancer cells. To evaluate this possibility, the expression levels of TTP and PD-L1 in MDA-

MB-231 and H1975 cells were analyzed after doxorubicin treatment. Doxorubicin treatment 

increased mRNA and protein levels of TTP but decreased mRNA and protein levels of PD-L1 

in a dose dependent manner (Figure 2A). 

We next tested whether TTP is required for doxorubicin mediated inhibition of PD-L1 

expression. TTP-depleted cells were treated with 2 mM doxorubicin, and PD-L1 expression 

was analyzed in MDA-MB-231 cells. Treatment with siRNA against TTP (TTP-siRNA) but 
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not scRNA attenuated the inhibitory effects of doxorubicin on PD-L1 expression in MDA-MB-

231 cells (Figure 2B). These results suggest that TTP mediates the inhibitory effect of 

doxorubicin on PD-L1 expression.

TTP decreases expression of mRNA containing PD-L1 3′ UTR in cancer cells

Analysis of human PD-L1 3′UTR revealed the presence of three AREs (Figure 3A). To 

determine whether down-regulation of PD-L1 expression by TTP was mediated through the 

PD-L1 mRNA 3′UTR, we used a luciferase reporter gene linked to the full length PD-L1 3′UTR 

containing all three AREs in the plasmid psiCHECK2. When MDA-MB-231 cells were 

transfected to overexpress TTP, luciferase activity was inhibited (Figure 3B). We next 

determined which AREs within the PD-L1 3′UTR were important for TTP activity. A luciferase 

reporter gene linked to oligonucleotides containing ARE-1 and ARE-2 (Oligo-ARE-1,2W) or 

ARE-3 (Oligo-ARE-3W) within the PD-L1 3′UTR in the plasmid psiCHECK2 were prepared. 

While the luciferase activity of Oligo-ARE-1,2W was not affected by TTP expression (Figure

3C), that of Oligo-ARE-3W was significantly inhibited (Figure 3D). To determine the 

importance of ARE-3W, a luciferase reporter gene containing mutant (Oligo-ARE-3M, 

containing AUUUA sequences substituted with AGCA) oligonucleotide was prepared. Oligo-

ARE-3M did not respond to TTP (Figure 3D). These results suggest that the third ARE within 

the PD-L1 mRNA 3′UTR was involved in TTP inhibitory activity. 

TTP binds to the third ARE motif, ARE-3, in PD-L1 mRNA 3′UTR and enhances PD-L1 

mRNA degradation

We next determined whether TTP interacted with ARE motifs of the PD-L1 3′UTR. MDA-



53

MB-231 cells were co-transfected with pcDNA6/V5-TTP and psiCHECK2-oligo-ARE-3W 

(oligo-ARE-3W) or psiCHECK2-oligo-ARE-3M (oligo-ARE-3M). After immunoprecipitation 

with anti-V5 or control antibody (IgG), the presence of TTP was determined by western blots 

using anti-V5 (Figure 3E, bottom). Amplified PCR product of luciferase mRNA was detected 

in immunoprecipitates from cells co-transfected with oligo-ARE-3W and pcDNA6/V5-TTP 

(Figure 3E, top). No PCR products were detected in samples from cells co-transfected with 

pcDNA6/V5-TTP and oligo-ARE-3M (Figure 3E, top) or from immunoprecipitates obtained 

using control antibody. To determine whether TTP induced inhibition of PD-L1 expression 

resulted from changes in the stability of PD-L1 mRNA, the half-life of this mRNA was 

measured by qRT-PCR. In control MDA-MB-231/pcDNA cells, the half-life of PD-L1 mRNA 

was 3.4 h after actinomycin D treatment. However, in TTP overexpressing cells, the half-life 

was reduced to 1.39 h in MDA-MB-231/TTP cells (Figure 3F). Collectively, these results 

demonstrate that TTP interacts with the third ARE motif within the PD-L1 3′UTR and enhances 

degradation of PD-L1 mRNA. 

