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ABSTRACT 

Metabolic rewiring is a hallmark of cancer that supports tumor growth, survival and chemotherapy 

resistance. While normal cells often rely on extracellular serine and glycine supply, a significant 

subset of cancers becomes addicted to intracellular serine/glycine synthesis, offering an attractive 

drug target. Previously developed inhibitors of serine/glycine synthesis enzymes did not reach 

clinical trials due to unfavorable pharmacokinetic profiles, implying that further efforts to identify 

clinically applicable drugs targeting this pathway are required. In this study, we aimed to develop 

therapies that can rapidly enter the clinical practice by focusing on drug repurposing, as their safety 

and cost-effectiveness have been optimized before. Using a yeast model system, we repurposed 

two compounds, sertraline and thimerosal, for their selective toxicity against serine/glycine 

synthesis addicted breast cancer and T-cell acute lymphoblastic leukemia cell lines. Isotope tracer 

metabolomics, computational docking, enzymatic assays and drug-target interaction studies 

revealed that sertraline and thimerosal inhibit serine/glycine synthesis enzymes serine 

hydroxymethyltransferase and phosphoglycerate dehydrogenase, respectively. In addition, we 

demonstrated that sertraline’s anti-proliferative activity was further aggravated by mitochondrial 

inhibitors, such as the antimalarial artemether, by causing G1-S cell cycle arrest. Most notably, this 

combination also resulted in serine-selective antitumor activity in breast cancer mouse xenografts. 

Collectively, this study provides molecular insights into the repurposed mode-of-action of the 

antidepressant sertraline and allows to delineate a hitherto unidentified group of cancers being 

particularly sensitive to treatment with sertraline. Furthermore, we highlight the simultaneous 

inhibition of serine/glycine synthesis and mitochondrial metabolism as a novel treatment strategy 

for serine/glycine synthesis addicted cancers. 
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INTRODUCTION 1 

Rewiring of energy metabolism, exemplified by the Warburg effect, is one of the hallmarks of cancer 2 

(1). While normal cells often rely on serine/glycine uptake from their environment, several cancer 3 

subtypes produce their own serine/glycine via intracellular serine/glycine synthesis and become 4 

addicted to this own production (2,3). In general, serine/glycine synthesis (Fig. 1) consists of two 5 

processes: de novo serine synthesis from glucose and interconversion of serine into glycine. De 6 

novo serine synthesis branches from glycolysis, with the glycolytic intermediate 3-7 

phosphoglycerate being converted into serine via three consecutive enzymatic reactions catalyzed 8 

by phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1) and 9 

phosphoserine phosphatase (PSPH). Thereafter, serine is catabolized into glycine, facilitated by 10 

serine hydroxymethyltransferase 1 or 2 (SHMT1/2), with 1 and 2 referring to the cell compartment 11 

in which the reaction takes place, i.e. the cytosol or the mitochondria (2,3). By relying on intracellular 12 

serine/glycine synthesis, cancer cells feed their high requirements to generate formate for purine 13 

synthesis, produce reductive equivalents to control redox homeostasis, regulate DNA 14 

demethylation and support lipid metabolism (3). 15 

A cancer type well-known for its dependency on serine/glycine synthesis is breast cancer, where 16 

6% of the patient samples display copy number gains of the PHGDH gene. Furthermore, 70% of 17 

estrogen receptor negative breast tumors have increased PHGDH protein levels, and inhibition of 18 

PHGDH via RNA interference or PHGDH inhibitors impairs cell proliferation and survival (4–8). 19 

Besides PHGDH, also SHMT2 is known to be exploited by breast cancer cells as SHMT2 20 

expression levels are positively correlated with breast cancer grade (9). Additionally, SHMT2 is 21 

identified as a direct target gene of the MYC oncogene (10). MYC-driven stimulation of de novo 22 

serine synthesis by transcriptional upregulation of PHGDH, PSAT1 and PSPH is also critical for 23 

sustaining survival and rapid proliferation of cancer cells under nutrient deprived conditions (11). 24 

Apart from MYC, the oncogene KRAS, the tumor suppressor p53, the mTOR-ATF4 axis and the T-25 

cell leukemia associated R98S mutation in ribosomal protein L10 (RPL10 R98S) have also been 26 

shown to enhance serine/glycine synthesis in cancer cells (12–15).  27 

Evidence for addiction to serine/glycine synthesis in cancer subsets, including triple-negative 28 

breast cancer and T-cell leukemia that are both currently treated with toxic intensive chemotherapy 29 

regimens, is growing. This highlights the necessity to develop novel therapeutic intervention 30 

strategies for these cancers, specifically focusing on targeting serine/glycine synthesis. PHGDH 31 

and SHMT inhibitors have been identified but did not enter clinical trials due to unfavorable 32 

pharmacokinetic profiles or because they have only recently been developed (7,8,16–18). Further 33 

efforts to identify clinically applicable drugs targeting this pathway are therefore required. 34 
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In this study, we made use of a lower eukaryotic yeast model system that specifically upregulates 35 

serine/glycine synthesis in response to sublethal stress. Using this platform, we discovered two 36 

repurposed compounds, sertraline and thimerosal (chemical structures in Fig. 5E) (19), that show 37 

selective toxicity to serine/glycine synthesis addicted cancer cell lines, while they had no effect on 38 

cancer and normal lymphoid cell lines that take up serine and glycine from their environment. 39 

Moreover, this work reports the potential application of the clinically used antidepressant sertraline 40 

as adjuvant therapeutic agent to treat serine/glycine synthesis addicted cancers, especially when 41 

combined with drugs causing mitochondrial dysfunction. 42 

 43 
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MATERIALS AND METHODS 44 

Cells. Breast cancer cell lines MDA-MB-231 (ATCC #HTB-26, RRID:CVCL_0062), MDA-MB-468 45 

(ATCC #HTB-130, RRID:CVCL_0419), MCF7 (ATCC #HTB-22, RRID:CVCL_0031) and HCC70 46 

(ATCC #CRL-2315, RRID:CVCL_1270) were cultured at 37°C and 5% CO2 in DMEM (Gibco 47 

#41965039) supplemented with 10% fetal bovine serum (FBS; Gibco #10270-106). Because of 48 

many serial passages, MCF7 cell authenticity was confirmed by Microsynth AG. Other cell lines 49 

were freshly obtained from American Type Culture Collection (ATCC). The Ba/F3 pro-B cell line 50 

(DSMZ #ACC-300, RRID:CVCL_0161) was obtained from Leibniz-Institute DSMZ and grown in 51 

RPMI-1640 (Gibco #21875091) supplemented with 10% FBS and 10 ng/ml interleukin 3 (IL-3; 52 

Miltenyi). CRISPR-Cas9 engineering of Ba/F3 cells is described in the supplementary information. 53 

All cell lines were tested for Mycoplasma with the MycoAlert Mycoplasma Detection Kit (Lonza 54 

