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Abstract

In this study, we demonstrate that treatment of T lymphoblastic leukemic Molt4 cells with farnesol 

activates the apoptosome via the intrinsic pathway of apoptosis. This induction was associated 

with changes in the level of intracellular potassium and calcium, the dissipation of the 

mitochondrial and plasma membrane potential, release of cytochrome c, activation of several 

caspases, and PARP cleavage. The induction of apoptosis by farnesol was inhibited by the 

addition of the pan-caspase inhibitor Z-VAD-fmk and by the exogenous expression of the anti-

apoptotic protein Bcl2. Analysis of the gene expression profiles by microarray analysis revealed 

that farnesol increased the expression of several genes related to the unfolded protein response 

(UPR), including CHOP and CHAC1. This induction was associated with the activation of the 

PERK-eIF2α-ATF3/4 cascade, but not the XBP-1 branch of the UPR. Although farnesol induced 

activation of the ERK1/2, p38, and JNK pathways, inhibition of these MAPKs had little effect on 

farnesol-induced apoptosis or the induction of UPR-related genes. Our data indicate that the 

induction of apoptosis in leukemic cells by farnesol is mediated through a pathway that involves 

activation of the apoptosome via the intrinsic pathway and induction of the PERK-eIF2α-ATF3/4 

cascade in a manner that is independent of the farnesol-induced activation of MAPKs.
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1. Introduction

High intake of fruit and vegetables has been found to reduce cancer risk in several studies 

[1–4] and this has been in part attributed to increased consumption of pharmacologically 

active agents, including isoprenoids. Farnesol is naturally found with several related 

isoprenoids, including perillyl alcohol and geraniol, in many fruits and essential oils of many 

plants [1]. Isoprenoids are implicated in many biochemical and physiological processes, 

including lipid biosynthesis and the regulation of cell differentiation [5]. These isoprenoid 

alcohols also inhibit cell proliferation and induce apoptosis in a number of malignant cell 

lines [5–11] and exhibit anti-tumor and anti-carcinogenic effects in vivo [1,12–19]. 

Isoprenoid alcohols have been reported to act as chemopreventative agents in colon 

carcinogenesis and pancreatic cancer models in animals and anti-tumorigenic effects have 

also been observed in an initiation-promotion hepatocarcinogenesis model in rats [14]. A 

recent study showed that farnesol inhibited tumor growth and enhanced the anti-cancer 

effects of bortezomib in multiple myeloma xenografts in mice [20]. Administration of 

farnesol also significantly suppressed azoxymethane-induced formation of aberrant crypt 

foci and crypt multiplicity in the rat colon [15] and exhibited anti-genotoxic effects against 

benzo(a) pyrene by reducing DNA strand breaks and the formation of DNA adducts in vivo 

[13]. In addition to its anti-cancer effects, farnesol exhibits immunomodulatory properties. 

Recent studies showed that farnesol exhibited anti-inflammatory and anti-allergic effects in 

a mouse model of allergic asthma and suppressed cellular adaptive immunity [21,22]. A 

different study reported that farnesol ameliorated cigarette smoke extract-induced 

inflammation and lung injury [23] and inhibited lipopolysaccharide-induced neuro-

degeneration [24]. Together, the anti-cancer, anti-inflammatory and anti-allergic properties 

of farnesol have raised the potential of farnesol as a chemopreventative pharmacological 

agent as well as a putative therapeutic drug in the treatment of certain cancers and 

inflammatory diseases.

The sensitivity to farnesol-induced apoptosis varies widely among cancer cells. The 

mechanisms by which farnesol induces apoptosis varies greatlyamong cell types [5,11,25–

28]. Leukemia and lymphoma cells are particularly sensitive to farnesol-induced apoptosis 

[7–9,11]; however, little is know about its mechanism. To study this further, we examined 

the signaling pathways by which farnesol induces apoptosis in human T lymphoblastic 

leukemia Molt4 cells. We demonstrated that farnesol treatment results in the activation of 

the apoptosome as indicated by changes in the intracellular level of several cations, the 

dissipation of the mitochondrial membrane potential (ΔΨm) and plasma membrane 

potential, release of cytochrome c from the mitochondria into the cytoplasm, increased 

annexin V binding and poly(ADP-ribose) polymerase (PARP) cleavage, and induction of 

caspase activity. Comparison of the gene expression profiles of Molt4 cells treated with or 

without farnesol by microarray analysis revealed that in Molt4 cells farnesol induces a 

partial unfolded protein response (UPR). We further show that this increase is independent 

of the farnesol-induced activation of several mitogen-activated protein kinases (MAPKs). 

Our study indicates that farnesol-induced apoptosis in Molt4 cells is mediated through 

activation of the apoptosome via the intrinsic pathway and induction of a partial UPR. The 

greater sensitivity of leukemic and lymphoma cells to farnesol-induced apoptosis suggests 
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that these cells might be particularly good chemotherapeutic targets for cancer therapy using 

farnesol.

2. Materials and methods

2.1. Materials

Farnesol ([2E, 6E]-3,7,11-trimethyl-2,6,10-dodecatrien-1-ol) was obtained from Sigma (St. 

Louis, MO). Z-VAD-fmk was purchased from Kamiya Biomed. (Seattle, WA). The MEK1/ 

2 inhibitor U0126 was obtained from Promega (Madison, WI), and the p38 MAPK and JNK 

inhibitors, SB203580 and SP600125, respectively, were purchased from Calbiochem (La 

Jolla, CA).

2.2. Cell culture

The human T cell leukemia cell line Jurkat (clone E6-1) cells were obtained from the 

American Typing Culture Collection (ATCC, Manassas, VA). Human T lymphoblastic 

leukemia Molt4-Bcl2 and Molt4-hyg, derived through stable transfection of the expression 

vector pMEP with and without full length murine Bcl2, respectively, were provided by Dr. 

Y.A. Hannun (Department of Medicine, Duke University Medical Center, Durham, NC) 

[29]. DEL, an ALK-positive anaplastic large-cell lymphoma, was obtained from Dr. S. 

Mathas (Medical University, Berlin, Germany). Fibrosarcoma Ht1080 and Ht1080mut 

containing wild type p53 and mutant p53 were obtained from Dr. A. Merrick, NIEHS. All 

cells were cultured in RPMI-1640 medium (Gibco, Grand Island, NY) supplemented with 

10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 2 mM L-

glutamine, penicillin, and streptomycin (Gibco). The T-cell hybridoma cell line DO11.10 

was provided by Dr. B.A. Osborne (University of Massachusetts, Amherst, MA) and grown 

in RPMI-1640 medium supplemented with 10% horse serum (Hyclone Laboratories, Logan, 

UT). Farnesol was dissolved in DMSO and cells were treated with farnesol at the 

concentrations indicated or with vehicle control (0.1% DMSO final concentration).

