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Abstract

It has been well-established that cancer cells often display altered metabolic profiles, and recent 

work has concentrated on how cancer cells adapt to serine removal. Serine can be either taken 

exogenously or synthesized from glucose, and its regulation forms an important mechanism for 

nutrient integration. One of several important metabolic roles for serine is in the generation of 

bioactive sphingolipids since it is the main substrate for serine palmitoyltransferase, the initial and 

rate limiting enzyme in the synthesis of sphingolipids. Previously, serine deprivation has been 

connected to the action of the tumor suppressor p53, and we have previously published on a role 

for p53 regulating sphingosine kinase 1 (SK1), an enzyme that phosphorylates sphingosine to form 

sphingosine-1-phosphate (S1P). SK1 is a key enzyme in sphingolipid synthesis that functions in 

pro-survival and tumor promoting pathways and whose expression is also often elevated in 

cancers. Here we show that SK1 was degraded during serine starvation in a time and dose 

dependent manner, which led to sphingosine accumulation. This was independent of effects on 

p53 but required the action of the proteasome. Furthermore, we show that overexpression of SK1, 

to compensate for SK1 loss, was detrimental to cell growth under conditions of serine starvation, 

demonstrating that the suppression of SK1 under these conditions is adaptive. Mitochondrial 

oxygen consumption decreased in response to SK1 degradation, and this was accompanied by an 

increase in intracellular reactive oxygen species (ROS). Suppression of ROS with N-acteyl-

cysteine (NAC) resulted in suppression of the metabolic adaptations and in decreased cell growth 

under serine deprivation. The effects of SK1 suppression on ROS were mimicked by D-erythro 
sphingosine, whereas S1P was ineffective, suggesting that the effects of loss of SK1 were due to 
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accumulation of its substrate sphingosine. This study reveals a new mechanism for regulating SK1 

levels, and a link of SK1 to serine starvation as well as mitochondrial function.

Introduction

Altered metabolic profiles are commonly observed in cancer cells (1). While the 

mechanisms behind such changes can vary, the changes are generally a result of the 

metabolic needs of rapid cell division, nutrient limiting conditions, and/or to counteract the 

metabolic stress of oncogene activation or tumor suppressor loss (2). An emerging important 

effector of metabolic reprogramming is serine loss (3). Serine is a non-essential amino acid 

biosynthesized from glucose and plays an important role in the biosynthesis of nucleotides, 

NADPH generation, methylation reactions and sphingolipid synthesis, and a precursor to 

several amino acids such as cysteine and glycine (3, 4). It was previously shown that serine 

deprivation in the HCT-116 cell line results in growth arrest in a p53 dependent manner, 

allowing for metabolic remodeling (5). This work has been extended by studying the 

implications of the ‘relative’ dependence of cancer cells on external serine.

Serine is an essential component of sphingolipids, being a starting molecule in the synthesis 

of sphingolipids through the action of serine palmitoyltransferase (SPT). Bioactive 

sphingolipids include ceramides which are often (but by no means exclusively) associated 

with apoptosis, S1P which is often associated with cellular survival mechanisms (6), and 

sphingosine, which is also involved in cell growth regulation. Sphingosine is generated from 

the hydrolysis of ceramides through the action of ceramidases, and it is phosphorylated to 

S1P by that action of sphingosine kinase (SK) 1 and 2 (7). There are two major isoforms 

(SK1 and SK2) that are encoded by separate genes and which share 80% similarity of their 

amino acid sequences, both of which have been associated with cellular survival pathways 

(8).

Studies of serine deprivation have implicated a role for mitochondria in their downstream 

effects. Serine donates a carbon to the one carbon cycle which is important in nucleotide 

synthesis, glycine synthesis, and the integration of nutrient status, many of the enzymes 

needed are found in the mitochondria (9). Interestingly, it has been reported that serine 

synthesis is necessary for cellular respiration, vital for the assembly of Complex I (10). In 

addition, mitochondrial DNA depletion has been shown to increase serine synthesis, while 

disruption of the mitochondrial respiratory could also inhibit the one carbon cycle (11).

Sphingolipids, including ceramides, have also been previously shown to be intimately 

involved in the regulation of mitochondrial functions (12). Increased ceramide generation in 

the mitochondrial membranes has been observed in isolated rat liver mitochondria (13). 

During mitochondrial-mediated apoptosis, increased ceramides allow for pore formation and 

the insertion of BAX (14, 15). In yeast, it was observed that the increase of mitochondrial 

sphingosine species compromise mitochondrial activity and shorten yeast life span (16). 

Other studies have shown that ceramide species can affect the electron transport chain (17). 

On the other hand, inhibition of S1P receptor 2 promoted mitochondrial dysfunction in 

human renal glomerular endothelial cells (18). Additionally, oxidative stress has been 
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reported to inhibit SK1 activity, while conversely inhibition of SK1 activity has been 

reported to increase ROS (19, 20).

In addition to their role in generating ATP, mitochondria play an important role in the 

generation of metabolites and their byproducts (such as reactive oxygen species, ROS) and 

in the coordination of cellular responses to metabolic stress (21). Mitochondria generate 

ATP through electron transport, polarizing mitochondrial membranes in order to pump 

protons into the inner mitochondrial membrane (22). Therefore, regulation and maintenance 

of mitochondrial activity are vital for normal cellular function, and utilize many biochemical 

and biophysical strategies (23). Changes in mitochondrial function are commonly observed 

in cancer cells such as membrane depolarization, that can lead to reduced electron transport, 

reduced oxygen consumption and mitophagy (24). Many of these mitochondrial changes are 

often selected for by suboptimal tumor microenvironmental conditions (25).