#LT07-418) before use and were cultured for maximum 49 days after thawing. Serine depleted 55 

media corresponds to DMEM without serine and glycine (US Biological Life Sciences #D9802-01), 56 

supplemented with 4.5 g/l glucose, 3.7 g/l sodium bicarbonate, 1:100 glutamax and 10% dialyzed 57 

serum (Gibco #A3382001). 58 

Compounds. 1000x stock solutions of each compound were made and stored at -20°C. Sertraline 59 

(Sigma-Aldrich #S6319), NCT-503 (Sigma-Aldrich #SML1659), rotenone (Sanbio #13995-100), 60 

antimycin A (Sigma-Aldrich #A8674) and artemether (TCI Europe #A2190) were dissolved in 61 

DMSO, while thimerosal (Sigma-Aldrich #T8784), benzalkonium chloride (Sigma-Aldrich #12060) 62 

and bupropion (TCI Europe #B3649) were dissolved in water. Sertraline’s activity can differ 63 

between batches, causing variability in the exact dose that is required to obtain the observed 64 

effects.  65 

Proliferation assay. MDA-MB-231 (7500 cells/well), MDA-MB-468 (7500 cells/well), MCF7 (4000 66 

cells/well) and HCC70 (4500 cells/well) cells (100 µl) were seeded in 96-well plates (Sigma-Aldrich 67 

#Z707902-108EA) and incubated at 37°C for 24 hours to obtain optimal adherence to the surface. 68 

Next, 100 µl of 2x compound solutions, diluted in DMEM with 10% FBS, were added. During the 69 

following 5 days, cell proliferation was assessed by real-time imaging of confluency on an IncuCyte 70 

Zoom system (Essen BioScience). Using the exponential portions of the resulting growth curves, 71 

we calculated the growth rate (GR) under various drug conditions. The formula below was used, in 72 

which t1 and t2 are two time points within the exponential growth phase: GR(1/h) = [ln(confluency 73 

t2) – ln(confluency t1)] / [time(t2) – time(t1)].   74 

Ba/F3 viability assay. Three RPL10 WT versus three RPL10 R98S clones were plated and 75 

cultured for 72 hours to exhaust the medium. Afterwards, the clones were incubated with sertraline 76 
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(7.3 µM) or thimerosal (1 µM). Relative cell viability was measured, using flow cytometry, after 48 77 

hours of compound treatment. 78 

Steady-state metabolite concentrations and 13C6-glucose tracing. 150.000 MDA-MB-468 cells 79 

were plated in 3 ml of DMEM in 6-well plates (VWR #734-0948). After 24 hours of incubation at 80 

37°C, cells were washed with PBS and 3 ml of tracing medium (glucose-free DMEM with 10% 81 

dialyzed serum and 4.5 g/l 13C6-glucose) was added. Subsequently, cells were incubated at 37°C 82 

during 24 hours (thimerosal and NCT-503) or 72 hours (sertraline and/or artemether). Metabolites 83 

for the subsequent mass spectrometry analysis were prepared by quenching the cells in liquid 84 

nitrogen followed by a cold two-phase methanol-water-chloroform extraction (20,21). Phase 85 

separation was achieved by centrifugation at 4°C (24x3.75 g, 10 minutes). The methanol-water 86 

phase containing polar metabolites was separated and dried using a vacuum concentrator at 4°C 87 

overnight. Dried metabolite samples were stored at -80°C. Polar metabolites were analyzed by GC-88 

MS and LC-MS, as described in the supplementary information.  89 

PHGDH in vitro enzymatic activity assay: PHGDH activity upon drug treatment was tested using 90 

human PHGDH (BPS Bioscience #71079) and a colorimetric PHGDH activity kit (BioVision #K569). 91 

PHGDH inhibitor NCT-503 served as a positive control (7). Human PHGDH was diluted in water to 92 

a concentration of 0.15 mg/ml. Next, 5 µl of this PHGDH enzyme solution and 10 µl sertraline, 93 

thimerosal or NCT-503 was added in a 96-well plate (flat bottom). Subsequently, 35 µl PHGDH 94 

assay buffer (BioVision #K569) and 50 µl PHGDH reaction mix (prepared as described in #K569, 95 

BioVision) was added. Afterwards, absorbance at 450 nm was measured over time. In between 96 

measurements, the plate was incubated at 37°C, protected from light. Finally, PHGDH activity was 97 

calculated between two time points within the linear range of the internal standard (as described in 98 

#K569, BioVision). 99 

Computational docking: Sertraline was modelled using MOE (Chemical Computing Group, 100 

Montreal, Canada) (MOE, RRID:SCR_014882) with the MMFF94x force field. The structures of the 101 

putative enzymes present in serine/glycine synthesis were obtained from the RCSB database (PDB 102 

ID SHMT1: 1BJ4, SHMT2: 5V7I). The bioactive conformations were chosen for each enzyme 103 

(SHMT1, SHMT2 as dimers) and optimized in MOE using protonate_3D. Docking was performed 104 

using GOLD8 software (22) (GOLD, RRID:SCR_000188). Specifically, sertraline was docked in the 105 

presence of the pyridoxal 5’-phosphate (PLP) co-factor. Furthermore, the known SHMT inhibitor 106 

(pyrazolopyran scaffold, SHIN1) and a library of  FDA approved compounds (17,23) were docked 107 

in the presence of the PLP ligand. Conformational restraints were applied to the ligand by 108 

disallowing the flipping of ring conformations and planar R-NR1R2 groups to ensure the rigidity of 109 

sertraline. Each ligand was docked 10 times into each enzyme and the score was calculated using 110 
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CHEMPLP scoring function. The interactions of sertraline with SHMT1/2 were analyzed and 111 

visualized using PyMOL version 1.8 (Schrödinger, 2015) (PyMOL, RRID:SCR_000305). The 112 

docked conformations of the ligands in SHMT1/2 were superimposed using PyMOL to compare 113 

the interactions. Ligand efficiency scores were calculated to normalize each docking score by the 114 

number of heavy atoms in each ligand.  115 

Deuterated [2,3,3-²H]-serine tracing: 150.000 MDA-MB-468 cells were plated in 2 ml of DMEM 116 

in 6-well plates (VWR #734-0948). After 24 hours of incubation at 37°C, cells were washed with 117 

PBS and 2 ml of serine-free DMEM (US Biological Life Sciences #D9802-01), supplemented with 118 

4.5 g/l glucose, 3.7 g/l sodium bicarbonate, 400 µM [2,3,3-²H]-serine, 400 µM glycine, 1:100 119 

glutamax and 10% dialyzed serum, was added for 48 hours. Metabolites for the subsequent mass 120 

spectrometry analysis were prepared by quenching the cells in liquid nitrogen followed by a cold 121 

two-phase methanol-water-chloroform extraction (20,21). Phase separation was achieved by 122 

centrifugation at 4°C (24x3.75 g, 10 minutes). The methanol-water phase containing polar 123 

metabolites was separated and dried using a vacuum concentrator at 4°C overnight. Dried 124 

metabolite samples were stored at -80°C. Polar metabolites were analyzed by GC-MS and LC-MS, 125 

as described in the supplementary information.  126 

Protein thermal shift: Recombinant human SHMT1 (Novusbio #NBP1-72548) was diluted in 127 

buffer (20 mM Tris-HCl pH 8.0 and 100 mM NaCl) to a concentration of 5 µM. Thermal scanning 128 

was performed in clear 96-well PCR plates with in each well 4 µM SHMT1, 5x SYPRO Orange 129 