2.3. Flow cytometry

For cell cycle analysis, cells were fixed in 70% ethanol and resuspended in PBS containing 

50 μg/ml of propidium iodide (PI; Sigma) and 0.1 mg/ml of DNase-free RNase A. The 

analysis of Annexin V binding was carried out using the ApoAlert Annexin V-FITC kit 

from Clontech (Mountain View, CA) according to the manufacturer’s protocol. Cells (106) 

were resuspended in 200 μl of binding buffer containing Annexin V-FITC and PI. Changes 

in mitochondrial membrane potential (ΔΨm) were measured by flow cytometry using 5,5′,

6,6′-tetrachloro-1,1′,3,3′-tetraethylben-zimidazolcarbocyanine iodide (JC-1; Thermo Fisher 

Sci., Carlsbad, CA). Cells (5 × 105) were incubated in 1 ml of culture media containing 10 

μM JC-1 for 30 min at 37 °C and analyzed as described [30]. Changes in the plasma 

membrane potential were measured by using DiBAC4 (Thermo Fisher Sci.). Cells (5 × 105) 

were resuspended in 1 ml of culture media containing 150 nM DiBAC4. For measuring the 

changes of intracellular K+, Na+, and Ca2 + level, PBFI, SBFI, and Fluo-3 (Thermo Fisher 

Sci.) were used, respectively. Cells (5 × 105) were pretreated with 75 μM farnesol for 4 h 

and then loaded with PBFI (10 μM), SBFI (10 μM), or Fluo-3 (5 μM) for 1 h. Flow 

cytometric analyses of labeled cells were performed using a FACSort (Becton Dickinson, 
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San Jose, CA) flow cytometer with CellQuest software (DNA, Annexin, JC-1, DiBAC4), or 

an LSRII (Becton Dickinson) flow cytometer with FACSDiVa software (PBFI, SBFI, 

Fluo-3).

2.4. Caspase activity assay and apoptosis detection ELISA

Cells treated with 75 μM farnesol and vehicle-treated cells (2 × 106 cells) were harvested at 

the times indicated and resus-pended in 50 μl of hypotonic buffer containing 25 mM HEPES 

(pH 7.4), 5 mM MgCl2, 5 mM EDTA, 5 mM DTT, and protease inhibitor cocktail (Sigma). 

Cells were then lysed by four cycles of freezing and thawing. Caspase activity was assayed 

using the CaspACETM Assay System (Promega, Madison, WI) in a Fluoroskan Ascent FL 

(Lab Systems, Kennett Square, PA) according to the manufacturer’s instructions. Apoptosis 

was measured with a Cell Death Detection ELISA Kit (Roche, Indianapolis, IN).

2.5. Western blot analysis

Cells were treated with 75 or 100 μM farnesol or vehicle at the times indicated and then 

washed twice with ice-cold PBS, pH 7.4, followed by centrifugation at 500 × g for 5 min. 

The cell pellet was resuspended in 500 μl of extraction buffer, containing 220 μM mannitol, 

68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 

mM dithiothreitol (DTT) and protease inhibitors (Cocktail, Sigma). After 30 min incubation 

on ice, cells were homogenized using a Sonifier (Branson). Cell homogenates were 

centrifuged at 14,000 × g for 15 min. The supernatants were removed and stored at −70 °C. 

Cytosolic proteins were examined by Western blot analysis with antibodies specific for 

cytochrome c (7H8.2C12, Pharmingen, San Diego, CA), caspase-9, -3, PARP, p-p38, p38, 

p-ERK, ERK, p-JNK, JNK, eIF2α (Cell Signaling Technology, Danvers, MA) and 

secondary antibodies conjugated to horseradish peroxidase (EDM Millipore, Billerica, MA) 

followed by visualization by enhanced chemiluminescence (Pierce) following the 

manufacturer’s protocol. To examine autophagy, Western blot analysis was performed using 

an antibody against LC3 (Cell Signaling Technology). Proteins were quantified using 

ImageQuant TL software analysis (GE Healthcare, Piscataway, NJ). The intensities of the 

experimental bands minus the background were normalized against the intensity of β-actin 

bands minus the background.

2.6. Quantitative real-time PCR (QRT-PCR)

Cells treated with farnesol or vehicle at the concentration and time indicated, were collected 

and RNA was isolated using TriReagent (Sigma) following the manufacturer’s protocol and 

was reversed-transcribed using a high capacity cDNA archive kit according to the 

manufacturer’s instructions (Applied Biosystems, Foster City, CA). QRT-PCR reactions 

were performed as described previously using the POWER SYBER® Green PCR master 

mix (Applied Biosystems) [11]. The forward and reverse oligonucleotide primers for ATF3 

(5′-CTGCAGAAAGAGTCGGAG, 5′-TGAGCCCG-GACAATACAC), GRP78 (5′-

CCAGAATCGCCTGACACCTG, 5′-AGCACTAGCAGATCAGTGTC), CHAC1 (5′-

CCTGAAGTACCTGAATGT-GC-GAGA, 5′-GCAGCAAGTATTCAAGGTTGTGGC), 

and CHOP (5′-GAAACGG-AAACAGAGTGGTCATTCCCC, 5′-

GTGGGATTGAGGGTCA-CATCATTGGCA) were purchased from Sigma. PCR assays 
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were performed using the 7300 Real Time PCR System (Applied Biosystems). All results 

were normalized relatively to the 18S rRNA or GAPDH transcripts and are presented as 

mean ± SD of three independent experiments. No significant differences were observed in 

the relative expression pattern when data were normalized against 18S or GAPDH. The 

nonconventional splicing of X-box binding protein 1 (XBP1) mRNA was examined by 

reverse transcription-PCR (RT-PCR) using 5′-CCTTGTAGTTGAGAACCAGG and 5′-

GGGGCTTGGTATATATGTGG as primers. This will amplify both unspliced (XBP1u) and 

spliced (XBP1s) XBP1 mRNAs. The siRNAs to knockdown CHAC1 and CHOP expression 

were obtained from Dharmacon (Lafayette, CO).

2.7. Microarray analysis

Microarray analyses were carried out by the NIEHS Microarray Group (NMG) using 

Agilent whole human genome oligo arrays (14850) (Agilent Technologies, Palo Alto, CA) 

following the Agilent 1-color microarray-based gene expression analysis protocol as 

described previously [11]. Total RNA was isolated from Molt4 cells treated with vehicle or 

75 μM farnesol for 4 h using Qiagen (Germantown, MD) RNeasy Mini Kit and subsequently 

amplified using the Agilent Low RNA Input Fluorescent Linear Amplification Kit protocol. 