We have previously shown that induction of p53 results in degradation of SK1 and 

modulation of levels of bioactive sphingolipids (increase ceramides and sphingosine and 

decreased S1P) (26). Therefore, we set out to determine whether serine starvation had any 

effect on SK1 activity. The results show that serine deprivation does induce loss of SK1 but 

in a p53-independent mechanism. In contrast to previous studies, we show that in the context 

of serine starvation, SK1 expression is detrimental to cell survival, through a mechanism 

involving mitochondria.

Materials and Methods

Cell lines and experiments

The human colon carcinoma cell line HCT 116 was obtained from the ATCC. Homozygous 

p53 knockout HCT 116 was a gift from Dr. Ute Moll and first described by Bunz et al (27). 

The human embryonic lung cell line HeL 299, human embryonic kidney cell line HEK 293T 

and HCT-116 cells were grown in DMEM, while the human myelogenous leukemia cell line 

K562 was grown in RPMI 1640. Cell lines were verified by ATCC STR profiling and 

checked monthly for Mycoplasma. For experiments, cells were initially seeded in high 

glucose DMEM (11965) with 10% FBS and 2 mM L-glutamine and kept at 37 °C in 

humidified 5% CO2 in air. For experiments on the effects of serine starvation, complete 

medium was formulated to closely match the nutrient composition of DMEM (which 

contains 0.4 mM serine and 0.4 mM glycine); complete medium consisted of MEM (21090) 

supplemented with additional 1× MEM vitamins (11120), 1xMEM amino acids (11130), 

10% dialyzed-FBS (HyClone, Thermo Scientific, Bridgewater, NJ, USA), L-glutamine 2 

mM, additional D-glucose (to 25 mM), serine 0.4 mM (42mg/l) and glycine 0.4 mM. For 

starvation experiments, cells were fed the same medium formulation without serine and 

glycine. Bortezumib was purchased from Selleckchem. Caspase 2 (Z-VDVAD-FMK) and 

caspase-7 inhibitors (Z-DEVD-FMK) were obtained through R&D Systems (Minneapolis, 

MN, USA). The PHGDH inhibitor CBR 5884 (Sigma) was used at 50μM. Sphingolipids 

were purchased from Avanti Polar Lipids Inc (Alabaster, AL, USA). Gene silencing of SK2 

was carried out using siRNA directed against human SK2 (Hs_SPHK2_5 FlexiTube siRNA 

SI00288561; Qiagen, Germantown, MD, USA); wit, with Qiagen AllStar (AStar) siRNA as 

a negative control. Gene silencing of Kelch-like protein 5 was carried out using ON-
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TARGETplus SMARTpool siRNAs (Horizon Discovery, Lafayette, CO, USA)) 

Transfections were carried out using Lipofectamine RNAiMax according to the 

manufacturer’s protocol.

SK1 RT-PCR

RNA extraction and cDNA synthesis were carried out using PureLink® RNA Mini Kit (Life 

Technologies, Carlsbad, CA, USA) and Quanta qScript cDNA SuperMix (Quanat 

Biosciences, Beverly, MA, USA), respectively, and according to the manufacturer’s 

instructions. PCR analysis of cDNA was performed using the Applied Biosystems 7500 

Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using Taqman probe 

(Life Technologies) human SK1 (Hs00184211_m1). Cycle threshold (C t) values were 

obtained for each gene of interest and β -actin. ΔC t values were calculated and the relative 

gene expression normalized to control samples was calculated from ΔΔ C t values.

SK1 stable overexpression

To generate HCT-116 cell lines overexpressing empty vector or SK1, lentiviral particles 

were produced by transfecting HEK-293T cells (ATCC) with 2μg each of VSV-G, dVPR, 

and target constructs using X-tremeGENE 9 (Roche, Basel, Switzerland). Viral containing 

media was harvested 72h post-transfection, filtered (0.45μm PVDF filter), and stored at 

−80C. HCT-116 cells were transduced at 70% confluency using 8μg/ml polybrene 

(Millipore, Burlington, MA, USA) and selected with antibiotic (50μg/ml blasticidin, 

InVivoGen, San Diego, CA, USA) for 8 days.

CRISPR/Cas9-mediated gene knockouts

To knockout SK1 from HCT-116 cells (SK1 KO), the LentiCRISPR v2.0 system was used as 

we have previously described (28). The LentiCRISPR v2 plasmid was a gift from Feng 

Zhang (Addgene plasmid #52961). Briefly, guide RNAs targeting the SK1 gene (SK1-A 

gRNA target sequence: GGTTTTGTTTTCTCAGCGGG, SK1-B gRNA target sequence: 

CGTGCAGCCCCTTTTGGCTG) were designed using the ChopChop algorithm (http://

chopchop.cbu.uib.no/) and cloned into the plasmid according to the manufacturer’s 

conditions. To generate lentivirus, plasmids were co-transfected with VSV-G and dVPR into 

293T cells and virus-containing medium was harvested and filtered (0.22μm PVDF 

membrane) after 72 h. HCT-116 cells (100,000) were infected with 1 ml virus in the 

presence of polybrene (8 μg/ml). After 48 h, cells were selected in puromycin (2 μg/ml) for 

7 days. Subsequently, cells were maintained in normal growth medium. Validation of genetic 

modification was performed with the GeneArt genomic cleavage detection kit (Thermo 

Scientific) according to manufacturer’s instructions. Loss of cellular SK1 was verified using 

both RT-PCR and Western blot. The SK1 expression status was validated as described by 

Pulkoski-Gross et al. (28).

