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Abstract

Human GLTP on chromosome 12 (locus 12q24.11) encodes a 24 kD amphitropic lipid transfer 

protein (GLTP) that mediates glycosphingolipid (GSL) intermembrane trafficking and regulates 

GSL homeostatic levels within cells. Herein, we provide evidence that GLTP overexpression 

inhibits the growth of human colon carcinoma cells (HT-29; HCT-116), but spares normal colonic 

cells (CCD-18Co). Mechanistic studies reveal that GLTP overexpression arrested the cell cycle at 

the G1/S checkpoint via upregulation of cyclin-dependent kinase inhibitor-1B (Kip1/p27) and 

cyclin-dependent kinase inhibitor 1A (Cip1/p21) at the protein and mRNA levels, and 

downregulation of cyclin-dependent kinase-2 (CDK2), cyclin-dependent kinase-4 (CDK4), cyclin 

E and cyclin D1 protein levels. Assessment of the biological fate of HCT-116 cells overexpressing 

GLTP indicated no increase in cell death suggesting induction of quiescence. However, HT-29 

cells overexpressing GLTP underwent cell death by necroptosis as revealed by phosphorylation of 

human mixed lineage kinase domain-like protein (pMLKL) via receptor-interacting protein 

kinase-3 (RIPK-3), elevated cytosolic calcium, and plasma membrane permeabilization by 

pMLKL oligomerization. Overexpression of W96A-GLTP, an ablated GSL binding site mutant, 
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failed to arrest the cell cycle or induce necroptosis. Sphingolipid assessment (ceramide, 

monohexosylceramide, sphingomyelin, ceramide-1-phosphate, sphingosine, and sphingosine-1-

phosphate) of HT-29 cells overexpressing GLTP revealed large decreases (>5-fold) in 

sphingosine-1 -phosphate with minimal change in 16:0-ceramide, tipping the ‘sphingolipid 

rheostat’ (S1P/16:0-Cer ratio) towards cell death. Depletion of RIPK-3 or MLKL abrogated 

necroptosis induced by GLTP overexpression. Our findings establish GLTP upregulation as a 

previously unknown suppressor of human colon carcinoma HT-29 cells via interference with cell 

cycle progression and induction of necroptosis.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer in United States. In spite of 

substantial improvement in early diagnosis and relatively successful prevention strategies, 

annual deaths from CRC continue to exceed 50,000 people [1,2]. Sphingolipids (SLs) play 

pivotal roles in cell growth and metabolism and their emerging importance in colon cancer is 

becoming more and more evident [3–7]. SL metabolite upregulation that stimulate apoptosis 

(e.g. ceramide) has been investigated as an avenue to supplement and enhance 

chemotherapeutic-induced apoptosis. Yet, it has become clear that CRC along with many 

cancers develop resistance to apoptosis [8]. An emerging strategy for circumventing 

apoptosis resistance is to identify and explore ways to induce alternate pathways of 

programmed cell death to combat cancer progression [9–12].

Human glycolipid transfer protein (GLTP) is a small (24kD) amphitropic protein encoded at 

chromosome 12 (locus 12q24.11) that mediates the non-vesicular trafficking of various 

glycosphingolipids (GSLs) [13–15], some which have established roles in surface adhesion, 

neurodegeneration, differentiation, drug resistance, and apoptosis [16]. GLTP possesses a 

unique all α-helical conformation, arranged in a two layer ‘sandwich motif’ that forms a 

single ‘pocket-like’ glycolipid binding site, i.e. GLTP-fold, and defines the GLTP 

superfamily [15,17,18]. In vivo changes in GLTP expression alter not only the homeostatic 

levels of certain GSLs involved in cell-cell contact and surface adhesion, but also modulate 

cell shape changes in certain human cancer cell lines [19]. Cell shape changes often serve as 

phenotypic indicators of programmed cell death processes (e.g. apoptosis, autophagy, 

pyroptosis, necroptosis).

Necroptosis, a regulated form of necrosis, has generated much recent interest in cancer 

therapeutics primarily as a potential means for induction of the caspase-independent cell 

death pathway when apoptosis induction is compromised [20,21]. Necroptosis triggers 

tumor necrosis factor-alpha (TNFα), a multifunctional cytokine with a long history of 

involvement in cell death and survival, immunity, inflammation, and cancer treatment [22]. 

Necroptosis is regulated by the kinase activities of receptor-interacting proteins 1 (RIPK-1) 

and 3 (RIPK-3), the latter being a major component of the necrosome complex [23]. 
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Necrosome assembly results in RIPK-3 activation via phosphorylation at Ser227. Activated 

RIPK-3 phosphorylates Thr357 and Ser358 of human mixed lineage kinase domain-like 

(MLKL) protein, stimulating MLKL oligomerization and translocation to the plasma 

membrane, resulting in pore formation and vesicle ‘bubbling’ that compromises membrane 

barrier integrity to enable osmotically-driven cell death, i.e. necroptosis [24–27]. MLKL 

phosphorylation and translocation to the plasma membrane appear to depend upon an early 

rise in cytosolic Ca2+ via activated ion channels that may include Transient Receptor 

Potential Melastatin 7 (TRPM7) [26]. The early uptick in Ca2+ levels also triggers Ca2+-

calmodulin kinase (CaMK) II-mediated phosphorylation of RIPK-1 [28].