(Invitrogen #S6650; 5000x) and 1.5 µl sertraline (7 mM stock in 50% DMSO) in a total volume of 130 

15 µl. In each well, the DMSO background was normalized to 5%. Dual SHMT1/2 inhibitor SHIN1, 131 

at a concentration of 250 µM, served as a positive control (17). Unfolding was monitored by real-132 

time PCR (CFX Connect, Bio-Rad Laboratories) and fluorescence intensity was measured every 133 

20 seconds in the FRET channel over a linear 20°C to 95°C gradient of 1.5°C/min. Plots of the first 134 

derivative of fluorescence versus temperature were generated in CFX software. 135 

Microscale thermophoresis (MST): Recombinant human SHMT2 (OriGene #TP760127) was 136 

fluorescently labeled using the Monolith NT protein labeling kit Red-NHS (NanoTemper 137 

Technologies). For MST, the SHMT2 enzyme concentration was kept constant at 50 nM, whereas 138 

sertraline was titrated down from 730 µM to 0.36 µM. The DMSO background was kept constant at 139 

5% and dual SHMT/1/2 inhibitor SHIN1 (500 µM) served as a positive control (17). The MST buffer 140 

contained 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% glycerol and 0.05% sarkosyl for determining 141 

sertraline’s binding affinity to SHMT2. MST with SHIN1 was performed in 25 mM Tris-HCl pH 8.0, 142 

150 mM NaCl, 0.1% glycerol and 0.01% sarkosyl. Measurements were performed using Monolith 143 

NT automated premium capillaries and recorded on a Monolith NT automated instrument 144 
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(NanoTemper Technologies) with a pico-red laser channel at 7% excitation power and “medium” 145 

MST power. The affinity constant (Kd) and experimental data fitting was performed using 146 

MO.Affinity analysis software. The thermophoretic movement of bound and unbound state 147 

superposed linearly. Therefore, the fraction bound (f) is described as Fnorm = (1-f) Fnorm,unbound + (f) 148 

Fnorm,bound , where Fnorm is the normalized fluorescence, Fnorm,unbound corresponds to the normalized 149 

fluorescence of the unbound state and Fnorm, bound is the normalized fluorescence of the bound state. 150 

Uptake and secretion rates: 150.000 MDA-MB-468 cells were plated in 2 ml of DMEM in 6-well 151 

plates (VWR #734-0948). The day after (day 0), cells were washed with PBS and 2 ml of fresh 152 

DMEM was added. 72 hours later (day 3), medium samples were taken (0.5-1 ml). The cells were 153 

counted on day 0 and on day 3, using an automated cell counter. Medium samples were analyzed 154 

by GC-MS, as described in the supplementary information. Specifically, uptake and secretion rates 155 

were calculated by subtracting metabolite concentrations of treated samples from those of culture 156 

media incubated for the same amount of time but without cells. Finally, results were normalized for 157 

both cell number and growth rate. 158 

Cell death analysis: Cell death was quantified using a combined Zombie Aqua – eFluor506 and 159 

Annexin V – PE staining. 150.000 MDA-MB-468 cells were plated in 2 ml of DMEM in 6-well plates 160 

(VWR #734-0948) and incubated at 37°C for 24 hours to obtain optimal adherence to the surface. 161 

The day after, cells were treated with 2 ml of fresh DMEM containing sertraline (5, 7.5 or 10 µM) 162 

and/or artemether (80 µM). Upon 24 hours of treatment, cells were collected in a 96-well U-bottom 163 

plate and washed with PBS. Afterwards, cell viability was analyzed following incubation with 164 

Zombie Aqua (BioLegend #423102, 1:1000 in PBS) for 20 minutes at RT in the dark, an Annexin 165 

V binding buffer (Invitrogen #V13246) washing step and Annexin V (IQ Products #IQP-120R, 1:100 166 

in binding buffer) staining at RT in the dark for 15 minutes. All samples were acquired using a FACS 167 

Canto II flow cytometer and analyzed with FlowJo V10 (FlowJo, RRID:SCR_008520). 168 

Cell cycle analysis: Cell cycle was analyzed by bromodeoxyuridine (BrdU) incorporation and 169 

propidium iodide (PI) staining. 150.000 MDA-MB-468 cells were plated in 2 ml of DMEM in 6-well 170 

plates (VWR #734-0948) and incubated at 37°C for 24 hours to obtain optimal adherence to the 171 

surface. The day after, cells were treated with 2 ml of fresh DMEM containing sertraline (5, 7.5 or 172 

10 µM) and/or artemether (80 µM). Upon 24 hours of treatment, cells were incubated with 10 µM 173 

BrdU (eBioscience #00-4440-51A) at 37°C for 1 hour. Next, cells were collected using trypsin and 174 

washed with PBS. Afterwards, BrdU incorporation and PI staining were analyzed following 70% 175 

ice-cold ethanol fixation, 2 M HCl denaturation, 0.5 M EDTA (pH 8.0) neutralization, BrdU-FITC 176 

antibody (BioLegend #364104, RRID:AB_2564481) staining for 20 minutes at RT and 20 minutes 177 
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incubation with PI solution (100 µg/ml) at RT. All samples were acquired using a FACS Canto II 178 

flow cytometer and analyzed with FlowJo V10 (FlowJo, RRID:SCR_008520). 179 

Xenografts in NOD-SCID/IL2γ-/- (NSG) mice: Animal experiments were approved by the local 180 

ethics committee (P262-2015). 3x106 breast cancer cells were injected subcutaneously in the left 181 

(MDA-MB-231) and right (MDA-MB-468) flanks in a 1:1 mixture with matrigel (Corning). The mice 182 

(IMSR #JAX:005557, RRID:IMSR_JAX:005557) were monitored on a daily basis and sacrificed 183 

after 28 days. Mice received treatments on days 7, 9, 11, 13, 15, 20 and 24. Therapy was 184 

administered via intra-peritoneal injections at dosages of 2.5 mg/kg sertraline and/or 40 mg/kg 185 

artemether. Control mice were treated with DMSO. 186 

Statistics: All statistical analyses were performed using GraphPad Prism 8 software (GraphPad 187 

Prism, RRID:SCR_002798) and data are presented as mean ± standard deviation (SD). Specific 188 

statistical tests used for each experiment are mentioned in the figure legends. Results were 189 

considered to be statistically significant if the adjusted p-value was < 0.05 (*p < 0.05, **p < 0.01, 190 