Proliferation assays

HCT 116 cells were seeded in 6-well plates at 105 per well and allowed to grow for 24 h. 

The medium was aspirated, and the cells were washed with PBS, before replacement with 

complete or serine/glycine-free media. Cells were counted daily using a Countess automated 
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cell counter (Invitrogen, Carlsbad, CA, USA). Each condition was plated in triplicate and 

read twice. Data are presented as a mean of each reading ± s.d.m.

Determination of ROS release

Two methods for ROS detection were employed. MitoSOX (ThermoFisher Scientific) was 

used to detect ROS (being more reactive to superoxide, and less reactive to singlet oxygen 

and peroxide). Cells were plated onto sterilized glass slides before the medium was changed 

24 h before microscopy. MitoSOX reagent (Absorption/emission maxima: ~510/580 nm) 

was used according to the manufacturer’s directions and visualized using a Zeiss Axio 

Imager M2. Images were quantified using the FiJi extension to ImageJ. For quantification of 

ROS-induced fluorescence, cells were plated in a 96 well plate in triplicate. After loading 

with DCFH-DA (Cell Biolabs Inc, San Diego, CA, USA) and washing, the cells were lysed 

and specific fluorescence (Ex/Em = 495/529 nm) measured using a Spectramax M5 

(Molecular Devices, San Jose, CA, USA). N-acetyl cysteine (NAC) (Sigma, Saint Louis, 

MO, USA) was made up fresh before each usage, filter sterilized and used at a final 

concentration of 0.5 mM.

Western blotting

Whole cell lysates were prepared in RIPA buffer containing protease inhibitors (Santa Cruz) 

and quantified using the BCA Protein Assay (Thermo Scientific). Equal amounts of protein 

were loaded and separated on pre-cast Novex 4–20% SDS–PAGE midi gels (Life 

Technologies, Carlsbad, CA, USA), transferred to nitrocellulose membranes, and probed 

with antibodies against SK1 (12071), p53 (9282), p21waf1/cip1 (2947), and pERM (3726) 

from Cell Signaling Technology (Danvers, MA, USA); SK2 (ab37977) from Abcam; and 

Actin (A5441) from Sigma. Secondary HRP-conjugate Abs were purchased from Jackson 

Laboratories (Bar Harbor, ME, USA). Protein bands were revealed using Enhanced 

Chemiluminescence reagent (Thermo Scientific).

Live cell oxygen consumption

An XFe96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA) was 

used to measure oxygen consumption rates (OCR) as described (29). In brief, HCT-116 cells 

were seeded at a density of 12,000 cells per well of an XFe96 cell culture microplate and 

incubated for 24 h to ensure attachment. Before the assay, cells were equilibrated for 1 h at 

37oC in unbuffered XF assay medium supplemented with 25 mM glucose, and 2 mM 

glutamine, in a non-CO2 incubator. Mitochondrial processes were examined through 

sequential injections of oligomycin (0.5 μg ml−1), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP, 1 μM), and rotenone (0.5 μM)/antimycin A (1 μM). Each value 

was normalized to total nucleic acid quantified using CyQuant assay (Invitrogen). Results 

were presented as mean ± s.d.m.

Sphingolipid analysis

Cells were scraped and pelleted, and lipid extraction and analysis by LC/MS mass 

spectrometry were performed as described previously (30). Lipids were normalized to total 

lipid phosphate levels of the selected sample.
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13C isotope tracing experiments.

Cells were treated for 24 h before the medium was changed to one that was pre-warmed to 

37°C and containing [13C6]-glucose (Cambridge Isotope Laboratories, Tewksbury, MA, 

USA). Cells were incubated for a further 12 h before the medium was removed and cells 

were scraped into 50% ice-cold methanol. Before scraping, 1μl of a 5 mM solution of 

Adonitol was added as an internal standard. Cells were lysed in methanol by three freeze/

thaw cycles (transfer of samples from liquid nitrogen to 37oC water bath). The samples were 

dried under nitrogen and resuspended in 50 μl 2% MOX reagent (Pierce #45950). After 1 h 

incubation at 42°C, samples were dried and TMS-derivatized in 100 μl N, O-

Bistrifluoroacetamide (Sigma Aldritch) for 1 h at 75°C. Derivatized samples were analyzed 

by gas chromatography electron impact mass spectrometry. Sample peaks were identified by 

matching retention times and EI fragmentation patterns to neat standards using Agilent 

MassHunter Software.

Statistical analysis

All experiments have been independently repeated at least three times. One-way ANOVA 

was used for three or more group comparisons and Student’s t-test was used for two group 

comparisons. A P value less than 0.05 was considered significant.

Results

Serine deprivation causes downregulation of SK1 protein.