Doxorubicin increases binding of TTP to PD-L1 3′UTR and PD-L1 mRNA decay

To determine whether the third ARE within the PD-L1 mRNA 3′UTR is responsible for 

doxorubicin induced down-regulation of PD-L1, a luciferase reporter gene linked to 

oligonucleotides containing wild-type ARE-3 (Oligo-ARE-3W) or mutant ARE-3 (Oligo-

ARE-3M) of the PD-L1 3′UTR in the plasmid psiCHECK2 was used. When cells were treated 

with 2 mM doxorubicin to induce TTP expression (Figure 2A), luciferase activity of Oligo-

ARE-3 was significantly inhibited, while Oligo-ARE-3M did not respond (Figure 4A). These 

results suggest that the third ARE within the PD-L1 mRNA 3′UTR was involved in doxorubicin 
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inhibitory activity. 

Next, we determined whether doxorubicin enhances binding of TTP to the AREs of PD-L1

3′UTR. MDA-MB-231 cells transfected with psiCHECK2-oligo-ARE-3W (oligo-ARE-3W) or 

psiCHECK2-oligo-ARE-3M (oligo-ARE-3M) were treated with 2 mM doxorubicin for 24 h, 

and ribonucleoprotein complexes were immunoprecipitated with anti-TTP or a control antibody. 

The presence of PD-L1 mRNA was analyzed by semi-qRT-PCR using PCR primers specific 

to the PD-L1 3′UTR. Doxorubicin treatment increased the PCR product in immunoprecipitates 

obtained using anti-TTP antibody, while PCR product was not detected using control antibody 

(Figure 4B). These data suggest that doxorubicin enhances binding of TTP with the ARE of 

PD-L1 3′UTR. We also determined whether doxorubicin enhances destabilization of PD-L1

mRNA in MDA-MB-231 cells. The half-life of PD-L1 mRNA was reduced from 4.5 h in 

untreated control MDA-MB-231 cells to 1.4 h in 2 mM doxorubicin treated MDA-MB-231 

cells (Figure 4C). Inhibition of TTP using siRNA attenuated doxorubicin mediated reduction 

of the half-life of PD-L1 mRNA (4.1 h) (Figure 4C). Taken together, the results indicate that 

doxorubicin enhances destabilization of PD-L1 mRNA and TTP mediates the doxorubicin 

induced destabilization of PD-L1 mRNA.
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Figure Legends