SLs as such glucosylceramide, certain gangliosides, sphingosine-1-phosphate (S1P), 

ceramide-1-phosphate (C1P), and ceramide have long been implicated in Ca2+ regulation 

within cells [29,30]. Robust cytosolic and mitochondrial Ca2+ elevations reportedly are 

elicited by elevated lyso-galactosylceramide (pyschosine) and accompanied by 

mitochondrial reactive oxygen species (ROS) production in oligodendrocytes. Extracellular 

Ca2+ chelation or antioxidant treatment decreased intra-mitochondrial ROS production and 

increased cell viability [31]. Given the important role of Ca2+ in necroptosis, emerging links 

between sphingolipid intracellular levels and necroptosis are not surprising [16,32–34]. 

FTY720, a sphingosine analogue, induces necroptotic cell death and suppresses lung tumor 

growth [33]. TNFα-induced ceramide upregulation associated with necroptosis, and not 

apoptosis, is mitigated by the antioxidant, butylated hydroxyanisole [35]. TNFα-induced 

necroptosis is also antagonized by docosahexaenoic acid in part by attenuation of cellular 

ceramide levels [34]. In such ways, SLs help regulate cellular longevity and modulate cell 

death, i.e. apoptosis and necroptosis [36,37].

In the present study, we provide evidence that overexpression of human GLTP inhibits colon 

cancer cell proliferation by interfering with cell cycle progression. Unlike HCT-116 cells 

which became quiescent, HT-29 cells overexpressing GLTP exhibited RIPK-3-mediated 

phosphorylation of MLKL, increased intracellular Ca2+ levels and induction of cell death via 

necroptosis. The discovery of necroptosis induction by changes in GLTP expression could 

potentially provide a new avenue for combating cancer progression.

2. Materials and Methods

2.1. Cell lines and treatments

Human colon cancer cell lines [HT-29 (ATTC HTB-38) and HCT-116 (ATTC CCL-247)] as 

well as normal colon cell line CCD-18Co (ATCC, CRL-1459) were obtained from the 

American Type Culture Collection (ATCC), Manassas, VA. Cells were grown in DMEM 

medium (HyClone GE Healthcare, SH30022.01) supplemented with 10% fetal bovine serum 

(FBS; Thermo Scientific, 10082147) and penicillin/streptomycin (Thermo Scientific, 

15140122) at 5% CO2 and 37°C. GLTP overexpression and depletion were confirmed by 

western blot analyses (Supplemental Fig. S1). TurboGFP-GIPZ lentiviral shRNAmir 

constructs for GLTP, RIPK-3, MLKL and non-targeting (scrambled) control shRNAs were 

supplied by the University of Minnesota Genomics Center (http://genomics.umn.edu/rna-

interference.php).
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2.2. Cell growth and viability assays

Cells were plated at 5000 cells/cm2 and transfected with different vectors using 

Lipofectamine 2000 (Invitrogen, 11668-019). At 24, 48 and 72 h post transfection, total cells 

were collected by brief trypsinization and washed with PBS. Total cell number was 

determined by counting each sample in duplicate using a hemocytometer under an inverted 

microscope. Cell viability was measured using trypan blue exclusion assay. Briefly, cells 

were plated in a six well plate and were subjected to treatment/transfection following day. At 

24, 48 and 72 h post transfection, cells were harvested by trypsinization and were 

resuspended in phosphate-buffered saline (PBS). The cell suspension was then mixed with 

an equal volume of 0.4% trypan blue solution prepared in PBS. The number of live cells 

(unstained) over the total number of cells was calculated as the percentage of viability. Each 

treatment and time point involved three independent plates. The data shown are the mean of 

three independent experiments.

2.3. FACS analysis for cell cycle distribution

Seeded cells were harvested, fixed with ice-cold 70% ethanol, and kept overnight at −20°C. 

Cells were then washed twice with PBS followed by incubation with 200 μg/ml RNase A 

and 20 μg/ml propidium iodide in PBS at room temperature for 30 min in the dark. The 

samples were subjected to flow cytometry using the FACS Calibur flow cytometer and data 

were analyzed using ModFit LT (Verity Software House, Inc., Topsham, ME).

2.4. Quantitative real-time PCR analysis

To evaluate mRNA transcript levels, qPCR was performed as previously described [38]. 

Briefly, total RNA was isolated using Trizol kits (Invitrogen, 15596026). RNA (1 μg) was 

reverse transcribed using Superscript III reverse transcriptase (Invitrogen, 18080093) and 

forward and reverse primers (Table S1). Transcript levels were quantified using qPCR 

SYBR® green assay (Applied Biosystems, 4367659) and primer sequences specific to 

genes.

2.5. Western blot analysis and reagents

Semiconfluent cells were collected by manual scraping, lysed in RIPA buffer (Thermo 

Scientific, 89900), pelleted at 4°C by centrifugation at 16,000 × g, for 15 min, and boiled in 

Laemmli sample buffer (Bio-Rad, 1610737). Proteins were separated on 12% discontinuous 

SDS-PAGE gels (Bio-Rad, 4561043EDU), transferred to PVDF membranes (Bio-Rad, 

1620177), and immunolabeled using commercial antibodies. Antibodies used were: CDK2 

(Cell Signaling Technology, 2546), CDK4 (Cell Signaling Technology, 12790), Kip1/p27 

(Rockland Immunochemicals Inc.,600-401-K08S), Cip1/p21 (Cell Signaling Tech., 2946), 

GLTP (Proteintech Inc., 10850-I-AP), Cyclin D1 (Cell Signaling Tech., 2978), Cyclin E 

(Santa Cruz Biotech., sc-247), Actin (BD Biosciences, 612656) Caspase3 (Cell Signaling 

Tech., 9662), cleaved CASP3-Asp175 (Cell Signaling Tech., 9661), PARP (Cell Signaling 