It was previously shown that serine deprivation in HCT-116 cells results in growth arrest in a 

p53 dependent manner, allowing for metabolic remodeling (5). Additionally, in previous 

studies we have shown that p53 activation results in caspase-mediated degradation of SK1 

(26). In order to determine whether a p53-dependent mechanism regulates SK1 expression 

during ser/gly starvation, we first evaluated the ability of ser/gly starvation to regulate p53 in 

HCT-116 cells. Fig. 1A shows that there was no appreciable increase in p53 protein 

following ser/gly starvation. On the other hand, a steady increase in p21waf1/cip1 protein, 

over a period of up to three days, was observed as cells grew to confluence either in presence 

or absence of serine (Fig. 1A). Of note, however, was the observation that during ser/gly 

starvation, SK1 protein levels significantly decreased (Fig. 1A), and this was initiated 

between 12 h and 18 h after ser/gly starvation (Fig. 1A). This was in stark contrast to the 

increase in the levels of SK1 during growth in the presence of serine. SK1 levels were not 

changed by the addition of L-glycine (data not shown), nor did L-glycine starvation alone 

change SK1 protein levels (data not shown), demonstrating that this effect was specific to 

serine. Next, we evaluated the role of p53, we employed the p53-knockout HCT-116 cell line 

(HCT116 p53 KO), which is isogenic to HCT 116 that express wild-type p53. The results 

showed that SK1 levels were decreased in both HCT 116 and HCT 116 p53 KO cells during 

ser/gly starvation (Fig. 1B), ruling out p53-mediated loss of SK1. Levels of SK1 mRNA in 

ser/gly starved cells remained mostly unchanged when compared to normal media (Fig. 1C), 

suggesting the loss of SK1 protein was likely through proteolytic degradation. Interestingly, 

SK1 loss was also observed in a range of different cell lines subjected to growth conditions 

with suboptimal levels of serine (Fig. 1D). On the other hand, levels of SK2 protein and 

mRNA remained unchanged in ser/gly starved cells, suggesting a specific mechanism for 
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SK1 removal (Fig. 1E).To confirm proteolysis of SK1 during ser/gly starvation, cells were 

incubated with the proteasomal inhibitor bortezomib (31). At doses as low as 4 nM, 

bortezomib was able to inhibit SK1 proteolysis 24 h after the initiation of ser/gly starvation 

(Fig. 1F). Caspase 2 and caspase 7 inhibitors, previously shown to inhibit p53-induced SK1 

proteolysis in response to genotoxic drugs (26, 32, 33), had no effect on ser/gly-starvation-

induced SK1 proteolysis (Fig. 1G), although both caspase inhibitors were able to protect 

SK1 from proteolysis induced by etoposide (Fig. 1G, bottom) suggesting a previously 

unappreciated mechanism of controlling SK1 protein levels. In an attempt to ascertain the 

mechanism behind the downregulation of SK1, the role of Kelch-like protein 5 (KLHL5) 

was investigated. It has been previously shown by Powell et al, that KLHL5 could mediate 

the ubiquitination and proteolysis of SK1 (34). Therefore, siRNA knock down of KLHL5 

was employed (Fig. 1I).Treatment with siRNA to KLHL5 could inhibit SK1 proteolysis in 

response to ser/gly starvation. Thus, serine deprivation in media induces proteolysis of SK1 

via a KLHL5-mediated mechanism.

Serine is a “non essential’ amino acid as it can be generated endogenously. To evaluate the 

effects of decreasing synthesis of endogenous serine, we employed CBR-5884, an inhibitor 

of phosphoglycerate dehydrogenase (PHGDH), the first committed enzyme in de novo 
synthesis of endogenous serine. The results showed that CBR-5884 (in the presence of 

serine in media) also caused a loss of SK1 (Fig. 1H). Interestingly, addition of CBR-5884 

together with ser/gly starvation caused a further decrease in SK1 protein levels, suggesting 

that overall cellular serine levels, whether from exogenous or endogenous sources, can affect 

SK1 protein levels. Taken together, these results demonstrate that serine starvation results in 

a p53-independent decrease in SK1 protein and enzymatic function.

Sphingolipid changes as a consequence of serine-starvation mediated SK1 degradation

Since changes in SK1 protein were observed, the effect of ser/gly deprivation on 

sphingolipid levels were analyzed. Sphingolipids were analyzed with quantitative 

LC/MS/MS following 24h ser/gly starvation. Levels of sphingosine and sphinganine 

(substrates of SK1) increased in response to ser/gly removal (Fig. 2A). This is in contrast to 

one study (35) that showed a decrease in sphingosine following ser/gly deprivation (although 

that was a single measurement using qualitative rather than quantitative analysis). Also 

consistent with loss of SK1, levels of both respective products, S1P and dhS1P, decreased 

over the same time period (Fig. 2B), thus demonstrating significant effects of SK1 loss on 

intracellular levels of its bioactive substrates and products. Sphingosine is generated from 

the catabolism of ceramides, which in turn can derive (in substantial amounts) from 

catabolism of complex sphingolipids and not only from de novo synthesis. To verify the 

source of sphingosine, HCT-116 cells were preincubated with either 100 nM of the SPT-

inhibitor myriocin (Fig. 2C) or 10 μM of the indirect inhibitor (functional inhibitor) of acid 

sphingomyelinase, desipramine (Fig. 2D). Myriocin had no significant effect on sphingosine 

levels (although sphingosine levels were consistently repressed by a small amount). On the 

other hand, desipramine significantly inhibited sphingosine levels following ser/gly 

starvation, indicating that inhibition of lysosomal recycling of sphingolipids by desipramine 

could reduce the amount of sphingosine. Therefore, hydrolysis of lysosomal ceramides to 

sphingosine is the main source of the sphingosine observed.
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Effects of SK1 on cell growth during serine starvation

In order to evaluate the functional consequences of loss of SK1, the growth of HCT-116 

cells with and without serine was examined. As can be seen (Fig. 3A), ser/gly starvation 

significantly slowed growth of HCT-116. To determine the role of loss of SK1 in this 

process, HCT-116 cells were generated that overexpress SK1, and, interestingly, the levels of 