Fig. 1. PD-L1 expression is inversely correlated with TTP expression in human cancer cell 
lines. (A) TTP and PD-L1 expression levels in MCF7, MDA-MB-231, A549, and H1975
human cancer cell lines were determined by semi-qRT-PCR and Western blot (WB) analysis. 
(B & C) MDA-MB-231 cells were transfected with pcDNA6/V5-TTP or pcDNA6/V5 control
vector. (B) Semi-qRT-PCR (top) and Western blot analysis (bottom) for expression of TTP and 
PD-L1. (C) qRT-PCR for PD-L1 expression. Expression levels obtained with MDA-MB-
231/pcDNA cells were set to 1. Values are means ± SD (n ¼ 3). **, p < 0.01. (D & E) Inhibition 
of TTP by siRNA increases PD-L1 level in MCF7 cells. (D) Semi-qRT-PCR (top) and Western 
blot analysis (bottom) for expression of TTP and PD-L1. (E) qRT-PCR for PD-L1 expression. 
Expression levels obtained with MCF7/scRNA cells were set to 1. Values are means ± SD (n 
¼ 3). *, p < 0.05.
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Fig. 2. TTP is induced by doxorubicin and required for doxorubicin-mediated down-regulation 
of PD-L1. (A) MDA-MB-231 and H1975 cells were treated with indicated concentrations of 
DOX for 24 h. TTP and PD-L1 levels were measured by semi-qRT-PCR (top) and western 
blotting (bottom). (B) MDA-MB-231 cells were transfected with siRNA against TTP (TTP-
siRNA) or scRNA. After treatment with 2 mM DOX for 24 h, TTP and PD-L1 levels were 
measured by semi-qRT PCR (top) and western blotting (bottom).
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Fig. 3. TTP enhances decay of PD-L1 mRNA by binding to third ARE within its mRNA 3′UTR. 
(A) Schematic representation of luciferase reporter constructs used in this study. Full 3′UTR 
and oligonucleotides (Oligo) derived from 2705-bp-long PD-L1 mRNA 3′UTR were cloned in 
psiCHECK2 vector. White circles, wild-type (W) ARE; black circle, mutated (M) ARE. (B-D) 
MDA-MB-231 cells were co-transfected with pcDNA6/V5-TTP and psiCHECK2 construct 
containing (B) full 3′UTR, (C) oligonucleotide containing first and second wildtype AREs 
(Oligo-ARE-1,2W), or (D) oligonucleotides containing third wild-type ARE (Oligo-ARE-3W) 
or third mutated ARE (Oligo-ARE-3M). Luciferase values obtained from cells transfected with 
psiCHECK2 vector alone were set to 1. Values are means ± SD (n ¼ 3). **, p < 0.01. n.s., not 
significant. (E) Ribonucleoprotein complexes containing TTP in MDA-MB-231 cells were 
immunoprecipitated with protein G-agarose and anti-TTP or control antibody. PD-L1 mRNA 
in immunoprecipitates was amplified by semi-qRT-PCR. TTP in immunoprecipitates was 
detected by Western blot with anti-TTP antibody. (F) MDA-MB-231 cells were transfected 
with pcDNA6/V5-TTP or pcDNA6/V5 for 24 h. Expression of PD-L1 was determined by qRT-
PCR at indicated times after adding 5 mg/ml actinomycin D. Values are mean ± SD (n ¼ 3) 
(**p < 0.01).
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Fig. 4. Doxorubicin enhances TTP binding to PD-L1 3′UTR and degradation of PD-L1 mRNA 
in TTP-dependent manner. (A & B) MDA-MB-231 cells were transfected with psiCHECK2 
construct containing oligonucleotides with third wild-type ARE (Oligo-ARE-3W) or third 
mutated ARE (Oligo-ARE-3M) and treated with 2 mM DOX for 24 h. (A) Luciferase activity 
was normalized to firefly activity. Luciferase values obtained from cells transfected with 
psiCHECK2 vector alone were set to 1. Values are means ± SD (n ¼ 3). **, p < 0.01. n.s., not 
significant. (B) Ribonucleoprotein complexes containing TTP were immunoprecipitated with 
protein G-agarose and anti-TTP or control antibody. PD-L1 mRNA in immunoprecipitates was 
amplified by semi-qRT-PCR. Presence of TTP in immunoprecipitates was detected by Western 
blot with anti-TTP antibody. (C) MDA-MB-231 cells were transfected with siRNA against TTP 
(TTP-siRNA) or scRNA. After treatment with 2 mM DOX for 24 h, expression of PD-L1 
mRNA was determined by qRT-PCR at indicated times after addition of 5 mg/ml actinomycin 
D. Values are mean ± SD (n ¼ 3) (**p < 0.01).
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Discussion

In this study, we demonstrated that doxorubicin induced expression of TTP in cancer cells, 

which in turn binds to the AU-rich element within the PD-L1 3′UTR and enhances PD-L1

mRNA decay. Down-regulation of TTP abrogated the doxorubicin induced inhibition of PD-

L1 expression. all of these results suggest that doxorubicin inhibits PD-L1 expression by 

inducing TTP expression and enhancing TTP-mediated PD-L1 mRNA decay.

Doxorubicin can directly suppress cancer cell growth by targeting topoisomerase II and 

generating DNA damage [24]. In addition to its direct anti-proliferative functions, doxorubicin 

has been reported to suppress tumor growth by enhancing anti-tumor immunity [25,26]. One 

of the mechanisms by which doxorubicin stimulates anti-tumor immunity is through triggering 

of immunogenic cell death (ICD) [21]. In addition to these mechanisms, doxorubicin can 

induce anti-tumor immunity by down-regulating surface PD-L1 expression of cancer cells [22]. 

It is well-known that blocking interaction between PD-1 and PD-L1 [3] or downregulation of 

PD-L1 expression in cancer cells [27] enhances antitumor immunity and suppresses tumor 

growth. Although we did not determine the effect of doxorubicin on anti-tumor immunity, it is 

possible that doxorubicin enhances anti-tumor immunity through down-regulation of PD-L1 

by doxorubicin induced TTP.