RNA from 3 independent experiments was analyzed in duplicate. Hybridizations were 

performed as described previously [11]. The Agilent Feature Extraction Software performed 

error modeling, adjusting for additive and multiplicative noise. The resulting data were 

processed using the Rosetta Resolver® system (version 7.2) (Rosetta Biosoftware, Kirkland, 

WA). In order to identify differentially expressed probes, analysis of variance (ANOVA) 

was used to determine if there was a statistical difference between the means of groups. In 

addition, we used a multiple test correction to reduce the number of false positives. 

Specifically, an error-weighted ANOVA and Benjamini–Hochberg multiple test correction 

with a p value of p <0.01was performed using Rosetta Resolver (www.rosettabio.com). The 

microarray data discussed in this study have been deposited in the NCBI’s Gene Expression 

Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) as GSE46670.

2.8. Measurement of intracellular reactive oxygen species (ROS)

The generation of intracellular ROS was measured by using the oxidation-sensitive 

fluorescent dye 5-(and-6)-carboxy-2′,-7′-dichlorofluorescein diacetate (DCFH-DA; Thermo 

Fisher Sci.). Molt4 cells were incubated with 20 μM DCFH-DA for 30 min. The DCFH-DA 

loaded cells were then seeded in 96-well plate (20,000 cells/well) and subsequently treated 

with 100 μM farnesol in the presence or absence of 300 μM vitamin C or 100 μM butylated 

hydroxyanisol (BHA). After excitation at 480 nm, fluorescence intensity at 530 nm was 

measured at 30 or 60 min intervals using a CytoFluor 2350 Fluorescence Measurement 

system (Millipore, Bedford, MA).

3. Results

3.1. Farnesol inhibits the proliferation of human T lymphoblastic leukemia cells

Previous studies have shown that farnesol inhibits the proliferation of a number of different 

carcinoma cell lines [5–7,11]. As shown in Fig. 1, farnesol treatment greatly inhibited the 

growth of and induced cell death in the lymphoblastic leukemia cell lines, Molt4-hyg and 
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Jurkat, which contain mutant p53, as well as the anaplastic large-cell lymphoma cell line 

DEL, the murine T cell lymphoma S49, and the T cell hybridoma DO11.10 cells. The 

anaplastic lymphoma kinase (ALK)-positive DEL cells were as sensitive as the ALK-

negative Molt4-hyg and Jurkat cells. The inhibition of cell proliferation by farnesol was 

concentration-dependent and observed at concentrations as low as 10 μM (Fig. 1A). All 

lymphoma cell lines showed a much greater sensitivity to the growth–inhibitory effects of 

farnesol than the fibrosarcoma Ht1080 cells (Fig. 1A) and several lung carcinoma cell lines, 

as reported previously [11]. No significant difference in farnesol sensitivity was observed 

between Ht1080 cells containing wild type or mutant p53. Of the more sensitive cell lines, 

Molt4-hyg was selected to further investigate the induction of apoptosis by farnesol.

To determine the effect of farnesol on cell cycle progression, propidium iodide stained cells 

were analyzed by flow cytometry. As shown in Fig. 1C, treatment of Molt4-hyg cells with 

farnesol for 8 h and 16 h caused a substantial increase in the sub-G1/G0 population 

constituting dead cells. At 8 h and 16 h, this percentage was 21.4% and 55.6%, respectively.

To determine whether this sub-G1/G0 population constituted apoptotic cells, Molt4-hyg cells 

were treated with 75 μM farnesol and at different time points cells were analyzed for the 

induction of several apoptotic markers, including the cysteine proteases, caspase-9 and 

caspase-3, and the caspase-3 target PARP-1. Western blot analysis showed that farnesol 

treatment of Molt4-hyg cells induced proteolytic cleavage of caspase-9, caspase-3, and 

PARP-1 (Fig. 2A and B). Cleavage of these proteins was observed as early as 2 h after the 

addition of farnesol and increased further at 4 and 6 h of treatment. The activation of 

caspases was supported by the increased cleavage of the fluorogenic substrate Ac-YVAD-

AMC by cellular extracts from farnesol-treated cells. The activation of caspases by farnesol 

was dose-dependent (Fig. 2C), while the addition of the pan-caspase inhibitor Z-VAD-fmk 

totally blocked farnesol-induced caspase-3-like activity (Fig. 2D). The induction of 

apoptosis was supported by the increase in the percentage of the annexin-Vhigh cell 

population (Fig. 2E). Together these results indicated that the increase in the sub-G1/G0 

population in farnesol-treated Molt4-hyg cells is due to the induction of apoptosis. No 

changes in the autophagy markers, LC3I and LC3 II, was observed suggesting that farnesol 

did not induce autophagy in Molt4 cells (not shown).

3.2. Bcl-2 inhibits farnesol-induced cellular apoptosis

Bcl-2 functions as an anti-apoptotic protein and with other members of the family play a 

critical role in regulating apoptosis in a number of cell systems [29,31]. To determine 

whether Bcl-2 was able to inhibit farnesol-induced apoptosis, we examined the effect of 

farnesol in Molt4-Bcl2 cells, a stable cell line ectopically expressing Bcl-2. Fig. 1B shows 

that Molt4-Bcl2 cells were significantly less sensitive to the growth–inhibitory effects of 

farnesol than control Molt4-hyg cells. Cell cycle analysis demon-strated that the apoptotic 

sub-G1/G0 population was substantially smaller in farnesol-treated Molt4-Bcl2 cells than 

Molt4-hyg cells (Fig. 1C and D); at 16 h 15% of the Molt4-Bcl2 cells were in the sub-G1/G0 

population, compared to 55.6% of the Molt4-hyg cells. The decreased sensitivity of Molt-

Bcl2 cells to farnesol-induced apoptosis was further supported by the lower percentage of 

annexin Vhigh cells (Fig. 2E) and the reduced induction of caspase activity (Fig. 2F).
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The mitochondrial membrane potential (ΔΨm) plays a critical role in the early phase of 

apoptosis [32]. To determine the effect of farnesol on ΔΨm, the ΔΨm was examined by 

monitoring the fluorescence of the cationic lipophilic cationic probe JC-1 that has the unique 

property of forming J-aggregates (red fluorescence) under high mitochondrial ΔΨm 

conditions and the monomeric form (green fluorescence) when ΔΨm is low [30]. Fig. 3A 

shows that treatment of Molt4-hyg with 75 μM farnesol resulted in increased formation of 

JC-1 monomers suggesting that farnesol-induced apoptosis in Molt4-hyg cells is 

accompanied by a reduction in ΔΨm. To determine whether this collapse of ΔΨm was 

dependent on caspase activation, cells were treated with the pan-caspase inhibitor Z-VAD-

fmk. Z-VAD-fmk did not block the formation of JC-1 monomers suggesting that the 

collapse of ΔΨm was not dependent on caspase activation (Fig. 3C). As shown in Fig. 3B 

and C, the farnesol-induced dissipation of ΔΨm was significantly reduced in Molt4-Bcl2 

cells.