***p < 0.001, ****p < 0.0001). 191 

 192 
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RESULTS 193 

Identification of selective inhibitors of serine/glycine synthesis addicted breast cancer cell 194 

lines 195 

To address the need for clinically applicable drugs targeting serine/glycine synthesis, we focused 196 

on drug repurposing with the aim to develop novel therapies that can rapidly enter the clinical 197 

practice as their safety and pharmacokinetics have been validated in patients before. To do this, 198 

we made use of the lower eukaryotic yeast Candida albicans that specifically upregulates 199 

serine/glycine synthesis as a tolerance mechanism against sublethal stress (Supplementary Fig. 200 

S1A-B) (24,25), and hypothesized that compounds re-sensitizing this yeast to the antifungal stress, 201 

can be potent inhibitors of serine/glycine synthesis. Subsequently, “re-sensitizing hits” were further 202 

validated in a cancer context, both in vitro and in vivo, by investigating their selective anti-203 

proliferative effects on serine/glycine synthesis addicted cancer cell lines and delineating their exact 204 

mode-of-action (Fig. 1). Interestingly, the serotonin reuptake inhibitor sertraline was identified as a 205 

re-sensitizing agent, implying that it might stem from inhibition of serine/glycine synthesis 206 

(Supplementary Fig. S1C). This drug caught our attention, as sertraline is widely used in the clinic 207 

as antidepressant of which its safety for chronic use is well-documented.  208 

To investigate whether sertraline is a specific inhibitor of serine/glycine synthesis, we tested its 209 

efficacy on cancer cell lines representing two subtypes of breast cancer, being those that rely on 210 

serine/glycine synthesis (MDA-MB-468) and those that depend on serine/glycine uptake (MDA-211 

MB-231) (6,26). MDA-MB-468 cells typically express higher transcript and protein levels of 212 

serine/glycine synthesis enzymes (6,26), and flux through this metabolic pathway is associated 213 

with proliferation and sustained survival (6). We performed 13C6-glucose tracing to monitor the 214 

activity of serine/glycine synthesis in these cell lines. In such experiments, synthesis of serine and 215 

glycine can be monitored by following carbon-13 stable isotope incorporation from glucose, with 216 

glucose-derived serine and glycine showing mass shifts of 3 and 2 units (M+3 serine and M+2 217 

glycine), respectively. Cellular uptake of unlabeled serine and glycine from the cell culture medium 218 

will, on the other hand, result in unlabeled (M+0) serine and glycine, whereas interconversion 219 

between serine and glycine, catalyzed by SHMT1/2, will result in partially labeled serine (M+1 and 220 

M+2) and glycine (M+1) (Fig. 3D). Our data confirmed that MDA-MB-468 cells showed around 10% 221 

serine M+3 and glycine M+2 contribution from labeled glucose, while serine and glycine were 222 

unlabeled in MDA-MB-231 cells (Supplementary Fig. S2A). MDA-MB-468 cells are thus able to 223 

endogenously produce serine and glycine, whereas MDA-MB-231 cells are not. In agreement with 224 

this, real-time monitoring of cell confluency of both cell lines treated with NCT-503, an established 225 

PHDGH inhibitor (7), showed dose-dependent inhibition of MDA-MB-468 proliferation, while 226 
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minimal effects on MDA-MB-231 were observed (Supplementary Fig. S2B-C). Accordingly, 227 

treatment of MDA-MB-468 cells with sertraline induced a dose-dependent impairment of cell 228 

proliferation, whereas MDA-MB-231 cells were hardly affected (Fig. 2; Supplementary Fig. S3). 229 

These results indicate that compounds re-sensitizing the yeast model system, can specifically 230 

inhibit the proliferation of serine/glycine synthesis addicted breast cancer cells. 231 

Besides sertraline, a previously performed screening of 1600 off-patent drugs and other bioactive 232 

compounds (Pharmakon 1600 repurposing library) using the same yeast model system as 233 

described above, resulted in the identification of 49 other “re-sensitizing hits” (Supplementary Table 234 

S1) (24,27). We hypothesized that this list might include other potent serine/glycine synthesis 235 

inhibitors (25). To select additional candidates for validation in serine/glycine synthesis addicted 236 

breast cancer cell lines, all 49 agents were ranked into three classes based on their yeast re-237 

sensitizing capacity (high, intermediate and low). One representative agent of each class was 238 

retained for further validation, taking into account their clinical usage, as well as the presence of 239 

sulfhydryl containing groups that are proven to be effective for inhibition of PHGDH enzyme activity 240 

(8). Quaternary ammonium compounds came out as the top “hits” in the highest ranked class, of 241 

which we selected benzalkonium chloride. Out of the intermediate class of re-sensitizing agents, 242 

we selected thimerosal due to the presence of a reactive sulfhydryl group in its chemical structure. 243 

Bupropion, representing the lowest ranked class, was also retained for testing since it is clinically 244 

used as antidepressant, similar to sertraline. Thimerosal and benzalkonium chloride showed 245 

selective inhibitory activity against serine/glycine synthesis addicted MDA-MB-468 cells (Fig. 2; 246 

Supplementary Fig. S3). Conversely, bupropion did not show any anticancer activity, not even at 247 

high concentrations (Fig. 2; Supplementary Fig. S3).  248 

To validate these results, we selected a second pair of breast cancer cell lines, of which one is 249 

dependent on serine/glycine synthesis (HCC70) and one favors serine/glycine uptake from the 250 

microenvironment (MCF7) (6,26). As expected, PHGDH inhibitor NCT-503 induced a stronger 251 

inhibition of proliferation in HCC70 than in MCF7, especially at lower drug doses (Supplementary 252 

Fig. S4A-B). In agreement with previous results, sertraline, thimerosal and benzalkonium chloride 253 

impaired HCC70 cell proliferation in a dose-dependent manner, while there was no or minor toxicity 254 

on MCF7 cells (Supplementary Fig. S5A-B). Overall, thimerosal showed the highest selectivity in 255 

targeting serine/glycine synthesis addicted breast cancer cells as compared to sertraline and 256 

benzalkonium chloride, while sertraline, as an antidepressant, has highest potential for clinical use 257 

in cancer patients. We therefore selected both compounds for further characterization of their 258 

mode-of-action.  259 

 260 
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Sertraline and thimerosal target serine/glycine synthesis 261 

Next, we verified whether sertraline and thimerosal would be applicable as agents that target 262 

serine/glycine synthesis addicted cancers other than breast cancer. The ribosomal RPL10 R98S 263 

mutation is detected in 8% of pediatric T-cell acute leukemia patients (28). In leukemic cells carrying 264 

this mutation, the mutant ribosomes accumulate on PSPH mRNAs, leading to elevated PSPH 265 

protein translation associated with enhanced serine/glycine synthesis. We showed that RPL10 266 