Tech., 9542), cleaved PARP-Asp214 (Cell Signaling Tech., 9541), p-MLKL (ab187091; 

Abcam), MLKL (GeneTex Inc. GTX107538), RIPK-3 (Cell Signaling Tech., 95702), 

Tubulin (Cell Signaling Tech., 86298). Immunoreactive bands were detected by 

chemiluminescence (ImageQuant LAS4000 system, GE Healthcare, MA, USA).
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2.6. Cell death analyses by flow cytometry

Cells were evaluated at 24 and 48 h post-transfection using a FACSCalibur flow cytometer 

(BD Biosciences, CA, USA) with the ANXA5/Annexin V-allophycocyanin/APC detection 

kit (BD Biosciences, 561012) according to the manufacturer’s recommendations. Briefly, 

cells were trypsinized, washed with 2.5% FBS in PBS, and incubated with ANXA5-

allophycocyanin plus 7-AAD/7-amino actinomycin D PE/phycoerythrin-Cy5/cyanine 5 in 

binding buffer at room temperature for 5 min in the dark. Stained cells were analyzed for PS 

exposure via ANXA5-APC signal in the FL1 detector (660/20 bandpass filter) and for dead 

cell DNA binding via 7-AAD PE-Cy5 signal in the FL2 detector (670/14 bandpass filter). 

Early apoptotic cells stained positive for ANXA5 and negative for 7AAD (lower right 

quadrant) whereas late apoptosis or necroptosis stained positive for both ANAXA5 and 

7AAD (upper right quadrant). Distinction of necroptosis versus apoptosis was confirmed by 

treatment of cells with either with pan caspase inhibitor z-VAD-FMK (Sigma Aldrich, 

627610) or necroptosis inhibitor necrosulfonamide (Tocris, 5025).

2.7. Immunofluorescence staining and analysis

Cells were grown on polylysine (Sigma-Aldrich, P4707)-coated glass coverslips as 

described earlier [74]. Briefly, after transfection with plasmids encoding FLAG-GLTP, mock 

transfected Control vector or TSZ treatment, cells were labelled with p-MLKL antibody 

(ab187091; Abcam) followed by secondary antibodies coupled to Alexa Fluor 594 (Thermo 

Scientific, A-11037) as described in the figure legends, washed with PBS and fixed for 20 

min at room temperature with 4%paraformaldehyde (Sigma-Aldrich, P6148). Cells were 

then counter-stained with DAPI (Sigma-Aldrich, 10236276001), washed and mounted in 

10% PBS, 90% glycerol (Sigma-Aldrich, G5516) on glass slides. The fixed cells were 

imaged with a 63× /1.4 NA apochromatic CS oil-immersion objective on a Apotome.2 

imaging system (Carl Zeiss Microscopy, NY) and analyzed using ZEN 2.3 lite software 

from Zeiss. Necroptosis was assessed in a minimum of 20 cells per preparation in 3 

independent experiments.

2.8. Calcium measurement by FIuo-3/AM ester

For Ca2+ measurement, cells were incubated post transfection with 5 μM Fluo-3/AM ester 

(Sigma-Aldrich, 39294) for 30 min at 37 °C. To analyze for Ca2+ origin (intra- or 

extracellular), cells were pretreated either with BAPTA-AM or EDTA (Sigma-Aldrich, 

196419 or E6511).

2.9. Sphingolipidomics analyses

Sphingolipids were prepared and analyzed as previously described [39–41]. Briefly, a 200 μl 

aliquot of PBS was added to the cell pellet and transferred to glass screwcap vials. After cell 

pellet transfer, 10 μl of 250 pmol/μl sphingolipid internal standard (Avanti Polar Lipids) was 

added to each sample (d18:1/12:0 species to sphingomyelin, ceramide, and 

monohexosylceramide), (d17:1 sphingosine to sphingosine and sphingosine-1-phosphate, 

and d17:0 sphinganine to sphinganine and sphinganine-1-phosphate), prior to extraction 

using a modified Bligh-Dyer protocol (1 ml CH3OH) + 0.5 mol CHCl3). The resulting 

mixtures were sonicated to disperse aggregates followed by incubation for 6 h at 48°C. After 
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incubation, the extracts were transferred to a new glass tube, dried down, resuspended in 

CH3OH (500 μl) by sonication, centrifuged, and transferred to 1.5 ml LC injection vials.

Sphingolipids were separated using a Shimadzu Nexera X2 LC-30AD ultra-performance LC 

(UPLC) column coupled to a SIL-30AC auto injector, coupled to a DGU-20A5R degassing 

unit in the following way. An 8 min. reversed phase LC method utilizing an Acentis Express 

C18 column (5 cm × 2.1 mm, 2.7 μm) was used to separate the sphingolipids at a 0.5 ml/min 

flow rate at 60°C. The column was equilibrated with 100% Solvent A 

[methanol:water:formic acid (58:44:1, v/v/v) with 5mM ammonium formate] for 5 min and 

then 10 μl of sample was injected. 100% Solvent A was used for the first 0.5min of elution. 

Solvent B [methanol:formic acid (99:1, v/v) with 5mM ammonium formate] was increased 

in a linear gradient to 100% Solvent B from 0.5min to 3.5min. Solvent B was held constant 

at 100% from 3.5 min to 6 min. From 6 min to 6.1 min min solvent B was reduced to 0%, 

and solvent A returned to 100%. Solvent A was held constant at 100% from 6.1 min to 8 

min.