Dissipation of the ΔΨm can lead to a release of cytochrome c from mitochondria into the 

cytoplasm and subsequently result in the formation of the apoptosome and activation of 

caspase-9 [33,34]. As shown in Fig. 3D and E, treatment of Molt4-hyg cells with farnesol 

induced the release of significant amounts of cytochrome c into the cytoplasm. This release 

was greatly inhibited in Molt4-Bcl2 cells.

3.3. Farnesol changes intracellular cation levels and induces plasma membrane 
depolarization

While externalization of membrane phosphatidylserine, depolarization of the mitochondrial 

membrane potential, and activation of caspases are characteristics of the apoptotic process, 

plasma membrane depolarization and loss of intracellular potassium are also critical early 

steps during apoptosis [35,36]. Analysis of changes in plasma membrane potential showed 

that farnesol induced depolarization of the plasma membrane in Molt4-hyg cells by 

approximately 15%, that was partially inhibited by the addition of the pan-caspase inhibitor 

ZVAD (Fig. 4). In contrast, overexpression of Bcl-2 largely prevented plasma membrane 

depolarization upon farnesol treatment. Interestingly, farnesol treatment resulted in an 

increase in cell size (increased forward scattered light), regardless of the presence or absence 

of Bcl-2. However, a loss of cell size is observed for the depolarized population of cells, 

characteristic of apoptosis.

Cationic fluxes have been shown to play a critical role in regulating cell shrinkage, plasma 

membrane depolarization, as well as activation of caspases and apoptotic nucleases [35–37]. 

As shown in Table 1 and Fig. 5, farnesol induced a loss of intracellular potassium, along 

with an increase in intracellular sodium in Molt4-hyg cells. In contrast, Molt4-Bcl-2 cells 

showed very little change in these intracellular ions (Table 1 and Fig. 5). Moreover, only 

Molt4-hyg cells capable of undergoing apoptosis upon farnesol treatment, but not Molt4-

Bcl2 cells, showed an increase in intracellular calcium, characteristic of this mode of cell 

death (Table 1 and Fig. 5). Together, these data suggest that the loss of intracellular 

potassium along with the increase in intracellular sodium and calcium correlates with cells 

undergoing apoptosis.
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3.4. Farnesol-induced changes in gene expression in Molt4 cells

To obtain greater insight into the mechanism by which farnesol induced apoptosis in Molt4 

cells, we compared the gene expression profiles between Molt4-hyg cells treated for 4 h 

with vehicle (DMSO) or with 75 μM farnesol by microarray analysis. We treated at 

suboptimal conditions to focus on early changes in apoptosis-related gene expression. This 

analysis revealed that 185 and 280 genes were, respectively, induced or repressed more than 

1.5 fold in farnesol-treated Molt4-hyg cells. The full data set is available at NCBI’s Gene 

Expression Omnibus as GSE46670. Based on their roles in ER stress, cell death and 

proliferation, a selective list of differentially regulated genes is shown in Table 2. In Molt4-

hyg cells, farnesol induced the expression of several UPR-related genes, including the 

activating transcription factor 3 (ATF3), DNA damage-inducible transcript 3 (DDIT3 or 

CHOP/ GADD153), and homocysteine-inducible, ER stress-inducible, ubiquitin-like 

domain member 2 (HERPUD2); however, the expression of another UPR-related gene, the 

chaperone GRP78 (BIP/HSPA5), was down regulated. In addition, farnesol altered the 

expression of several other apoptosis and cell proliferation related genes, including the 

cation transport regulator-like protein 1 (CHAC1) and chloride intracellular channel 4 

(CLIC4) (Table 2).

The differential expression of several of these genes was confirmed by QRT-PCR analysis. 

Farnesol induced ATF3 and CHAC1 expression in a concentration-dependent manner (Fig. 

6A). Moreover, ATF3, CHAC1, and CHOP mRNA expression was increased in a time-

dependent manner upon the addition of farnesol, whereas the expression of GRP78 was 

decreased (Fig. 6B). The induction of CHAC1 mRNA was the most dramatic and increased 

about 200-fold after 4 h of farnesol treatment. Although Bcl-2 inhibited farnesol-induced 

cell death in Molt4 cells (Figs. 1 and 2), it did not block the changes in ATF3, GRP78, and 

CHAC1 mRNA expression suggesting that this induction was independent of Bcl-2 (Fig. 

6C). Thus, Bcl-2 was able to inhibit apoptosis despite the increase in UPR-related gene 

expression suggesting this induction was not sufficient to induce apoptosis in Molt4 cells. 

Both CHOP or CHAC1 play critical roles in apoptosis in some cell types; however, 

knockdown of CHOP or CHAC1 by siRNAs had little effect on farnesol-induced apoptosis 

(not shown) suggesting that they are not an absolutely requirement for the induction of 

apoptosis in Molt4 cells.

ER stress triggers the UPR and activation of the PERK-eIF2α and IRE1-XBP1 pathways, 

which subsequently leads to induction of UPR-related genes, such as CHOP and CHAC1. 

Fig. 6D and E shows that farnesol caused an increase in phosphorylated eIF-2α; however, 

farnesol did not induce alternative splicing of XBP1 in Molt4-hyg cells (Fig. 6F). These 

results indicate that farnesol-induced ER stress in Molt4-hyg cells activates the PERK-

eIF2α, but not the IRE1-XBP1 branch of the UPR, suggesting that only a partial activation 

of the UPR.