R98S leukemic cancer cells depend on this elevated PSPH expression to support their proliferation 267 

and in vivo expansion (14). As such, RPL10 R98S leukemias represent a second cancer subgroup 268 

that is addicted to intracellular serine/glycine synthesis and we hypothesized that RPL10 R98S 269 

mutant cells might be more sensitive to sertraline and thimerosal. We used mouse pro-B Ba/F3 270 

cells in which the endogenous Rpl10 locus was engineered with CRISPR/Cas9 technology to 271 

express the WT or R98S mutant form of RPL10, comparing three independent single cell clones of 272 

each genotype. RPL10 R98S clones showed selective inhibition of cell survival upon sertraline or 273 

thimerosal treatment as compared to the RPL10 WT clones (Fig. 3A). These results confirm 274 

applicability of sertraline and thimerosal in serine/glycine synthesis addicted cancer types other 275 

than breast cancer and suggest that these agents may target different serine/glycine synthesis 276 

addicted cancer subtypes. 277 

To define the mode-of-action of both compounds, we first evaluated whether serine depletion from 278 

the culture medium increases the sensitivity of MDA-MB-468 breast cancer cells to sertraline and 279 

thimerosal by enforced dependency on intracellular serine/glycine synthesis. Only sertraline 280 

induced a significantly stronger impairment of MDA-MB-468 cell proliferation under serine-depleted 281 

conditions (Fig. 3B; Supplementary Fig. S6A-B). A similar trend was observed with NCT-503 282 

(Supplementary Fig. S6C-D).  283 

Given that MDA-MB-468 cells rely more on synthesis than uptake, inhibition of serine/glycine 284 

synthesis could cause changes in intracellular serine/glycine abundance, depending on the specific 285 

synthesis enzyme that is targeted. While reductions in enzymatic activity of PHGDH, PSAT1 or 286 

PSPH are expected to result in reduced intracellular concentrations of both serine and glycine, 287 

targeting SHMT1/2 is rather expected to affect levels of glycine only. Mass spectrometry analysis 288 

revealed that sertraline did not affect the intracellular levels of serine in MDA-MB-468 cells, and 289 

that it solely reduced the abundance of downstream glycine (Fig. 3C). In contrast, thimerosal 290 

decreased serine abundance to the same extent as glycine, as seen for NCT-503 (Fig. 3C; 291 

Supplementary Fig. S6E).  292 

We subsequently performed 13C6-glucose tracing to monitor the effects of sertraline and thimerosal 293 

on overall serine/glycine synthesis in more detail (Fig. 3D). Our data showed that sertraline reduced 294 
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de novo synthesized M+3 serine, and that it targets serine to glycine interconversion in MDA-MB-295 

468 cells, characterized by a reduced fractional labeling of M+2 glycine and M+1 serine (Fig. 3E). 296 

In contrast to sertraline, thimerosal did not significantly reduce the fraction of glucose-derived M+3 297 

serine and M+2 glycine (Fig. 3E). In parallel, NCT-503 only caused minor changes in fractional 298 

glucose contribution of M+3 serine and M+2 glycine that could not solely account for the lower 299 

intracellular serine and glycine abundances (Supplementary Fig. S6E-F). Since we assess with this 300 

tracing the ratio between synthesis and uptake, our data may indicate a simultaneous 301 

downregulation of serine/glycine synthesis and uptake upon thimerosal or NCT-503 treatment. 302 

Collectively, we reasoned that thimerosal, similar to NCT-503, is more likely to affect one of the 303 

three first biosynthetic enzymes. For sertraline, our data point towards inhibition of serine to glycine 304 

interconversion, implying that SHMT1/2 can be its potential target. In line with this hypothesis, 305 

steady state levels of serine (Fig. 3C) may originate from a block in conversion to glycine and 306 

subsequent downregulation of de novo serine synthesis and uptake.  307 

 308 

Thimerosal reduces PHGDH activity, while sertraline inhibits SHMT1/2  309 

To gain additional insights in the exact serine/glycine synthesis enzyme targeted by sertraline and 310 

thimerosal, we first performed an in vitro enzymatic PHGDH assay. Sertraline did not show any 311 

effect on PHGDH activity, further excluding PHGDH as sertraline’s potential target (Fig. 4A). Similar 312 

to NCT-503, thimerosal was able to reduce PHGDH activity (Fig. 4A). Notably, the thimerosal 313 

concentration inducing 50% inhibition (IC50 = 0.1517 µM) was even 10-fold lower than this of NCT-314 

503 (IC50 = 1.747 µM) (Fig. 4A; Supplementary Fig. S7A).  315 

Since our in vitro enzymatic PHGDH assay had excluded PHGDH as sertraline’s target and 316 

previous data already pointed towards more downstream inhibition of serine/glycine synthesis (Fig. 317 

3), we focused further on SHMT1/2. First, we computationally docked sertraline to SHMT1 and 318 

SHMT2. It has been shown that SHMT is a ubiquitous pyridoxal 5’-phosphate (PLP)-dependent 319 

enzyme (17,29). Therefore, docking scores were determined with the PLP co-factor inside the 320 

binding pocket (Table 1). As a reference, the already reported plant derived and non-clinically used 321 

dual SHMT1/2 inhibitor with a pyrazolopyran scaffold, SHIN1, was used (17,30). High docking 322 

scores were obtained for sertraline, in the range of the compounds characterized by a 323 

pyrazolopyran scaffold. Moreover, aligning both dockings showed that sertraline potentially binds 324 

in the exact same pocket as SHIN1 and has similar interactions with SHMT1/2, namely a hydrogen 325 

bond with its -NH group (Fig. 4B). 326 
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Next, a virtual library screen was performed by docking a library of 6392 FDA-approved ligands to 327 

SHMT1/2 (23). We observed that sertraline scores are average for both SHMT1 and SHMT2 328 

(Supplementary Fig. S7B). Because sertraline is a very small molecule with only one option to 329 

create a high scoring hydrogen bond, the scoring function will assign a lower docking score to 330 

sertraline as compared to larger molecules with more hydrophilic groups. We therefore calculated 331 

the ligand efficiency score, which adds a normalization for the amount of heavy atoms in each 332 

ligand to the docking score. This significantly improved the prediction for sertraline binding to 333 

SHMT1/2 and even assigned a higher score to sertraline as compared to the clinically used SHMT 334 

inhibiting antifolates pemetrexed and lometrexol (Supplementary Fig. S7B and Table S2-3). 335 

To experimentally measure cellular SHMT activity upon sertraline treatment, we performed isotopic 336 

hydrogen tracing (Fig. 4C) in which MDA-MB-468 cells were incubated with [2,3,3-²H]-serine, 337 

followed by analysis of 2H incorporation in glycine and thymidine triphosphate (dTTP) (31). These 338 

tracings revealed that sertraline increased the intracellular fraction of M+3 serine and decreased 339 

the fraction of M+0, M+1 and M+2 serine (Fig. 4D). While M+3 serine is used by SHMT1/2 to 340 

convert to glycine, partially labelled serine (M+1 and M+2) only arises from converting glycine back 341 

into serine. Furthermore, only M+1 dTTP was detected in MDA-MB-468 (Supplementary Fig. S7C), 342 

supporting that these cells process their 1C units only in the mitochondria via SHMT2 (31,32). 343 