SK1 did not significantly change during serine starvation (inset Fig. 3A), suggesting that 

overexpressed SK1 overcomes loss of endogenous SK1. Unexpectedly, considering the usual 

‘pro-growth’ functions of SK1, the results showed that in the context of ser/gly deprivation, 

over a period of 3 days, SK1 overexpression caused a significant growth disadvantage, when 

compared to control empty vector transduced cells (Fig. 3A).These results suggest that loss 

of SK1 functions as an adaptive/protective mechanism to serine deprivation such that the 

persistence of SK1 levels and activity would be detrimental to the cell’s response to serine 

starvation. To discount any possibility of a compensatory effect of SK2, cells were 

pretreated with siRNA to SK2 before serine starvation (Fig. 3B). No effect of SK2 

downregulation was observed on cell growth. To further establish the role of SK1 in 

regulating the sphingosine rise during serine starvation, HCT-116 cells overexpressing SK1 

were serine starved for 24h (Fig. 3C). Cells overexpressing SK1 showed suppression of the 

sphingosine increase following serine removal, further underlining the importance of SK1 

loss to increased sphingosine levels. These results reveal an unexpected protective role for 

the loss of SK1 in the context of serine deprivation.

SK1 regulates ROS during serine starvation.

The above results prompted us to investigate possible cellular functions that connect SK1 to 

growth regulation under serine starvation. Published data have suggested a link between SK1 

expression and levels of reactive oxygen species (ROS) (36, 37), and it has been recently 

shown that phytosphingosine (yeast sphingosine) accumulation due to upregulation of 

alkaline ceramidases could induce mitochondrial dysfunction in yeast (16). Since 

mitochondria are the primary producers of intracellular ROS (38), and that increased ROS 

can both negatively influence and reflect mitochondrial function (39), levels of ROS were 

examined in Ser/Gly starved cells. To visualize changes in ROS, mitoSOX dye staining was 

employed, which is sensitive to superoxide as well as other types of ROS. The results 

showed that ser/gly starved cells had increased levels of mitochondrial ROS (Fig. 4A). 

Interestingly, SK1 overexpression prevented the increase in ROS during ser/gly starvation 

(Fig. 4A), suggesting that SK1 suppresses mitochondrial ROS levels. To corroborate these 

results, we generated CRISPR-Cas9-mediated deletion of SK1 in HCT-116 cells (28). The 

results showed that SK1 KO resulted in elevation of ROS levels when compared to the 

control cells (Fig. 4B). Thus, the current data suggest that the loss of SK1 allows for an 

increase in intracellular ROS levels.

To determine the functional consequences of ROS generation, cells were treated with N-

acetyl cysteine (NAC), which quenches ROS. The results showed that while the addition of 

NAC had no significant effect on the cell growth of non-serine starved cells (Fig. 4C, left 

panel), a slight but significant growth retardation was observed in NAC-treated serine 

starved cells (Fig. 4C, right panel). These results are consistent with a protective role for 
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ROS in the context of serine starvation, consistent with other studies that demonstrate ‘pro-

growth’ functions for moderate/limited increases in ROS (40, 41).

Role of SK1 in maintaining normal mitochondrial function.

Given the previously established link between sphingosine, SK1, and mitochondrial function 

(12, 19), mitochondrial oxygen consumption rate (OCR) was measured in response to serine 

starvation. It was observed that after 24 h both basal and maximal peak stress OCR were 

decreased in serine starved cells (Fig. 5A). This drop in OCR could be mitigated by 

pretreatment with NAC, indicating the source of reduced mitochondrial activity as measured 

by OCR was due to increased ROS. Importantly, this was mimicked in SK1 KO cells (Fig. 

5B). Moreover, loss of SK1 did not show an additive effect with serine deprivation, 

suggesting that they are on the ‘same pathway’. It is important to note that the OCR curves 

have similar profiles, but have different baselines, implying that the differences in 

mitochondrial OCR are due primarily to impaired basal mitochondrial function. These 

results support that loss of SK1 is necessary and sufficient to mediate suppression of 

mitochondrial function in response to serine deprivation.

Next, the relationship between induction of ROS and mitochondrial function was evaluated. 

Treatment with NAC counteracted the decrease in OCR following SK1 loss (Fig. 5C), 

underlining that increased ROS in ser/gly starvation can lead to altered mitochondrial 

function.

Together, the results suggest that loss of SK1 during serine deprivation promotes the 

generation of ROS, which in turn helps regulate mitochondrial OCR.

Effect of sphingosine accumulation on cell growth during serine starvation.

Given the above results and the established role of SK1 in regulating the levels of sphingoid 

bases and their phosphates, it became important to determine the lipid that mediates the 

effects of loss of SK1 on growth, ROS, and mitochondrial functions. Changes in 

mitochondrial sphingosine, either by reduction through knocking down neutral ceramidase 

(12) or by adding exogenous sphingosine to isolated mitochondria (42), can negatively affect 

mitochondrial function. These considerations prompted us to evaluate the effects of 

sphingosine. Addition of exogenous sphingosine increased intracellular ROS measured by 

H2DCFDA (Fig. 6A), while the addition of exogenous S1P did not have an effect on 

intracellular ROS levels (data not shown). Notably, the effects of sphingosine were not 

additive to those of serine deprivation. Importantly, sphingosine decreased OCR in a dose-

dependent manner, with effects seen at concentrations as low as 0.5 μM (Fig. 6B). 