Sphingolipids were analyzed via mass spec using an AB Sciex Triple Quad 5500 Mass 

Spectrometer. Q1 and Q3 were set to detect distinctive precursor and product ion pairs. Ions 

were fragmented in Q2 using N2 gas for collisionally induced dissociation. Analysis used 

multiple-reaction monitoring in positive-ion mode. Sphingolipids were monitored using 

precursor → product MRM pairs [41]. The mass spectrometer parameters used were: 

Curtain Gas: 30 psi; CAD: Medium; Ion Spray Voltage: 5500 V; Temperature: 500 °C; Gas 

1: 60 psi; Gas 2: 40 psi; Declustering Potential, Collision Energy, and Cell Exit Potential 

vary per transition.

2.9. Statistical analyses

Data are expressed as the mean ± SE of at least 3 separate experiments performed in 

triplicate. The Student t test and one-way ANOVA (analysis of variance) were performed 

using GraphPad Prism 5 (GraphPad Software, Inc. La Jolla, CA) to compare differences 

between groups. P values < 0.05 were considered statistically significant. Significant 

differences are indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) obtained using 

the Student t-test.

3. Results

3.1. GLTP overexpression inhibits proliferation of human colon carcinoma cells, but 
spares normal colonic cells

Changes in GLTP expression are known to influence cell morphology and intracellular 

sphingolipids levels in human cells [19,42]. Because previous studies showed a strong 

correlation between altered sphingolipid levels and the initiation and progression of colon 

cancer [5,9], we tested the effect of altered GLTP expression in HT-29 and HCT-116 colon 

cancer cell (Supplemental Fig. S1). wtGLTP overexpression was found to significantly 

reduce the proliferation of HT-29 (Fig. 1A) and of HCT-116 (Supplemental Fig. S2) cells, 

but did not affect the growth rate of normal human colon cells, CCD-18Co (Fig. 1B). No 

significant change in HT-29 cell proliferation was produced by overexpression of W96A-
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GLTP mutant with ablated glycolipid binding and transfer ability [18] or wtGLTP depletion 

by siGLTP.

3.2. GLTP overexpression inhibits cell cycle progression of human colon carcinoma cell 
lines

We next examined the effect of GLTP overexpression on cell cycle progression. HT-29 and 

HCT-116 cells overexpressing FLAG-GLTP were stained with saponin/propidium iodide 

(PI) and subjected to FACS analysis. Figs. 2A and 2B show that G0/G1 cell populations 

increased at the expense of the S phase cell populations after 48 h of GLTP overexpression. 

Similar findings also were observed at 24 h post transfection (Supplemental Fig. S3).

3.2. GLTP overexpression upregulates Kip1/p27 and Cip1/p21 levels and modulates CDKs

In most cancer cells, high expression of cyclins accompanies the increased CDK activity that 

is a major contributor to the deregulated and unchecked cell proliferation [43,44]. 

Accordingly, we analyzed whether GLTP overexpression modulates the expression of G0/G1 

CDKs and cyclins in HT-29 cells. Fig. 3A shows western blot analyses that illustrate the 

moderate-to-strong decreases in the expression of cyclin D1 and cyclin E found in HT-29 

cells overexpressing GLTP. In contrast, the changes were minimal when mutant GLTP 

(W96A) was overexpressed and nonexistent with RNAi-induced GLTP depletion compared 

to control cells.

To gain additional insights into the molecular mechanism of the observed cell cycle arrest, 

we examined Kip/Cip protein family involvement by evaluating the expression levels of 

cyclin-dependent kinase (CDK) inhibitor 1B (Kip1/p27) and 1A (Cip1/p21) [43]. Kip1/p27 

binds to and prevents activation of the cyclin E-CDK2 or cyclin D-CDK4 complexes, thus 

controlling cell cycle progression at G1 phase. As shown by western blot analyses (Fig. 3B), 

overexpressed GLTP significantly decreased CDK2 and CDK4 levels while strongly 

upregulating Kip1/p27 protein expression, which is in accord with the observed cell cycle 

arrest by GLTP (Fig. 2). The effect of GLTP overexpression on cyclin-dependent kinase 

inhibitor 1A (Cip1/p21), a universal inhibitor of cell cycle progression [43] that is 

upregulated in cells arrested at G0/G1, was also analyzed and found to be strongly increased 

(Fig. 3B).

3.4. GLTP induces necroptosis in HT-29 cells

Cell cycle arrest at G0/G1 need not reflect only diminished DNA replication (S-phase), but 

can also be indicative of programmed cell death onset [45–47]. To assess whether 

programmed cell death was induced in colon carcinoma cells following GLTP 

overexpression, HT-29 cells were transfected with GFP-GLTP overexpression vector and 

analyzed by flow cytometry using 7-amino-actinomycin D (7AAD) and Annexin-V staining 

at 24 h post transfection. 7AAD discriminates live and dead cells by being efficiently 

excluded from intact viable cells, while labeling DNA in permeabilized dead cells. Annexin-

V efficiently labels phosphatidylserine (PS) that has become exposed in the external face of 

the plasma membrane during onset of programmed cell death. Notably, PS exposure is not 

restricted to apoptosis but also occurs during shedding of damaged plasma membrane in 

necroptosis [48–50]. Figures 4A and 4B show that GLTP overexpression, but not GLTP 
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depletion, led to increased Annexin V+/7AAD− and Annexin V+/7AAD+ labeling in HT-29 

cells consistent with onset of cell death. However, similar changes were not observed for 

HCT-116 cells (Supplemental Figs. S4A and S4B). To delineate whether GLTP-induced cell 

death in HT-29 cells reflected apoptosis or necroptosis, cells were treated with either pan 

caspase inhibitor zVAD-FMK (Z) or necroptosis inhibitor necrosulfonamide (NSA) prior to 

GLTP overexpression and analyzed for Annexin V/7AAD staining (Figs. 4A & 4B). 