Interestingly, the M+1 dTTP fraction was decreased upon sertraline treatment (Fig. 4E). 344 

Accordingly, binding of sertraline to SHMT2 was confirmed by microscale thermophoresis (Kd = 345 

13.1 µM) (Fig. 4F), using SHIN1 as a positive control (Supplementary Fig. S7D) (17). In addition, 346 

sertraline decreased the melting temperature of SHMT1 as measured by a thermal shift assay (Fig. 347 

4G), consistent with decreased stability of SHMT1 upon binding of SHIN1 (Supplementary Fig. 348 

S7E). These findings identify sertraline as dual SHMT1/2 inhibitor. 349 

In contrast to what may be expected from an SHMT inhibitor, sertraline did not increase the 350 

intracellular serine levels (Fig. 3C). To look closer into this, we determined the impact of sertraline 351 

on serine/glycine uptake and secretion rates in MDA-MB-468 cells (Fig. 4H). Our data showed a 352 

dose-dependent reduction of net serine uptake. Upon the highest sertraline dose, we even 353 

observed net serine secretion. These observations can explain the lack of serine accumulation in 354 

these breast cancer cells. Whether these effects are due to direct serine secretion and/or a sensory 355 

feedback mechanism of pyruvate kinase (PKM2), an important regulator of the glycolytic flux, 356 

remains to be determined. Furthermore, measuring glycine uptake and secretion rates revealed 357 

that sertraline-treated MDA-MB-468 cells have the tendency to take up less glycine (Fig. 4H). The 358 

strength of blocking both the serine into glycine interconversion and glycine uptake is what makes 359 

SHMT inhibitors more cytotoxic, explaining sertraline’s potent activity on MDA-MB-468 cells, as 360 

was previously also observed using SHIN1 (17). Together, these results support that sertraline 361 
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inhibits SHMT1/2 activity and glycine uptake, leading to reduced net serine uptake and de novo 362 

serine synthesis, to prevent serine accumulation.  363 

 364 

Sertraline has clinical potential in combination therapy 365 

In contrast to thimerosal, for which clinical applications are limited to topical use because of a toxic 366 

mercury group in its structure, sertraline is a small molecule antidepressant. Our findings support 367 

that sertraline can be an attractive adjuvant therapeutic agent to specifically treat serine/glycine 368 

synthesis addicted cancers.  369 

It has been established that mitochondrial dysfunction causes changes in one-carbon metabolism 370 

and that cancer cells will depend even more on serine/glycine synthesis upon mitochondrial 371 

inhibition (33,34). Furthermore, serine/glycine synthesis and the tricarboxylic acid (TCA) cycle are 372 

strongly interconnected, implying that targeting both serine/glycine synthesis and mitochondrial 373 

metabolism might further metabolically disrupt cancer cells. As a proof-of-concept, we investigated 374 

the effect of sertraline on MDA-MB-468 proliferation when combined with suboptimal dosages of 375 

mitochondrial inhibitors rotenone and antimycin A, targeting respiratory chain complex I and III, 376 

respectively (35). While sertraline monotherapy caused around 20% reduction in cell proliferation, 377 

combining sertraline with rotenone or antimycin A further decreased proliferation of MDA-MB-468. 378 

No synergistic effect of both combinations on MDA-MB-231 proliferation was observed (Fig. 5A; 379 

Supplementary Fig. S8A-C). 380 

To further analyze sertraline’s clinical potential in combination therapy, we tested sertraline in 381 

combination with a clinically used and less generally toxic drug than rotenone and antimycin A. 382 

Artemether, an antimalarial agent, has already been shown to have potent anticancer activity 383 

(36,37). Interestingly, artemisinin, which belongs to the same structural class as artemether, was 384 

identified as activator of AMPK, suggesting a possible inhibition of mitochondrial function (38). By 385 

performing 13C6-glucose tracing of artemether-treated MDA-MB-468 cells (Supplementary Fig. S9), 386 

we confirmed inhibitory action of artemether on mitochondrial TCA cycle activity, as evidenced by 387 

decreased contribution of labeled glucose into TCA cycle metabolites, especially the M+4 variants. 388 

Besides, a slight reduction of the M+3 serine fraction was detected, but this was lower than the 389 

observed inhibitory effect on TCA cycle intermediates. Additionally, glucose contribution into M+3 390 

lactate and M+3 alanine was elevated upon artemether treatment, which was not observed with 391 

sertraline. The latter suggests that overall TCA cycle activity is reduced, and pyruvate will use 392 

alternative routes such as its reduction to lactate, supporting that artemether acts as mild 393 

mitochondrial inhibitor. Corresponding to what was observed using the well-established 394 

mitochondrial inhibitors rotenone and antimycin A, the artemether-sertraline combination indeed 395 
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further decreased MDA-MB-468 cell proliferation as compared to single drug treatment, while 396 

minimal effects where observed on MDA-MB-231 cells (Fig. 5A; Supplementary Fig. S8B-C). 13C6-397 

glucose tracing confirmed the superior effect of this novel combination therapy as the contribution 398 

of labeled glucose into TCA cycle metabolites was stronger reduced (Supplementary Fig. S9). In 399 

contrast, the reduction in M+3 serine and M+2 glycine was identical to this of sertraline 400 

monotherapy, confirming that the inhibitory effect on serine/glycine synthesis is rather due to 401 

sertraline than to artemether.  402 

Since the artemether-sertraline combination mainly reduced the MDA-MB-468 proliferation rate, 403 

we hypothesized that it interferes with cell cycle progression rather than inducing cell death. Indeed, 404 

bromodeoxyuridine (BrdU) staining showed a significant decrease in BrdU incorporation in MDA-405 

MB-468 cells upon combination treatment, compared to monotherapy (Fig. 5B-C; Supplementary 406 

Fig. S10B). Moreover, propidium iodide (PI) cell cycle analysis confirmed a G1-S cell cycle arrest, 407 

with 20% more MDA-MB-468 cells in G1-phase upon combination treatment (Fig. 5B-C; 408 

Supplementary Fig. S10B). Only 5% of MDA-MB-468 cells were double positive for the Annexin V 409 

and Zombie Aqua cell death markers after combination treatment (Supplementary Fig. S10C), 410 

supporting limited effects on cell apoptosis. Apart from the artemether-sertraline combination, 411 

minor effects on cell cycle were observed with a suboptimal dose of sertraline that increases with 412 

increased doses of sertraline (Supplementary Fig. S10A-B). As such, artemether strengthens 413 

sertraline’s inhibitory effect on G1-S cell cycle progression, highlighting the potential of a 414 

mitochondrial inhibitor in combination with sertraline. 415 

To evaluate the therapeutic potential of these findings more profoundly, we tested the efficacy of 416 

the artemether-sertraline combination in an in vivo mouse model. To this end, we implanted MDA-417 