Measurement of intracellular sphingosine following exogenous addition showed that the 

levels taken were broadly in line with levels following serine starvation (Fig. 6C). Inhibition 

of sphingosine accumulation using myriocin (Fig 6D, left panel) significantly reduced 

HCT-116 growth during ser/gly starvation (Fig. 6D, right panel).

Next, the specificity of sphingosine on OCR was evaluated, and the results showed that 

addition of the (unnatural) enantiomer L-erythro-sphingosine failed to show any impact on 

OCR (Fig. 6E). These significant effects, showing high potency (nM) and enantiomeric 

specificity, distinguish these effects of sphingosine from most other cellular effects attributed 
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to sphingosine which usually require μM concentrations and do not demonstrate this level of 

stereospecificity. Thus, the accumulation of sphingosine following loss of SK1 is sufficient 

to mimic the effects of serine deprivation and the effects of loss of SK1 on ROS and on 

metabolic changes.

To evaluate the role of ROS and to determine if sphingosine was acting upstream of the 

changes in ROS, addition of NAC was found to rescue OCR changes following sphingosine 

(Fig. 6F). In contrast, exogenous S1P had no effect on cell growth during 4 days of serine 

starvation (Fig. 6G), despite it being causing the phosphorylation of ezrin radixin and 

moesin (ERM, Inset to Fig. 6G). In addition, S1P addition had no effect on mitochondrial 

activity during serine starvation (Fig. 6H). These results demonstrate that sphingosine 

accumulation during ser/gly starvation is an effector for reduced OCR and a non-lethal 

increase of ROS. Since sphingolipid generation played a role in HCT-116 growth during 

ser/gly starvation, levels of glucose-derived serine were measured after [13C6]-glucose 

labeling. Levels of de novo serine synthesized from labeled glucose (m+3) were increased in 

sphingosine-treated cells (Fig. 6I), demonstrating a key role for sph in driving serine 

synthesis.

Discussion

Although serine is a ‘founding’ metabolite for the class of sphingolipids, its functional 

effects on sphingolipids and possible roles of bioactive sphingolipids in regulating serine 

responses have not been studied. We demonstrate here that serine starvation causes the 

proteolysis of SK1, and this is a requirement for sustaining cellular growth. We also show 

that a modest increase in intracellular ROS is also necessary for growth during serine 

starvation, and for a small inhibition in the oxygen consumption rate of mitochondria. We 

also show that the expression of SK1 is important in ROS homeostasis, and fundamental in 

maintaining mitochondrial function.

A major conclusion from this study is that serine deprivation leads to loss of SK1 which in 

turns results in accumulation of sphingosine. This novel connection then launches an 

adaptive response of the cells, such that undoing the loss of SK1 (by overexpressing it) 

diminishes the levels of sphingosine and renders the cells more sensitive to growth 

suppressing effects of serine deprivation. This role of SK1 is ‘counter intuitive’ at multiple 

levels. First, SK1 has been generally associated with growth promotion; however, those 

studies have been performed under conditions of serine sufficiency. At the same time, 

sphingosine has been mostly associated with growth suppression, but our results show that 

sphingosine also drives the adaptation to serine deficiency. It should be noted that in this 

study, the concentrations of sphingosine are lower (0.5– 2 μM), than what is usually 

employed in cell biology studies, and its effects are highly stereospecific such that the L-

erythro isomer did not mimic the actions of D-erythro sphingosine. Therefore, one 

possibility is that a modest increase in sphingosine can be adaptive whereas its high levels 

can lead to growth suppression. This is similar to the currently appreciated role of ROS as 

being positively adaptive at low increments but detrimental at higher levels. A recent study 

published by Muthusamy et al showed that inhibition of sphingolipid synthesis during serine 

starvation could rescue tumor growth (43). The authors concluded that sustained synthesis of 
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certain sphingolipid species in response to serine starvation could lead to cell death. This 

would be consistent with studies that have suggested that chronic accumulation in 

deoxysphingolipids can be lead to deleterious effects such as cell death or inflammation (44) 

(45).

As to mechanisms of SK1 loss, our previous studies have shown that DNA damage through 

actinomycin D, etoposide, doxorubicin, or γ-radiation could cause SK1 proteolysis 

primarily through the induction of p53 (26). Inhibition of cathepsin B activity can both 

prevent SK1 degradation and rescue cells from apoptosis (26). For at least some 

chemotherapeutic drugs such as doxorubicin the proteolysis of SK1 occurs partly through a 

caspase 2-mediated mechanism (32). In another mechanism, the SK1 inhibitor SKI-II has 

been shown to cause SK1 degradation in a lysosomal-dependent mechanism, although the 

exact mechanism is still unknown (46). On the other hand ubiquitination of SK1 and 

degradation through the proteasome has been described in response to inhibitors of SK1 that 

are based on Sph (47, 48). Regulation of potential ubiquitination sites through acetylation 

has been shown to increase SK1 stability, having significant effects on cell size and cell 

growth (49). In our study, we ruled out a role for p53 and caspases, but the results support a 

role for the proteasomal degradation of SK1.

Our results show that increased sphingosine generation in response to serine deprivation 

decreases the OCR. A role for SK1 recruitment to mitochondria in the initiation of the 

unfolded protein response has been described in C elegans (50). A complex pathway of 

reciprocal regulation between both ROS and SK1 is therefore suggested, and has been at 

least partly described previously in a context that was deleterious to cell growth (36). This 

was supportive of the pro-survival role of SK1. The current study showed increased 

sphingosine accumulation as a result of SK1 degradation (Fig. 2A) causes decreased 

mitochondrial OCR, which is linked to maintaining cell growth during serine starvation. 