Treatment with NSA, but not zVAD-FMK, reduced AnnexinV+/7AAD+ and Annexin V+/

7AAD− staining in HT-29 cells overexpressing GLTP suggesting cell death via necroptosis 

(Figs. 4A & 4B). TSZ treatment (TNFα, SMAC mimetic, and zVAD-FMK combination) 

was used as a positive control for necroptosis induction [21,51]. Immunoblotting (Fig. 4C) 

confirmed the necroptotic nature of GLTP mediated cell death by showing that HT-29 cells 

overexpressing GLTP fail to produce caspase 3 and PARP cleavage fragments indicative of 

apoptosis (e.g. caspase3 p17 and PARP p89). Yet, phosphorylation of MLKL occurs in 

HT-29 cells overexpressing GLTP (Fig. 4D) but not in cells pretreated with NSA (Fig. 4E). 

In contrast, in HCT-116 cells overexpressing GLTP, neither induction of cell death nor 

MLKL phosphorylation is observed (Supplemental Fig. S4).

In necroptosis, RIPK3 is required for phosphorylation of MLKL [23,27]. pMLKL 

oligomerization and translocation to the plasma membrane depend upon an early rise in 

cytosolic Ca2+ via activated ion channels such as Transient Receptor Potential Melastatin 7 

(TRPM7) [26]. The ensuing loss of membrane barrier integrity induced by pMLKL leads to 

cell swelling and death [26,28]. We analyzed whether GLTP overexpression induces 

intracellular Ca2+ level changes within HT-29 cells using Fluo-3/AM fluorescent probe in 

conjunction with flow cytometry and detected intracellular accumulation of Ca2+ (Fig. 5A). 

Pretreatment with the intracellular Ca2+ chelator, BAPTA-AM, blocked the Fluo-3/AM 

response. By contrast, the intracellular Ca2+ levels of HT-29 cells were not affected by 

GLTP depletion induced via siGLTP or by expression of GLTPW96A mutant with an ablated 

GSL binding site (Fig. 5A). Considering that extracellular Ca2+ influx is often a major 

mechanism for increasing cytosolic Ca+2 levels [52], we assessed the effect of EDTA 

pretreatment on the GLTP-triggered Ca2+ accumulation. Pretreatment with EDTA did not 

significantly reduce the cellular Ca+2 levels detected in HT-29 cells overexpressing GLTP 

(Fig. 5A) consistent with the cytosolic Ca2+ accumulation originating from intracellular 

Ca2+ stores rather than from extracellular Ca2+ influx. Notably, BAPTA-AM chelation of 

intracellular Ca2+, but not EDTA chelation of extracellular Ca2+, abrogated the loss of 

HT-29 cell viability induced by GLTP overexpression (Fig. 5B). In contrast, HCT-116 cell 

viability was affected neither by GLTP overexpression nor by Ca2+ availability from internal 

or external stores (Supplemental Fig. S5). Also, BAPTA-AM pretreatment blocked MLKL 

phosphorylation in HT-29 cells overexpressing GLTP; whereas EDTA pretreatment 

exhibited no blocking of pMLKL formation (Fig. 5C). These findings emphasize the key 

role played by elevated cytosolic Ca2+ levels from internal Ca2+ stores for induction of 

pMLKL oligmomerization after upregulation by RIPK3 and permeabilization of the plasma 

membrane that kills HT-29 cells.

To further ascertain RIPK-3 dependence of GLTP-induced cell death in HT-29 cells, we 

depleted RIPK-3 using shRNA and analyzed p-MLKL status (Fig. 6A). As a control, we 

also depleted MLKL in cells overexpressing GLTP. The preceding conditions abrogated the 
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expression of pMLKL despite GLTP overexpression. Moreover, dramatically increased 

levels of p-MLKL puncta in HT-29 cells overexpressing GLTP compared to control cells 

were observed by immunocytochemical microscopy (Figs. 6B and 6C).

3.5. Sphingolipid changes induced by GLTP overexpression in colon cancer cells

To determine if the sphingolipid metabolic changes triggered by GLTP overexpression are 

consistent with the induction of cell death, sphingolipidomic analyses were performed. 

Sphingolipid mass levels [ceramide, monohexosylceramides (MHCer), sphingomyelin, 

ceramide-1-phosphate (C1P), sphingosine, and sphingosine-1-phosphate (S1P)] in wild-type 

HCT-116 and HT-29 cells as well as in these same cells overexpressing GLTP are shown in 

Fig. 7 and Supplementary Fig. S6. Of particular interest are the GLTP-induced alterations in 

S1P and Cer levels due to the opposing effects of these sphingolipids on cell survival 

[53,54].

Notably (Fig. 7), in HT-29 cells, 16:0-ceramide remained nearly unchanged while S1P levels 

dropped substantially (~5-fold), consistent with tipping the S1P/16:0-Cer ratio towards cell 

death. Notably, no significant change in S1P and only slightly increased 16:0-Cer were 

observed in HCT-116 cells overexpressing GLTP (Fig. 7) yielding a relatively unaltered 

‘sphingolipid rheostat’ (S1P/16:0-Cer ratio). Also, in wild-type HCT-116 cells, the 

ceramide, MHCer, and S1P mass levels are 6- to 10-fold lower than in HT-29 cells but 

sphingomyelin levels are similar (Supplementary Fig. S6). Altogether, the findings provide 

evidence that GLTP-induced necroptosis in HT-29 cells requires viable levels of RIPK3 and 

p-MLKL and that a decreased S1P to 16:0-Cer ratio contributes to cell death. The failure of 

GLTP upregulation to induce necroptosis in HCT-116 cells and other cancer cell lines (e.g. 