We previously reported that the tumor suppressor p53 acts as an inducer for TTP in cancer 

cells; cancer cells with wild-type p53 express high levels of TTP, while cancer cells with mutant 

p53 express low levels of TTP [14]. Consistently, we found that MCF7 and A549 cells with 

wild-type p53 expressed higher TTP level than MDA-MB-231 and H1975 cells with mutant 

p53. We have also reported that, while 1 mM doxorubicin induced TTP expression in cancer 

cells with wild-type p53, it failed to induce TTP expression in cancer cells with mutant p53 
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[14]. These suggest that downregulation of PD-L1 by doxorubicin induced TTP may be 

restricted to cancer cells with wild-type p53. However, in this study, we found that 2 mM 

doxorubicin induced TTP expression in MDA-MB-231 cells with mutant p53, suggesting that 

high dose of doxorubicin can induce TTP regardless of p53 status. More work is needed to

determine which transcription factors are responsible for TTP induction in doxorubicin treated 

cancer cells with mutant p53.

In conclusion, our data provide a unique molecular mechanism for how doxorubicin 

enhances anti-tumor immunity. Importantly, our findings show that TTP induced by 

doxorubicin down-regulates PD-L1 expression by binding to PD-L1 3′UTR and enhancing PD-

L1 mRNA decay in cancer cells. These findings further highlight the important role of TTP in 

the anti-tumor activity of doxorubicin. Our findings establish that the anti-tumor activity of 

doxorubicin depends on TTP and PD-L1 mRNA 3′UTR and suggest novel insights regarding 

the therapeutic potential of doxorubicin for cancers, particularly in PD-L1-positive patients.
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암 세포에서 치료 표적으로서의 트리스테트라프롤린

김동준

지도교수: 박 정 우

초록

Hexokinase 2 (HK2) 와 PFKFB3는 해당 과정의 단계를 촉매하고 암 세포에서 up-

regulation 된다. Tristetraprolin (TTP)은 adenosine and uridine (AU)-rich element (ARE) 

결합 단백질이며 messenger RNA (mRNA) 분해를 촉진시켜 ARE를 함유하는

유전자의 발현을 억제하고 암세포에서는 TTP는 down-regulation 된다. 지금까지

HK2 와 PFKFB3의 발현이 암세포에서 어떻게 조절되는지를 설명하는 메커니즘은

아직 완전히 밝혀지지 않았다. 실험을 통해 TTP가 암 세포에서 HK2 와 PFKFB3

발현 억제에 중요한 역할을 한다는 것을 증명하려 한다. HK2 와 PFKFB3 mRNA는

3'-untranslated regions (3'-UTR) 내에 ARE를 함유하기 때문에 TTP는 HK2 와

PFKFB3 3'-UTR에 결합하여 HK2 와 PFKFB3 mRNA의 분해를 촉진한다. 그 결과, 

TTP의 과 발현은 HK2 와 PFKFB3 발현 수준을 감소시켰고 암세포에서의 glucose 

uptake와 glucose-6-phosphate, pyruvate, lactate의 생성과 같은 암세포의 해당능력을

억제하였다. 또한 TTP 과 발현은 암세포에서 세포 외 산성화 속도 (ECAR)와

산소 소비 비율 (OCR)을 억제하였다. 3'-UTR이 없는 HK2 와 PFKFB3의 발현은

암세포에서의 해당능력, ECAR 및 OCR에 대한 TTP의 억제 효과를 약화시켰다. 
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종합적으로 말하자면, 이러한 결과는 TTP가 암세포에서 HK2 와 PFKFB3 발현 및

glucose 대사의 negative regulator 로서 작용한다는 것을 시사한다.

PD-L1의 최근의 연구에서 Doxorubicin (DOX)이 PD-L1의 발현을 감소시킨다고

알려 졌다. 그러나 정확한 기전은 알려져 있지 않다. 그래서 이 논문에서는 DOX

가 TTP의 발현조절을 조절한다는 것을 확인하였고, 이렇게 증가된 TTP를 통해

PD-L1의 발현이 억제되는 것을 확인했다. DOX로 인해 증가한 TTP가 PD-L1의 3'

UTR에 있는 3rd ARE에 부착된다는 것을 확인하였고 이를 통해 PD-L1의 mRNA

분해를 증가시킨다는 것을 확인하였다. 이러한 자료들은 DOX 가 PD-L1을

분해하는데 있어서 TTP가 중요한 역할을 한다는 것을 의미한다.

이 논문에서는 TTP가 glucose 대사와 PD-L1의 발현조절에서 negative regulator

로서의 역할을 하여 암세포의 성장이나 면역 회피 기전을 억제할 수 있다는 것을

보여준다.  결과적으로 암세포 치료에 있어 TTP에 의한 새로운 기전을 제시한다.
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