This strongly suggests that in conditions of normal serine bioavailability, SK1 plays a role in 

maintaining normal mitochondrial function.

Our studies connect SK1 loss to ROS generation, the latter having been connected to serine 

deprivation. There are many different metabolic pathways that can be affected by ROS (51). 

While cancer cells will upregulate antioxidant synthesis in order to counteract heightened 

ROS levels, higher levels of ROS are also associated with increased survival, through either 

limiting entry into the tricarboxylic acid cycle or affecting calcium signaling (52, 53). In 

fact, it has been observed that stimulation of receptor tyrosine kinases results in modest 

increases in ROS that have been implicated in the mitogenic response to these receptors 

(54). Additionally, higher intracellular ROS can affect the electron transport chain, but is 

probably not the primary mechanism leading to enhanced growth during serine starvation. 

However, measurement of OCR it is an accurate method to assess overall mitochondrial 

function (51).

The product of SK1 activity, S1P, has anti-apoptotic effects. By mediating oncogenic H-ras 

transformation, SK1 has been shown to act in some cases as an oncogene, despite rarely 

showing mutations in cancer cells (55, 56). The overexpression of SK1 has been linked to 

advanced disease progression, resistance to chemotherapeutic drugs like doxorubicin and 
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also to a poor prognosis (57–62). Additionally, loss of SK1 in carcinoma cells could increase 

ROS (36). Another study has shown that oxidative-stress induced apoptosis of photoreceptor 

cells required sphingosine accumulation as a result of SK1 inhibition, again showing a link 

between SK1 activity and protection from high levels of ROS (63).

Increased serine biosynthesis has been described in many different cancers (9). Because of 

this, there has been significant recent interest in the use and development of serine synthesis 

inhibitors such as CBR 5448 (Fig. 1H) as an another approach for cancer treatment (64, 65). 

It is tempting to speculate that treatments that interfere with serine biosynthesis may be 

more effective in SK1-overexpressing tumors.

Together, these results suggest that sphingosine accumulation following serine deprivation 

initiates mitochondrial functional changes. This may be mediated either by changing the 

biophysical properties of the mitochondrial membranes and/or through altering of 

intracellular signaling through due to the increased intracellular ROS.

In summary, the results from this study reveal a novel link between serine deprivation and 

SK1, a key enzyme in regulating bioactive sphingolipids. The results also reveal a somewhat 

paradoxical role for SK1 in regulating mitochondrial function. In conditions of high serine 

bioavailability SK1 expression is linked to increased survival, while during serine starvation 

SK1 loss through a proteasome-associated mechanism is beneficial to cell survival. This 

reduced oxygen consumption of mitochondria due to SK 1 loss is likely responsible for such 

a beneficial effect during serine starvation. The role of novel sphingolipids induced by serine 

starvation is being extensively studied in our laboratory.
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Figure 1. Culture of cell with sub optimal doses of serine causes downregulation of SK1 protein.
A) Effects of ser/gly starvation on SK1, p53, and p21 protein levels. HCT-116 cells were 

grown with either ser/gly (0.4 mM each) in the media or without serine and glycine. The 

effects of ser/gly starvation on SK1, p21, and p53 were evaluated using western blotting at 

the indicated time points. The starred lane indicates doxorubicin (0.5 μM) treated sample as 

a positive inducer of p53. An earlier time course is shown for Western blot analysis of SK1 

and its densitometry adjusted to levels of actin. B) Effect of decreasing serine levels on SK1 

protein in both HCT-116 with WT p53 and p53 KO. Cells were incubated for 24 h with 
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decreasing levels of serine before SK1 levels were evaluated by Western blot. C) 
Measurement of SK1 mRNA during serine starvation. Samples were prepared after 24h 

serine starvation, and SK1 levels were measured by RTPCR. Levels of mRNA were 

normalized to actin mRNA, and shows the mean average of 3 separate measurements +/− 

s.d, D) Expression levels of SK1 during serine starvation in other cell lines. Numbers below 

the SK-1 blot show densitometry of the SK-1 band divided by the Actin density, and shown 

as a percentage of the cells grown in serine-replete medium. E) Expression of SK2 during 

serine starvation. F) Effect of the proteasomal inhibitor bortezomib (BTZ) on SK1 levels. 

Increasing concentrations of BTZ were added concurrently to the change to serine-free or 

serine-replete media. Densitometry of the bands is also shown as % of intensity relative to 0 

μM BTZ. Cells were medium changed to either serine-replete, or the complete medium was 

diluted with serine-free medium to obtain progressively lower levels of serine. After 24h 

incubation, the cells were prepared for Western blot and SK-1 levels were determined. G) 
Effect of caspase inhibitors on SK-1 degradation during serine starvation. Directly below is 

the positive control showing caspase inhibition of SK1 proteolysis after incubation for 24h 

with 5μM etoposide for 24h. H) Effect of PHGDH inhibition on SK1 expression. CBR-5884 

(50μM) was added concurrently with a media change to either serine-replete or serine-

deficient. After 24h, SK1 levels were examined by Western blot. I) KLHL5 knockdown and 

the effect on SK1 expression. Cells were transfected with siRNA to KLHL5 for 24h before 

the medium was changed to either one with ser/gly and one without. A further 24h later the 

cells were prepared for Western blot. + indicates siRNA to KLHL5, and – indicates 

treatment with the control All Star. Densitometry of the bands is also shown as % of 

intensity relative to the control. Representative scans were used for Western blots. Data in A, 