HeLa cells) [19] correlates with their poor expression of endogenous RIPK-3 [55] and 

minimal effect on the ‘sphingolipid rheostat’ (S1P/16:0-Cer ratio).

Discussion

The present study reveals that overexpression of human GLTP induces cell death via 

necroptosis in certain colon cancer cells (HT-29), but not in others (HCT-116) or in normal 

colonic cells. Despite tremendous advances in early detection, cases of colon cancer remain 

high and new pathways and targets to improve colon cancer treatment outcomes are 

desirable. While much is known about the structure/function and genomic aspects of GLTP 

and related GLTP homologs [14,15,17,18,41,56–58], the in vivo function(s) of these 

cytosolic amphitropic SL transfer proteins have remained unclear and a subject of debate. 

Mammalian GLTPs have been proposed to function as molecular transporters of certain 

GSLs to the plasma membrane [59–61] as well as regulatory sensors of GSL levels at 

various sites in the cell [13,15,42 ,56,62]. The latter function could be especially pertinent to 

programmed cell death processes because of the known involvement of GSLs and related 

metabolites in regulating surface adhesion, neurodegeneration, and apoptosis.

Our findings of upregulated Kip1/p27 and Cip1/p21 along with decreased CDK2, CDK4, 

cyclin E and cyclin D1 levels in response to GLTP overexpression are consistent with the 

observed growth arrest at the G0/G1 cell cycle checkpoint. CDKIs of the Kip/Cip family are 

established regulators of the activities of CDK–cyclin complexes known to negatively 
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modulate cell cycle exit from the G1-phase [43,44,63]. CDKIs inhibit the kinase activities 

by binding with active CDK–cyclin complexes to regulate the cell cycle progression [44,63]. 

Not surprisingly, Kip1/p27 shows high expression levels in quiescent cells [64,65]. Kip1/p27 

also has been shown to be a prognostic indicator for various cancers including colon cancer 

[64,66,67]. Cip1/p21 is a universal inhibitor of CDKs whose expression is mainly regulated 

by p53 tumor suppressor protein [43,67]. Thus, the increased levels of Kip1/p27 and 

Cip1/p21 induced by GLTP overexpression are consistent with the observed G1/S cell cycle 

arrest via inhibition of CDK2 and CDK4.

Another way that CDK activity can be regulated is by cyclin binding proteins. Without 

bound cyclins, CDKs exhibit very low kinase activity. Thus, only the cyclin-CDK complex 

is an active kinase [43,44,67]. Cyclin D-dependent CDK4 and cyclin E-dependent CDK2 are 

largely involved in controlling G1/S restriction point [43,44]. Persistent mitogenic signaling, 

which occurs in the majority of cancer cells, is required for the induction, synthesis, and 

assembly of cyclin D1 with CDK4 [63]. Our finding that GLTP overexpression decreases the 

protein expression of CDK4 and cyclin D1 in HT-29 cells is consistent with the dramatically 

increased levels of G1/G0-phase and correspondingly decreased levels of S-phase cells. 

Moreover, the finding that GLTP overexpression also decreases the protein expression of 

CDK2 and cyclin E reveals an additional way of inducing G1/G0-phase cell cycle arrest. 

Thus, a ‘multi-faceted’ regulatory mechanism for arresting HT-29 cells at the G1-S 

transition emerges for GLTP overexpression. The mechanism involves not only diminished 

levels of the CDK4-cylin D1 and CDK2-cyclin E complexes, but also increased levels of the 

Kip1/p27 and Cip1/p21 inhibitory proteins to ensure arrest at the G1/S and strong reduction 

of S-phase cell levels.

The disruption of the cell cycle by GLTP overexpression results in HT-29 cell death for 

HT-29 cells but a quiescent state for HCT-116 cells. The HT-29 cell death is non-apoptotic in 

nature as revealed by the lack of cleaved caspase-3 derived p17 and PARP derived p89 

fragments. Also, the GLTP-induced cell death is not abrogated by pretreatment of the cells 

with pan caspase inhibitor zVAD. The PS externalization observed in HT-29 cells 

overexpressing GLTP supports necroptosis because PS externalization is not limited to 

apoptosis but also occurs during necroptosis As pointed out earlier, PS exposure occurs in 

necroptosis via shedding of damaged plasma membrane, i.e. vesicle ‘bubbling’ [48–50]. The 

‘coup de grâce’ indicating necroptotic cell death is the finding of upregulated 

phosphorylation of MLKL via RIPK-3, a hallmark event in necrosome formation and 

necroptosis induction. Indeed, high endogenous RIPK-3 expression is a key indicator for 

necroptosis susceptibility that is missing in normal colonic cells (CCD-18Co) and HCT-116 

colon cancer cells but not in HT-29 colon cancer cells [68,69]. Not surprisingly, HT-29 cells 

overexpressing GLTP also contain elevated cytosolic Ca2+ levels derived from internal 

stores, a condition linked to oligomerization of pMLKL that permeabilizes the plasma 

membrane and drives necroptotic cell death.

Cell death via apoptosis is known to be regulated by sphingolipids [7,12,53,54]. Ceramide is 

a well-established inducer of apoptosis; whereas S1P exerts pro-mitogenic and pro-survival 

cell growth. The ratio between S1P and ceramide, i.e. the ‘sphingolipid rheostat’, correlates 

with cell survival versus programmed cell death induction [53,54]. Most previous studies of 
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ceramide-induced apoptosis focused on 16:0-ceramide and 18:0-ceramide with fewer and 

varying insights into the impact of long-chain ceramide species [7,12]. Recently, 24:0-

ceramide has been reported to reduce the potency of 16:0-ceramide and associated channel 

formation in mitochondria during apoptosis [70]. Compared to apoptosis, much less is 

currently known about the potential modulatory roles of ceramide and S1P in necroptosis. 