3.5. Activation of MEK/ERK1/2, p38, and JNK pathways

Several mitogen-activated protein kinases (MAPK), including MEK/ERK1/2, p38, and JNK, 

have been implicated in the regulation of the ER stress response and apoptosis. We, 

therefore, analyzed whether farnesol had any effect on the activation of these MAPKs in 
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Molt4-hyg cells. As shown in Fig. 7A and B, activation of ERK1/2 and p38 occurred as 

early as 15–30 min after the addition of farnesol, while activation of JNK was observed 3–4 

h later. However, inhibition of MEK/ERK1/2, p38, and JNK activation by U0126, 

SB203580, and SP600125, respectively, had little effect on farnesol-induced cell death in 

Molt4-hyg cells (Fig. 7C). These results suggested that activation of these MAPKs did not 

play a critical role in farnesol-induced apoptosis in Molt4-hyg cells. Study of the effect of 

MAPK inhibitors on the induction of ER-stress-related genes showed that neither U0126 nor 

SB203580 blocked farnesol-induced expression of ATF3, CHAC1, and CHOP mRNA (Fig. 

7D). These results are in contrast to data obtained with H460 cells in which the MEK 

inhibitor U0126, but not the p38 inhibitor, effectively inhibited the induction of ATF3 and 

CHAC1 mRNA in H460 cells (Fig. 7D, right panel). These results indicate that mechanism 

of the farnesol-induced activation of the UPR is independent of MEK/ERK1/2, p38, and 

JNK activation.

Farnesol also enhanced the generation of reactive oxygen species (ROS) in Molt4 cells, 

which has been implicated in the growth–inhibitory effects of farnesol. And although 

vitamin C and butylated hydroxyanisol (BHA) blocked the generation of ROS, they did not 

greatly affect PARP cleavage (Fig. 8).

4. Discussion

Alcohol isoprenoids, including farnesol, perillyl alcohol, and geranylgeraniol, exhibit anti-

tumor and anti-carcinogenic effects as well anti-inflammatory and anti-allergic properties in 

vivo [1,12–17]. These studies have suggested that these agents might be useful in 

chemoprevention as well as in the treatment of certain cancers and inflammatory diseases. 

High intake of fruit and vegetables has been found to reduce leukemia risk [1–4], which 

might be in part attributed to increased consumption of farnesol and related isoprenoids. In 

this study, we demonstrate that farnesol effectively inhibits the growth of human T 

lymphoblastic leukemia cells by inducing apoptosis as indicated by increased caspase 

activation, annexin V binding, and PARP cleavage. Permeabilization of the outer 

mitochondrial membrane and the subsequent release of cytochrome c have been reported to 

play a critical role in the intrinsic pathway of apoptosis [32–34]. The released cytochrome c 

interacts with Apaf1, which subsequently undergoes oligomerization forming a complex 

referred to as the apoptosome. The apoptosome then activates the initiator caspase 9, which 

subsequently leads to the activation of downstream executioner caspases, such as caspase 3. 

In this study, we demonstrate that treatment of Molt4 cells with farnesol causes a reduction 

in mitochondrial membrane potential (ΔΨm), suggesting opening of the permeability 

transition pores (PTP), that subsequently results in the release of cytochrome c from the 

mitochondria into the cytoplasm, and activation of caspases 9 and 3. Additionally, farnesol-

induced apoptosis in Molt4 cells was associated with externalization of phosphatidylserine, 

plasma membrane depolarization, a loss of intracellular potassium, and an increase in 

intracellular sodium and calcium. In total, these observations support the concept that the 

induction of cell death by farnesol in Molt4 is mediated by the activation of the apoptosome 

through the intrinsic apoptotic pathway.
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The intrinsic pathway is tightly regulated by members of the Bcl-2 family, which among 

other things control mitochondrial membrane integrity [38,39]. Pro-apoptotic members, such 

as Bax, oligomerize and form pores in the outer mitochondrial membrane that cause release 

of cytochrome c, while anti-apoptotic proteins, such as Bcl-2, inhibit this process. We show 

that expression of Bcl-2 in Molt4 cells inhibit depolarization of the mitochondrial membrane 

potential, the release of cytochrome c and caspase activation consistent with the conclusion 

that farnesol activates the intrinsic pathway of apoptosis. Furthermore, we show that 

expression of Bcl-2 in Molt4 cells results in the absence of many hallmarks of apoptosis 

including a subdiploid peak of DNA, externalization of phosphatidylserine, plasma 

membrane depolarization, along with the changes the intracellular ions. Bcl-2 has been 

reported to regulate the expression of several ion channels and might control K+ levels by 

regulating the expression and/or activity of potassium channels [36,40–43]. Interestingly, 

farnesol treatment of Molt4 cells induced cell swelling (Fig. 4; forward scatter) that occurred 

independently of Bcl-2 expression. The varying degree of change in intracellular sodium 

coupled with the increase in cell size upon farnesol treatment, regardless of the presence of 

absence of Bcl-2, supports the hypothesis that sodium may play a more vital role in changes 

in cell size, while the loss of potassium controls the progression of the apoptotic process 

[35,36]. Finally, Bcl-2 family members have also been reported to play a critical role in the 

control of calcium homeostasis and regulate ER as well as mitochondrial calcium dynamics 

during apoptosis [37,41,43]. For example, high Ca2+ can cause loss of mitochondrial 

potential thereby initiating the intrinsic apoptotic pathway. Our observed increase in 

intracellular Ca2+ levels that is prevented by the expression of Bcl-2 is consistent with a role 

of calcium dynamics in the induction of farnesol-induced apoptosis in Molt4 cells.

The signaling pathways involved in farnesol-induced apoptosis are not yet fully understood 

and appear to greatly depend on cell type [5]. The generation of reactive oxygen species 

(ROS) has implicated in the growth–inhibitory effects of farnesol in mammalian cells, fungi, 

and yeast [5,44,45]. Although we showed that farnesol also enhanced the generation of ROS 

in Molt4 cells, co-treatment with vitamin C or butylated hydroxyanisol (BHA) blocked the 

generation of ROS, but did not significantly affect PARP cleavage suggesting that the 

generation of ROS is not the direct cause of farnesol-induced cell death in Molt4 cells.