C, F and H indicate mean ± s.d., n = 3.
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Figure 2. Sphingolipid changes as a consequence of serine-starvation mediated SK1 degradation.
A) Levels of sphingosine (Sph) and dihydrosphingosine (dhSph) after 24 h serine starvation, 

B) Levels of S1P and dihydro S1P after 24 h serine starvation, C) Effect of inhibiting de 
novo sphingolipid synthesis and D) ceramide hydrolysis on sphingosine, 

dihydrosphingosine, and their respective phosphorylated products following serine 

starvation. HCT-116 cells were cultured with and without serine for 24 h prior to 

sphingolipid analysis by HPLC MS/MS. Results were then normalized according to total 

lipid phosphate present.
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Figure 3. Effects of SK1 on cell growth during serine starvation.
A) Effect of SK1 expression on the growth (cell count) of ser/gly-starved cells. HCT-116 

cells overexpressing SK1 and control cells were cultured with and without ser/gly for 3 days. 

Western blots show the differences in the effect of serine-starvation on levels of 

overexpressed SK1 and on endogenous SK1. Triplicate samples of cells were counted every 

24 h. Results show mean ± s.d. n = 3. Statistics shown comparing the -ser/gly condition with 

and without SK1 overexpression. * P<0.05. B) Effect of SK2 downregulation on cell growth 

during ser/gly starvation. Cells were pretreated with siRNA to SK2 before being cultured 

with and without ser/gly for 3 days. Inset shows the effect of siRNA to SK2 on SK2 

Truman et al. Page 21

FASEB J. Author manuscript; available in PMC 2021 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression. C) Effect of over expressed SK1 on sphingosine levels following serine 

starvation. Stably over expressing SK1 HCT-116 cells incubated for 24h in either serine-

replete or serine-deficient media before sphingosine levels were measured by HPLC 

MS/MS. Data indicates mean ± s.d., n = 3
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Figure 4. SK1 regulates ROS during serine starvation.
A) Effects of serine starvation and of SK1 expression on mitochondrial ROS. Cells were 

starved of ser/gly for 24 h then pre-treated with mito-SOX for up to 2 h before fluorescence 

was visualized. The left panel images are representative of multiple fields from three 

independent results. The right panel shows quantification of each individual image. B) 
Levels of intracellular ROS in SK1 KO cells. Cells were incubated for 24 h before 

intracellular ROS levels were measured by DCFH-DA staining. Triplicate samples of cells 

were counted every 24 h. Results show mean ± s.d. n = 3. C) Growth effects of N-
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acetylcysteine (NAC)-treatment on ser/gly starved cells. NAC was added at the same time as 

media was changed to either ser/gly replete (left panel) or deficient (right panel). HCT-116 

cells were incubated with 1 mM NAC and with or without serine for up to 72 h and cells 

were enumerated every 24 h. ROS was measured using DCFD-HA and quantified by 

fluorescent spectrometry. * P<0.05, ** P<0.005.
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Figure 5. Role of SK1 and ROS in maintaining normal mitochondrial function.
A) Effect of NAC on OCR in serine-starved HCT-116 cells. B) Effects of serine starvation 

and SK1 loss on maximum stress OCR. C) Effects of NAC-treatment on basal and maximal 

OCR in SK1 KO and WT HCT-116 cells. Cells were cultured with or without ser/gly. OCR 

was measured using Seahorse as recommended by the manufacturer. Quantification of OCR 

was performed at least 3 different times, and each value indicates mean average of 10 

different measurements ± s.e.m.
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Figure 6. Effect of sphingosine accumulation on cell growth during serine starvation.
A) Effect of exogenous sphingosine on intracellular ROS. Cells were incubated for 24 h 

before the medium was changed to either serine-starved or serine-replete. Sphingosine 

(1μM) was added concurrently, and cells were incubated for a further 24 h. ROS was 

measured using DCFD-HA and quantified by fluorescent spectrometry. B) Dose response of 

sphingosine on OCR. Increasing doses of sphingosine (SO) were added 24 h before OCR 

was measured. C) Intracellular sphingosine levels following addition of exogenous Sph. D) 
Effect of sphingosine accumulation using myriocin. Cells had 100nM myriocin added at the 
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same time as medium was changed to either serine-starved or serine-replete. After 24h 

sphingosine was measured using GC MS/MS. For growth cells were counted every 24h. 

Statistics shown for -ser/gly vs -ser/gly + myriocin. E) D-erythro-Sphingosine specificity 

compared to its enantiomer L-erythro-sphingosine on OCR. F) Effect of NAC on OCR in 

sphingosine-treated cells. OCR was measured using Seahorse as recommended. G) Effect of 

S1P on growth during ser/gly starvation. S1P (100nM) was added concurrently with serine-

replete or serine-deficient media. After every 24h interval, cells were trypsinized and 

counted with trypan blue. Inset shows phosphorylated ERM following S1P addition for 

10min, indicating that the S1P used was bioactive, as has been previously reported (66). 

Results show the average of 2 plates per time point, each counted twice. Results show mean 

± s.d. H) Effect of S1P on ser/gly starvation induced OCR reduction. S1P was added 

concurrently with serine-replete or serine-deficient media, and incubated for 24h before 

OCR was measured as described in the Materials and Methods. I) Intracellular serine levels 

following addition of sphingosine. Data indicates mean ± s.e.m., n ≥ 8. * P<0.05, ** 

P<0.005.
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