MB-231 and MDA-MB-468 cells in the opposite flanks of immunodeficient NOD-SCID/IL2γ-/- (NSG) 418 

mice and treated the animals with sertraline (2.5 mg/kg), artemether (40 mg/kg) or a combination 419 

of both. After 4 weeks, only the MDA-MB-468 mouse xenografted tumors showed significant 420 

differences between treatment groups and artemether significantly reduced MDA-MB-468 tumor 421 

growth (Fig. 5D). Most notably, the artemether-sertraline combination caused an even stronger 422 

inhibition of MDA-MB-468 tumor formation as compared to monotherapy (Fig. 5D). No changes in 423 

MDA-MB-231 tumor growth were observed between treatment groups within the same mice (Fig. 424 

5D). Collectively, this highlights the potency of a mitochondrial inhibitor, such as artemether, in 425 

combination with sertraline to treat serine/glycine addicted cancers.  426 

 427 
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DISCUSSION 428 

Our data support upregulation of serine/glycine synthesis as a general mechanism to deal with 429 

cellular stress that has been evolutionary conserved from the lower eukaryote Candida albicans up 430 

to human cancer cells. Hence, this yeast model system can be used for rapid and low-cost 431 

screening for compounds targeting serine/glycine synthesis. Further characterization of the mode-432 

of-action of “re-sensitizing hits” revealed that sertraline and thimerosal target intracellular 433 

serine/glycine synthesis enzymes SHMT1/2 and PHGDH, respectively (Fig. 5E). 434 

Although thimerosal showed potent PHGDH inhibition with 10-fold lower IC50 values compared to 435 

NCT-503, its clinical applications are limited to topical use due to the presence of a toxic mercury 436 

group in its chemical structure. Therefore, we tested thimerosal derivatives that do not contain a 437 

mercury group (methyl thiosalicylate, thiosalicylic acid and sodium thiosalicylate) for their potential 438 

to inhibit MDA-MB-468 proliferation. However, these compounds did not affect MDA-MB-468 439 

proliferation, nor could they inhibit in vitro PHGDH enzymatic activity. In agreement with these 440 

observations, it was previously described that thimerosal’s sulfhydryl reactive properties, which are 441 

expected to be important for inhibiting PHGDH activity, are attributable to its mercury-containing 442 

chemical structure (8,39). In line with an important role for sulfhydryl reactive properties in inhibiting 443 

PHGDH, compound CBR-9480, being very similar in chemical structure with thimerosal, was also 444 

picked up as a potent PHGDH inhibitor (8). As opposed to thimerosal, the antidepressant sertraline 445 

has high clinical potential as targeting agent for serine/glycine synthesis addicted cancers. 446 

Besides T-cell leukemia (14,16) and breast cancer, upregulation of serine/glycine synthesis is also 447 

known in other cancer types such as melanoma, glioblastoma, prostate, testis, ovary, liver, kidney, 448 

lung and pancreas cancer (40,41). Expression levels of serine/glycine synthesis enzymes reaching 449 

above 4-fold increased expression as compared to normal tissue controls (based on our Ba/F3 450 

RPL10 WT and R98S model), may serve as a biomarker to identify serine/glycine synthesis 451 

addicted cancers that may benefit from sertraline treatment. 452 

Whereas antitumor activity of sertraline has previously been described (42–44), our findings 453 

pinpoint the exact mode-of-action of its anticancer activity and support that this agent could also 454 

be an attractive adjuvant therapeutic agent to specifically treat the subset of serine/glycine 455 

synthesis addicted cancers. Moreover, suppression of serine/glycine synthesis has been shown to 456 

re-sensitize therapy resistant tumors to anticancer treatment. In particular, PHGDH targeting 457 

resulted in re-sensitization to doxorubicin, vemurafenib and HIF2α-antagonist in therapy resistant 458 

triple-negative breast cancer cells, melanoma with oncogenic BRAF V600E mutations and 459 

advanced renal cell carcinoma, respectively (45–47). Additionally, sertraline passes the blood-brain 460 
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barrier, which may even open opportunities to target serine/glycine synthesis addicted brain 461 

tumors. 462 

The doses at which we observed activity against serine/glycine synthesis addicted cancer cell lines 463 

are in the range of concentrations at which sertraline’s antitumor activity was described by others 464 

(42–44). Clinical use of sertraline as adjuvant anticancer therapy will only be possible if the dosages 465 

required for anticancer efficacy are not reaching toxicity in humans. As an antidepressant, sertraline 466 

is administered in a dosage ranging from 50 to 200 mg/day, resulting in serum concentrations 467 

between 0.065 and 0.54 µM (48). Considering that the average body weight of an adult in Europe 468 

is 70.8 kg (49), sertraline doses vary between 0.7 and 2.8 mg/kg. Furthermore, sertraline has a 469 

linear pharmacokinetic profile and daily oral intake of 400 mg (5.6 mg/kg) is well tolerated in patients 470 

(43,48). In our in vivo experiments, we treated the mice with 2.5 mg/kg sertraline, which thus is in 471 

the range of the administered doses in humans. Hassell et al. even used 60 mg/kg sertraline in 472 

mice and no adverse effects were observed (43). This suggests that therapeutics doses of 473 

sertraline can be achieved in cancer patients. 474 

Serine/glycine uptake dependent cancers can become addicted to serine/glycine synthesis upon 475 

serine-starvation (50). However, metabolic adaptation of synthesis addicted cancer cells by re-476 

uptake of serine/glycine from their environment under long-term SHMT or PHGDH inhibition has 477 

not been reported yet. Such a potential resistance mechanism again underscores the importance 478 

of using a combination therapy as we propose. 479 

In conclusion, we identified the widely used antidepressant sertraline as a novel inhibitor of 480 

serine/glycine synthesis enzyme SHMT that demonstrated high efficacy against metabolically 481 

addicted cancers. Whereas previously identified inhibitors of serine/glycine synthesis enzymes did 482 

not reach clinical trials, sertraline is a clinically used drug that can safely be used in humans. Our 483 

results suggest that sertraline may have applications as adjuvant therapeutic intervention strategy 484 

for serine/glycine synthesis addicted cancers, especially when combined with drugs attacking other 485 

central nodes of cancer cell metabolism such as mitochondrial inhibitors. Collectively, this work 486 

provides a novel and cost-efficient treatment option for the rapidly growing list of serine/glycine 487 

synthesis addicted cancers.  488 

 489 
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TABLES 

Table 1. Computational docking of sertraline to SHMT1 and SHMT2. Docking scores for 

sertraline into the active pocket of SHMT1 and SHMT2. The already identified dual SHMT1/2 

inhibitor SHIN1, based on a pyrazolopyran scaffold, was used as reference structure. 