To obtain greater insights into the mechanism involved in the induction of apoptosis in 

lymphoblastic leukemia Molt4 cells by farnesol, we carried out microarray analysis to 

compare the gene expression profiles between human Molt4-hyg cells treated with farnesol 

or vehicle. This analysis showed that farnesol treatment affected the expression of a large 

number of genes and revealed that farnesol induced the expression of a select group of genes 

implicated in UPR signaling [26,46]. Interestingly, farnesol induced the expression of the 

UPR-related genes, ATF3, CHOP, HERPUD1 and 2, and ATF4, whereas the expression of 

several other UPR-related genes was either not significantly changed or down-regulated, 

such as GRP78. Interestingly, GRP78 functions as an anti-apoptotic protein and plays a role 

in the recovery from ER stress [47]. Its down-regulation might inhibit the rescue from ER 

stress-induced apoptosis and part of the mechanism by which Molt4 cells are more sensitive 

to farnesol-induced apoptosis than other cells, such as H460, in which GRP78 is induced 

[11]. We further show that farnesol enhances eIF2α phosphorylation (Fig. 6D and E), but 

has no effect on the alternative splicing of XBP1 (Fig. 6F), suggesting that farnesol activates 
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the PERK-eIF2α, but not the IRE1-XBP1 branch of the UPR indicating that in Molt4 cells 

farnesol appears to induce only a partial UPR response. This is in contrast to the farnesol-

induced ER stress response observed in human lung carcinoma H460 cells, which is 

associated with the induction of many UPR-related genes, including, ATF3, CHOP, XBP1, 

GRP78, GRP94, PDIA4, and HERPUD1, as well as by the alternative splicing of XBP1 

[5,11]. And although farnesol activates several MAPK pathways, as indicated by the 

increased phosphory-lation of ERK1/2, JNK and p38, in contrast to H460 cells [11], 

inhibition of these MAPK pathways by chemical inhibitors did not affect the apoptotic index 

or the induction of the UPR-related genes, ATF4 and CHOP. Recent studies have revealed 

that ATF4 and/or CHOP directly regulate the transcription of ATF3, SARS, HERPUD1, and 

SLC3a2 [46], all of which are also increased in farnesol-treated Molt4 cells (Table 2). These 

observations suggest that the increased expression of these genes in Molt4 cells is related to 

the increased expression and activation of ATF4 and CHOP. Together, these results are 

consistent with the concept that activation of the PERK-eIF2α pathways leads to activation 

of the ATFs and the subsequent induction of UPR genes, such as CHOP and CHAC1 in a 

manner that is independent of the activation of MEK/ERK or the JNK and p38 pathways. 

Down-regulation of CHOP or CHAC1 expression had little effect on farnesol-induced 

apoptosis suggesting that these functionally different proteins act independently from each 

other in inducing apoptosis in Molt4 cells and have redundant roles in farnesol-induced 

apoptosis. Although Molt4-Bcl2 cells are greatly resistant to farnesol-induced apoptosis, 

UPR-related genes are induced to the same extent as in Molt4-hyg cells suggesting that 

induction of the UPR is not sufficient to induced apoptosis. However, the activation of a 

partial UPR response might contribute to increased sensitivity of Molt4 cells to farnesol-

induced apoptosis.

Interestingly, CHAC1 was one of the genes most dramatically induced by farnesol in Molt4 

cells. Although not well-studied, a recent report demonstrated that CHAC1 functions as a 

pro-apoptotic protein in endothelial cells and its expression was found to be directly 

regulated by ATF4 and ATF3 through a bipartite ATF/CRE site in its promoter [48–50]. 

Thus, the induction of the ATF4-ATF3-CHOP cascade and increased CHAC1 expression in 

farnesol-treated Molt4 cells is consistent with a link between the regulation of CHAC-1 and 

ATF4/ATF3 pathway. As ATF3 and CHOP, the induction of CHAC1 was independent of 

the activation of MAPKs. Recently, CHAC1 was found to function as a γ-glutamyl 

cyclotransferase in yeast [50,51]. Increased CHAC1 expression depletes yeast cells from 

glutathione and reduces the cell’s protection against ROS-induced apoptosis, which could be 

reversed by the addition of glutathione. However, the addition of glutathione had little effect 

on farnesol-induced apoptosis in Molt4 cells (data not shown) consistent with our 

conclusion that ROS is not the immediate cause of farnesol-induced apoptosis in these cells.

In summary, in this study we show that farnesol effectively induces apoptosis in human T 

lymphoblastic leukemia Molt4 cells by activating the apoptosome through the intrinsic 

pathway of apoptosis. Increased expression of Bcl-2 inhibits this induction. Comparison of 

gene expression profiles indicated that this induction is accompanied by activation of the 

PERK-eIF2 α-ATF3/4, but not the IRE1-XBP-1 branch of the UPR. Although farnesol 

activates the JNK, MEK/ERK1/2, and p38 MAPK pathways, the induction of this cascade is 

independent of the activation of these MAPK pathways. A recent study indicated that the 
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sensitivity to farnesol is independent of drug resistance genes and the expression of p53, the 

EGF receptor and several genes involved in apoptosis [3]. It was suggested that farnesol 

may possess a novel mechanism of action that may bypass drug resistance to established 

chemotherapeutics. These observations together with those in this study suggest that 

farnesol might be particularly effective in the prevention or treatment of leukemic and 

lymphomas cells.
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Abbreviations

ATF activating transcription factor

ALK anaplasic lymphoma kinase

CHAC1 cation transport regulator like protein 1

ER endoplasmic reticulum

JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz-imidazolcarbocyanine iodide

MAPK mitogen-activated protein kinase

PARP-1 poly(ADP-ribose) polymerase-1

eIF2α eukaryotic translation initiation factor 2A

PI propidium iodide

UPR unfolded protein response

GRP78 78 kD glucose-regulated protein

XBP1 X-box binding protein 1

Z-VAD-fmk benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone
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Fig. 1. 
Inhibition of proliferation and induction of apoptosis in T lymphoblastic Molt4-hyg and 

Molt4-Bcl2 cells. (A) Molt4-hyg, Jurkat, DEL, DO11.10, Ht1080, and Ht1080mut cells 

were treated for 24 h with farnesol at the concentrations indicated before cell number was 

determined. Each error bar represents mean ± SE; *indicates statistically different from 

vehicle-treated control (p <0.01). (B) Effect of Bcl-2 expression on the farnesol-induced 

inhibition of Molt4 cell proliferation. Molt4-hyg and Molt4-Bcl2 cells, that overexpress 

Bcl-2, were treated with farnesol at the concentrations indicated and 16 h later the relative 

cell number determined and plotted. *Indicates statistically different from vehicle-treated 

control and from farnesol-treated Molt4-Bcl2 cells (p <0.01). (C and D) Cell cycle analysis. 