Our data indicate that necroptosis induced by GLTP overexpression in HT-29 cells is 

characterized by dramatically lowered S1P (~85%) accompanied by only slightly decreased 

16:0-ceramide (~10%) thus tipping the ‘sphingolipid rheostat’ towards cell death. In 

contrast, no significant change in S1P and only slightly increased 16:0-Cer were observed in 

HCT-116 cells overexpressing GLTP. In a recent study of TNFα-induced necroptosis in 

HT-29 cells [71], significant changes were observed in four ceramide species including 16:0-

ceramide but S1P levels were not reported thus preventing assessment of the sphingolipid 

rheostat. In human lung epithelial and endothelial cells undergoing necroptosis induced by 

exposure to cigarette smoke, 16:0-ceramide levels were increased, but again S1P levels were 

not assessed [72]. In other studies, increased ceramide levels have been detected during 

necroptosis [35,73]. Also ceramide nanoliposomes are an effective necroptosis-inducing 

chemotherapeutic reagent in ovarian cancer [74].

Another sphingolipid of potential interest in the HT-29 cell death response is 

globotriaosylceramide (Gb3), a highly expressed GSL that has been linked to the enhanced 

metastatic transformation and invasiveness of HT-29 cells [75]. A GlcCer synthase inhibition 

study in various cancer cells has confirmed elevated Gb3 levels in HT-29 cells but not in 

HCT-116 cells [76]. Yet, direct links between Gb3 expression and cell death remain poorly 

understood. The only other sphingolipidomics analysis of GLTP expression involved HeLa 

cells [42]. Despite increases of 16:0-ceramide (~20%), MHceramides (~10%) and Gb3 

(~20%) (but no S1P levels reported) [42], GLTP overexpression fails to induce cell death in 

adherent HeLa cells [19]. Yet, Fabry’s cells, with genetically defective α-galactosidase A 

that results in massive Gb3 accumulation undergo cell death by the apoptotic instrinsic 

pathway [77]. On the other hand, Gaucher’s cells which contain massively accumulated 

GlcCer due to genetically defective glucocerebrosidase, have upregulated RIPK-3 [78,79]. 

Thus, the impact of various upregulated GSLs on cell death induction and the specific cell 

death pathway are complex and in need of additional future studies.

Another complicating factor in need of future study is the expressional relationship between 

GLTP and FAPP2 and the associated impact on sphingolipid metabolism. Whereas, a 

parallel downregulation of GLTP occurs upon depletion of GlcCer synthase [80], the impact 

of GLTP overexpression on endogenous FAPP2 levels has not been reported. The GLTP 

homology domain in FAPP2 is responsible for intracellular transfer of newly synthesized 

GlcCer during higher GSL synthesis that includes Gb3 [81,82]. Although FAPP2 expression 

regulates both GlcCer and Gb3 cellular levels, it remains unclear whether changes in FAPP2 

expression impact 16:0-ceramide and S1P levels and whether GLTP overexpression can 

exert a ‘dominant negative effect’ over FAPP2. What is known is that FAPP2 and GLTP can 

exert partial compensatory effects on GlcCer transfer when one or the other is depleted [61].

Other members of the GLTP superfamily, i.e. ceramide-1 -phosphate transfer protein (CPTP) 

have recently been shown to regulate stress-related processes such as autophagy [38]. RNAi-
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induced downregulation of CPTP in HeLa, HEK-293, A549, or THP-1 cells was found to 

induce autophagy but not apoptosis. In the case of the macrophage-like THP-1 surveillance 

cells, autophagy-dependent inflammasome assembly was also triggered resulting in 

increased release of the IL-1β and IL-18 pro-inflammatory cytokines and eventual cell death 

by pyroptosis. Altogether, the emerging importance of GLTP superfamily members in the 

regulation of non-apoptotic cell death and stress-related pathways is becoming increasingly 

clear.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• GLTP inhibits colon carcinoma cell growth but spares normal colonic cells

• GLTP upregulation induces necroptosis in HT-29 cells, but not in HCT 116 

cells

• In HT-29 cells, GLTP upregulation tips the sphingolipid rheostat towards 

death

• GLTP-induced necroptosis requires RIPK-3 and a high 16:0-ceramide/S1P 

ratio
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Fig. 1. GLTP overexpression inhibits growth in human colon carcinoma cell lines but spares 
normal colon cells.
(A) HT-29 and (B) CCD-18Co cells analyzed for cell growth following 24, 48 and 72 h post 

transfection with FLAG-tagged empty vector (Control Vector), GLTP overexpression vector 

(FLAG-GLTP), W96A-GLTP mutant with an ablated glycolipid binding site vector (FLAG-
W96AGLTP), GLTP depletion vector (siGLTP) and non-targeting siRNA control vector 

(siCtrl). Total cells were collected and counted by hemocytometry. Experiments were done 

in triplicate and values represent means ± sem. *P<0.05, **P<0.01, **P<0.001 Student t-

test. (see Supplemental Fig. S2 for HCT-116 cell data)
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Fig. 2. Inhibition of cell cycle progression in human colon carcinoma cells by GLTP 
overexpression.
(A) HT-29 and (B) HCT-116 cells were analyzed for percent cell cycle distribution following 

48 h post transfection with FLAG-tagged empty vector (Ctrl Vector), GLTP overexpressing 

vector (FLAG-GLTP), GLTP mutant (W96A, with an ablated glycolipid binding site) 

overexpressing Vector (FLAG-W96AGLTP), reduced GLTP expressing vector (siGLTP) and 

non-targeting siRNA control vector (siCtrl). Overexpression of GLTP (FLAG-GLTP) slowed 

cell growth in HT-29 and HCT-116 cells by increasing G0/G1 populations at the expense of 

S phase populations. Experiments were done in triplicate and values were means ± sem. 