Interaction Docking score 

SHMT1_sertraline1a 61.49 

SHMT1_sertraline2a 59.68 

SHMT1_SHIN1 66.65 

SHMT2_sertraline 51.34 

SHMT2_SHIN1 65.39 

a 1 and 2 refer to the two conformations in which sertraline can bind to SHMT1. 
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FIGURE LEGENDS 

Figure 1. Schematic overview of study design. In terms of serine/glycine metabolism, breast 

cancers (BRCA) can largely be divided into serine/glycine uptake or synthesis addicted. Using a 

yeast model system that upregulates serine/glycine synthesis, we selected repurposed compounds 

that target serine/glycine synthesis in the breast cancer context. After thorough in vitro validation, 

the most promising, and clinically used, repurposed compound was selected for the rational design 

of a novel combination therapy for serine/glycine synthesis addicted breast cancer. Human 

enzymes involved in serine/glycine synthesis are indicated in blue. PHGDH: phosphoglycerate 

dehydrogenase; PSAT1: phosphoserine aminotransferase; PSPH: phosphoserine phosphatase; 

SHMT1/2: cytosolic/mitochondrial serine hydroxymethyltransferase; TCA: tricarboxylic acid.   

Figure 2. A subset of “re-sensitizing” agents impairs proliferation of serine/glycine 

synthesis addicted breast cancer cell lines. Proliferation during 96 hours, as determined by real-

time monitoring of cell confluence (%), of MDA-MB-231 (upper) and MDA-MB-468 (lower) cells 

upon treatment with indicated concentrations of sertraline, thimerosal, benzalkonium chloride and 

bupropion (left to right). One representative result of three biological replicates, containing each at 

least three technical replicates, is shown (mean ± SD). 

Figure 3. Sertraline and thimerosal target serine/glycine synthesis. (A) Survival, by measuring 

cell viability using flow cytometry, of Ba/F3 cells, that express either RPL10 WT or RPL10 R98S, 

upon treatment with 7.3 µM sertraline (left) or 1 µM thimerosal (right) for 48 hours. Values are 

presented relative to the control treatment (n = 3 individual CRISPR/Cas9 clones with at least two 

technical replicates in each experiment, Student’s t-test). (B) Proliferation, as determined by real-

time monitoring of cell confluence (%), of MDA-MB-468 cells cultured in DMEM with (upper) or 

without (lower) serine (400 µM) and treated with indicated concentrations of sertraline (left) or 

thimerosal (right). One representative result of three biological replicates, containing each at least 

three technical replicates, is shown. (C) Relative abundance of intracellular serine and glycine in 

MDA-MB-468 cells treated with indicated concentrations of sertraline (upper) and thimerosal 

(lower) for 72 and 24 hours, respectively (n = 3, One-way ANOVA, Dunnett’s multiple comparisons 

test). (D) Schematic representation of carbon incorporation from 13C6-glucose into serine and 

glycine. Glucose-derived serine and glycine shows mass shifts of 3 and 2 units (M+3 serine and 

M+2 glycine), respectively. Cellular uptake of serine and glycine from the cell culture medium will 

result in unlabeled (M+0) serine and glycine, whereas interconversion between serine and glycine, 

catalyzed by SHMT1/2, will result in partially labeled serine (M+1 and M+2) and glycine (M+1). (E) 

Serine and glycine mass distribution showing the fractional glucose contribution of each mass upon 

treatment of MDA-MB-468 cells with indicated concentrations of sertraline (upper) and thimerosal 
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(lower) (n = 3, One-way ANOVA, Dunnett’s multiple comparisons). In (A-C and E) data are 

presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 

Figure 4. Thimerosal reduces PHGDH activity, while sertraline inhibits SHMT1/2. (A) PHGDH 

enzymatic in vitro assay, measuring PHGDH activity upon addition of indicated concentrations of 

sertraline (left) and thimerosal (right). Values are presented relative to the control (n = 3). (B) 

SHMT1 (left) and SHMT2 (right) in complex with sertraline (grey), with a magnified view of the 

binding pocket showing the interactions formed by sertraline. H-bonds formed by sertraline are 

presented as yellow dashes. The known SHMT inhibitor SHIN1, with a pyrazolopyran scaffold, is 

shown in magenta. (C) Schematic overview of isotopic tracing with [2,3,3-²H]-serine, showing ²H 

incorporation in downstream metabolites glycine and thymidine (dTTP). Cells taking up fully 

deuterated (M+3) serine use this to synthesize glycine with one deuterium label (M+1). While 

cytosolic methylene-THF production, by SHMT1, results in double ²H-labeled (M+2) dTTP (red 

dots), mitochondrial SHMT2 will generate single ²H-labeled (M+1) dTTP (blue dots). (D) Serine 

mass distribution showing the labeling fraction of each mass upon treatment of MDA-MB-468 cells 

with control (DMSO) or sertraline (5 µM) for 48 hours (n = 3, Multiple t-test). (E) Deuterium M+1 

labeled dTTP fraction in MDA-MB-468 cells treated with control (DMSO) or sertraline (5 µM) for 48 

hours. Values are presented relative to the control (n = 3, Student’s t-test). (F) Fluorescence 

distribution curves (left) and dose response curve (right) for SHMT2 incubated with different 

concentrations of sertraline (0.36 µM - 730 µM). Kd = 13.1 µM. Error bars represent the standard 

deviation of the measurements of two independent repeats. (G) Melting temperature (Tm) curves 

demonstrating sertraline-induced destabilization of SHMT1. One representative result of two 

biological replicates is shown. (H) Serine and glycine uptake (-) and secretion (+) rates (AU/cell/h) 

of MDA-MB-468 cells treated with indicated concentrations of sertraline for 72 h (n = 3, One-way 

ANOVA, Dunnett’s multiple comparisons). In (A, D-F and H) data are presented as mean ± SD. *p 

< 0.05, **p < 0.01. 

Figure 5. Sertraline has clinical potential, especially in combination with mitochondrial 

inhibitors. (A) Proliferation during 96 hours, as determined by real-time monitoring of cell 

confluence (%), of MDA-MB-231 (upper) and MDA-MB-468 (lower) cells upon treatment with 

sertraline (5 µM) in combination with rotenone (50 nM), antimycin A (50 nM) or artemether (80 µM). 

One representative result of three biological replicates, containing each at least three technical 

replicates, is shown. (B) Histograms showing PI cell cycle analysis (left) and BrdU incorporation 

(right) of MDA-MB-468 cells treated with DMSO, sertraline (5 µM) and/or artemether (80 µM) for 

24 hours. One representative result of three biological replicates is shown. (C) Quantification of (B) 

pooling all three biological replicates (n = 3, Two-way ANOVA, Dunnett’s multiple comparisons 

test). (D) Tumor weight (g) of MDA-MB-231 (left flank) and MDA-MB-468 (right flank) mouse 
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xenografts after treatment with DMSO, sertraline (2.5 mg/kg), artemether (40 mg/kg) or a 

combination of both compounds for 4 weeks (n ≥ 3, Kruskal-Wallis test, followed by Mann-Whitney 

U test). (E) Schematic overview of the mode-of-action of sertraline and thimerosal. In (A, C and D) 

data are presented as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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