Molt4-hyg and Molt4-Bcl2 cells were treated with 75 μM farnesol or vehicle in the presence 

or absence of Z-VAD-fmk as indicated. At 0 (control), 8 and 16 h cell cycle distribution was 

performed as described in Section 2. The percentage of the cells in sub-G1/G0 is indicated.
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Fig. 2. 
Induction of apoptosis in farnesol-treated Molt4-hyg cells. (A) Molt4-hyg cells were treated 

with 75 μM farnesol for the times indicated. Total cell lysates were isolated and examined 

by Western blot analysis with antibodies recognizing full-length and cleaved caspase-3, 

caspase-9, and PARP. β-Actin was used as a control for equal loading. Shown are 

representative images of two independent experiments. (B) The levels of cleaved PARP, 

caspase 9 and 3 shown under A were quantitated as described in Section 2. Intensities were 

normalized against β-actin. The relative levels were plotted. (C) Dose-dependent induction 

of caspase activity by farnesol. (D) Molt4-hyg cells were pretreated with pan-caspase 

inhibitor Z-VAD-fmk (10 μM) for 30 min before the addition of farnesol (75 μM) and 8 h 

later analyzed for caspase-3-like activity. (E and F) Bcl2 inhibits farnesol-induced apoptosis 

in Molt4 cells. Molt4-hyg and Molt4-Bcl2 cells were treated with 75 μM farnesol and at the 

time intervals indicated cells were collected and assayed for annexin V binding (E) and 

caspase 3-like activity (F). Each error bar represents mean ± SE; *indicates statistically 

different from vehicle-treated Molt4-hyg control and farnesol-treated Molt4-Bcl2 cells (p 

<0.01).
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Fig. 3. 
Farnesol induces dissipation of the mitochondrial membrane potential and release of 

cytochrome c in Molt4 cells. (A and B) Molt4-hyg and Molt4-Bcl2 cells were treated with 

75 μM farnesol or vehicle (DMSO) for 8 h before JC-1 aggregation, a measurement of 

mitochondrial membrane potential, was examined by flow cytometry. The percent 

monomers and aggregates are indicated. (C) In contrast to expression of Bcl-2, the pan-

caspase inhibitor Z-VAD-fmk does not affect the dissipation of the mitochondrial potential 

in farnesol-treated Molt4-hyg cells. Cells were treated with farnesol in the presence or 

absence of the Z-VAD-fmk and at the times indicated the percent JC-1 monomers 

determined. *Indicates statistically different from vehicle-treated Molt4-hyg control and 

farnesol-treated Molt4-Bcl2 cells (p <0.01). (D) Release of cytochrome c (Cytos. Cyt. C) in 

the cytoplasm. Cells were collected at the times indicated and cytosolic fractions analyzed 

by Western blot analysis using a cytochrome c-specific antibody. Shown are representative 

images of two independent experiments. (E) The levels of Cytos. Cyt. C shown under A 

were quantitated and normalized against β-actin and plotted. (For interpretation of the 

references to color in text, the reader is referred to the web version of this article.)
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Fig. 4. 
Farnesol induced depolarization of plasma membrane potential in Molt4 cells. (A) Molt4-

hyg and Molt4-Bcl2 cells were treated with 75 μM farnesol for 8 h with or without Z-VAD-

fmk. Then changes in the plasma membrane potential were measured using DiBAC4 as 

described in Section 2. (B) Time course of plasma membrane depolarization.
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Fig. 5. 
Effect of farnesol on the intracellular level of potassium, sodium, and calcium of Molt4-hyg 

and Molt-Bcl2 cells. Cells were treated with 75 μM farnesol or vehicle for 4 h and then 

loaded with PBFI, SBFI, and Fluo-3 to measure the intracellular level of K+, Na+, and Ca2+, 

respectively, as described in Section 2.
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Fig. 6. 
Farnesol enhances the expression of ATF3, GRP78, CHOP, and CHAC1 in Molt4-hyg cells. 

(A) Molt4-hyg cells were treated with farnesol at the concentrations indicated. 6 h later, 

RNA was collected and analyzed for ATF3 and CHAC1 mRNA expression by QRT-PCR as 

described in Section 2. (B) Molt4-hyg cells were treated with 100 μM farnesol and at the 

times indicated cells were collected and analyzed for ATF3, GRP78, CHOP, and CHAC1 

mRNA expression by QRT-PCR. Each value is the mean ± SD of three separate 

experiments. *Indicates statistically different from vehicle-treated Molt4-hyg control (p 

<0.01). (C) Bcl-2 does not block the farnesol-induced changes in ATF3, CHAC1, and 

GRP78 mRNA expression in Molt4 cells. Molt4-hyg and Molt4-Bcl2 cells were treated with 

farnesol or vehicle and analyzed as described under A. (D) Farnesol (100 μM) increased 

phosphorylation of eIF2αconsistent with activation of the PERK-eIF2αbranch of the UPR. 

(E) The levels of p-eIF2αshown under A were quantitated and normalized against β-actin as 

described in Section 2. (F) Farnesol does not induce alternative splicing of XBP1 mRNA in 
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Molt4 cells. Molt4-hyg cells (1–3) were treated with 100 μM farnesol for 4 h before RNA 

was isolated and the presence of unspliced and spliced forms of XBP1 (XBP1u and XBP1s, 

respectively) were analyzed by RT-PCR. H460 cells were used as a positive control.

Joo et al. Page 22

Biochem Pharmacol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Farnesol-induced activation of p38, ERK1/2, and JNK in Molt4-hyg cells. (A) Molt4-hyg 

cells were treated with 75 μM farnesol. At the time intervals indicated cell lysates were 

examined by Western blot analysis with antibodies against phosphorylated p38 MAPK (p-

p38 MAPK), total p38 MAPK, phosphorylated ERK1/2 (p-ERK), total ERK1/2, 

phosphorylated JNK (p-JNK), and total JNK. (B) The levels of p-p38, p-ERK, and p-JNK 

shown under A was quantitated and normalized against β-actin as described in Section 2. (C) 

Molt4-hyg cells were pretreated with vehicle C, p38 MAPK inhibitor SB203580 (SB, 10 

μM), JNK inhibitor SP600125 (SP, 10 μM), or MEK inhibitor U0126 (U, 10 μM) for 30 min 

and then treated with 75 μM farnesol for 6 h before apoptotic index was determined using a 

cell death detection ELISA kit. (D) Effect of MEK1/2 and p38 inhibitors on the induction of 

ATF3, GRP78, CHOP, and CHAC1 in Molt4-hyg and H460 cells. Cells were pretreated 
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with MEK inhibitor U0126 (10 μM) or p38 inhibitor SB203580 (10 μM) for 30 min and then 

treated with farnesol. After 4 h cells ATF3, GRP78, CHOP, and CHAC1 mRNA expression 

were evaluated by QRT-PCR as described in Section 2. Each value is the mean ± SD of 

three separate experiments. *Indicates statistically different from vehicle-treated Molt4-hyg 

or H460 control (p <0.01).
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Fig. 8. 
Farnesol-induced apoptosis in Molt4-hyg cells is independent of ROS generation. Cells were 

treated with 100 μM farnesol or vehicle for 4 h in the presence or absence of vitamin C or 

BHA. ROS and PARP cleavage were analyzed as described in Section 2. Results show that 

vitamin C and BHA inhibited ROS, but did not block PARP cleavage suggesting that 

farnesol-induced apoptosis was independent of ROS generation.
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Table 1

Percent change in the intracellular K+, Na+, and Ca2+ in farnesol-treated Molt4-hyg and Molt4-Bcl2 cells.