*P<0.05, **P<0.01, **P<0.001 Student t-test. (see Suppl. Fig. S3 for 24 h data).
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Fig. 3. Upregulation of Kip1/p27 and Cip1/p21 levels and modulation of CDKs by GLTP 
overexpression.
Western blot images of HT-29 cells at 48 h post transfection with indicated vectors. (A) 

Decreased levels of Cyclin D1 and Cyclin E induced by wtGLTP overexpression are shown. 

By contrast, alterations are minimal with mutant GLTP (W96A) overexpression and 

nonexistent with GLTP depletion (siGLTP) compared to vector-control cells. (B) Increased 

levels of Kip1/p27 and Cip1/p21 and decreased levels of cyclin-dependent kinases (CDK), 

CDK2 and CDK4 induced by wtGLTP overexpression. Quantitative insights are provided by 

ratiometric comparisons of band intensities to Actin (loading ctrl.)
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Fig. 4. GLTP induces necroptosis in HT-29 cells.
(A) Cell viability was measured by flow cytometry using AnnexinA5/7AAD staining. GLTP 

overexpression (GFP-GLTP) leads to increased levels of Annexin A5+/7AAD− and 

AnnexinA5+/7AAD+ cell populations compared with mock transfected controls. 

Necroptosis inhibitor necrosulfonamide (NSA) but not pan caspase apoptotic inhibitor z-

VAD-FMK (Z) mitigated the GLTP induced cell death. TSZ (combination of TNFα, SMAC 

mimetic, and zVAD-FMK) treatments served as positive control to induce necroptotic cell 

death. (B) Quantification of scatter plot data presented in panel (A). (C) Western blot images 

of HT-29 cells transfected with indicated vectors showing levels of cleaved PARP and 

caspase 3. No indication of apoptosis was observed based on cleavage of PARP and caspase 

3. (D) and (E) show WB images of p-MLKL and MLKL proteins in HT-29 cells transfected 

with indicated vectors and/or treated with positive control TSZ . Some cells were pretreated 

with either pan caspase inhibitor (Z) or necroptosis inhibitor (NSA) to ascertain the cell 

death pathway induced by GLTP overexpression. Quantitative insights are provided by 

ratiometric comparisons of band intensities. Actin and tubulin served as loading controls.

(see Suppl. Fig. S4 for HCT-116 cell data)
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Fig. 5. GLTP overexpression releases Ca2+ from internal stores to drive necroptosis.
(A) Intracellular Ca2+ levels were measured using cell permeable Fluo-3/AM fluorescent 

probe in conjunction with flow cytometry of HT-29 cells. Following GLTP overexpression, 

intracellular Ca2+ accumulation was observed which was significantly reduced by 

pretreatment with BAPTA-AM (1μM), an intracellular Ca2+ chelator but not with EDTA (25 

μM). siGLTP treatment or overexpression of GLTPW96A mutant (Flag-GLTPW96A) did not 

change Ca2+ levels compared with mock transfected empty vector ctrl or non-targeting 

siRNA ctrl. (B) Chelation of intracellular Ca2+ by BAPTA-AM, but not extracellular Ca2+ 
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by EDTA, significantly abrogated HT-29 cell viability loss induced by GLTP overexpression 

as determined using trypan blue analyses. Experiments were done in triplicates and values 

reported are means ± sem. *P<0.05, **P<0.01, **P<0.001 using Student t-test. (C) WB 

analysis of p-MLKL and MLKL levels in HT-29 cells transfected with GLTP overexpressing 

vectors either alone or pretreated with BAPTA-AM or EDTA. Quantification is provided by 

ratiometric comparisons of band intensities. Tubulin = loading ctrl. (see Supplemental Fig. 

S5 for HCT-116 cell data)
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Fig. 6. Necroptosis induced by GLTP overexpression is RIPK3 dependent and leads to p-MLKL 
punctae in HT-29 cells.
(A) Depletion of RIPK3 and MLKL using gene specific shRNA vectors in HT-29 cells 

abolishes p-MLKL expression in cells overexpressing GLTP. Quantitative insights are 

provided by ratiometric comparisons with tubulin (loading control). (B) Quantification 

analyses of images in (C) involved 20 cells per group from 3 independent experiments. 

Values were means ± sem. *P<0.05, **P<0.01, **P<0.001 using Student t-test. (C) HT-29 

cells, transfected with empty control vector, GLTP overexpressing plasmid (Flag-GLTP) or 

treated with TSZ (TNFα, SMAC mimetic, and zVAD-FMK combination), were 

immunolabeled with primary antibody to p-MLKL followed by Alexa Fluor 595 secondary 

antibody. In GLTP overexpressing cells and TSZ-treated positive controls, the red channel 

shows increased pMLKL punctae otherwise minimally present in control cells. Scale bars: 

10μm.
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Fig. 7. Changes in ceramides and S1P induced by GLTP overexpression.
Sphingolipidomics analyses were carried out as described in the Materials and Methods. 

(Upper panel) HCT-116 cells and (Lower Panel) HT-29 cells (see Supplemental Fig. S6 for 

analyses of additional sphingolipids)
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