K+

Control Farnesol

High K+ Low K+ High K+ Low K+

Molt4-hyg 97.4% ± 0.1 2.6% ± 0.1 83.7% ± 2.7 16.3% ± 2.7

Molt4-Bcl2 98.5% ± 0.3 1.5% ± 0.3 95.3% ± 1.5 4.7% ± 1.5

Na+ Control Farnesol

High Na+ Low Na+ High Na+ Low Na+

Molt4-hyg 2.3% ± 0.1 97.7% ± 0.1 19.6% ± 2.9 80.4% ± 2.9

Molt4-Bcl2 4.0% ± 2.7 96.0% ± 2.7 5.3% ± 3.8 94.7% ± 3.8

Ca2+ Control Farnesol

High Ca2+ Low Ca2+ High Ca2+ Low Ca2+

Molt4-hyg 2.5% ± 0.2 97.5% ± 0.2 39.1% ± 13.9 60.9% ± 13.9

Molt4-Bcl2 3.8% ± 0.8 96.2% ± 0.8 4.0% ± 0.2 96.0% ± 0.2
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Table 2

Farnesol-induced changes in gene expression in Molt4-hyg cells.

Gene name Description GeneBank # Fold change

ER stress

ATF3 Activating transcription factor 3 NM_004024 2.8

DDIT3 (CHOP/GADD153) DNA-damage-inducible transcript 3 NM_004083 1.8

HERPUD2 HERPUD family member 2 BC035153 1.6

HERPUD1 HERPUD family member 1 NM_014685 1.5

ATF4 Activating transcription factor 4 NM_001675 1.3

GRP78 78 kD glucose-regulated protein (BIP/ HSPA5) NM_005347 −2.5

Cell death

SESN2 Sestrin 2 NM_031459 4.3

CHAC1 ChaC, cation transport regulator homolog 1 NM_024111 4.0

SARS Seryl-tRNA synthetase AK022339 2.7

CLIC4 Chloride intracellular channel 4 NM_013943 2.4

FOXA3 Forkhead box A3 NM_004497 2.3

PTK2B (PYK2) PTK2B protein tyrosine kinase 2 beta NM_173174 2.0

SLC3a2 Solute carrier family 3, member 2 NM_002394 1.9

PDCD6IP Programmed cell death 6 interacting protein NM_013374 1.5

Bcl2L11 Bcl2-like 11 BF675199 −1.3

NAIP (BIRC1) NRL family, apoptosis inhibitory protein BF675199 −1.3

PDCD7 Programmed cell death 7 NM_005707 −1.3

BAX BCL2-associated X protein NM_004324 −1.3

NAIF1 Nuclear apoptosis inducing factor 1 BC021580 −1.3

MLL Myeloid/lymphoid or mixed-lineage leukemia NM_005933 −1.3

DRAM Damage-regulated autophagy modulator NM_018370 −1.4

XAF1 XIAP associated factor 1 NM_017523 −1.4

PRKDC Protein kinase, DNA-activated, catalytic polypeptide NM_006904 −1.4

MAGI3 Membrane associated guanylate kinase, WW and PDZ domain containing 3 NM_020965 −1.4

P53AIP1 p53-regulated apoptosis-inducing protein 1 AB045831 −1.5

PPP1R13B Protein phosphatase 1, regulatory (inhibitor) subunit 13B NM_015316 −1.5

EP300 E1A binding protein p300 NM_001429 −1.5

FANCG Fanconi anemia, complementation group G NM_007126 −1.6

DHCR24 24-dehydrocholesterol reductase NM_014762 −1.6

ACIN1 Apoptotic chromatin condensation inducer 1 NM_014977 −1.6

PDCD1 Programmed cell death 1 NM_005018 −1.7

RAG1 Recombination activating gene 1 NM_000448 −2.1

AATK Apoptosis-associated tyrosine kinase AB014541 −2.6

Proliferation

JDP2 Jun dimerization protein 2 NM_130469 5.3

NANOG Nanog homeobox NM_024865 2.0

FGF7 Fibroblast growth factor 7 NM_002009 2.0
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Gene name Description GeneBank # Fold change

CDK11B Cyclin-dependent kinase 11B NM_005605 1.5

CDC25A Cell division cycle 25 homolog A NM_001789 −1.3

CDC2L1 Cell division cycle 2-like 1 (PITSLRE proteins) NM_033487 −1.3

APPL1 Adaptor protein, phosphotyrosine interaction NM_012096 −1.4

MKI67 PH domain and leucine zipper containing 1 antigen identified by monoclonal 
antibody Ki-67

NM_002417 −1.4

CBFA2T2 Core-binding factor, runt domain, alpha subunit 2, translocated to 2 AK021595 −1.4

ZEB1 Zinc finger E-box binding homeobox 1 NM_030751 −1.4

PDAP1 PDGFA associated protein 1 NM_014891 −1.5

PA2G4 Proliferation-associated 2G4 NM_006191 −1.5

AR Androgen receptor NM_000044 −1.5

MTCP1 Mature T-cell proliferation 1 AK095886 −1.5

CDCA2 Cell division cycle associated 2 NM_152562 −1.8

MPHOSH8 M-phase phosphoprotein 8 NM_017520 −1.8

Others

SLC7A11 Solute carrier family 7 NM_014331 5.1

PCK2 Phosphoenolpyruvate carboxykinase 2 NM_004563 3.8

CEBPB CCAAT/enhancer binding protein, beta NM_005194 3.3

LMO2 LIM domain only 2 (rhombotin-like 1) NM_005574 2.8

CEACAM21 Carcinoembryonic antigen-related cell adhesion molecule 21 NM_033543 2.8

FOXA3 Forkhead box A3 NM_004497 2.3

MMP14 Matrix metallopeptidase 14 NM_004995 2.2

EGR1 Early growth response 1 NM_001964 2.2

HDAC5 Histone deacetylase 5 NM_005474 1.8

KLF13 Kruppel-like factor 13 NM_015995 −1.7

MPHOSPH8 M-phase phosphoprotein NM_017520 −1.8

GDF10 Growth differentiation factor 10 NM_004962 −1.8

CEBPA CCAAT/enhancer binding protein, alpha NM_004364 −2.1
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