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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Vortioxetine induces a robust calcium response and 
alters the electrophysiological properties of glioblastoma cells. a, ER calcium 
store release measured by FLIPR assays in LN-229 cells (n = 4 assay plates; n = 18 
conditions; n = 12 wells/drug; DMSO and Thapsigargin (TG) positive control, 
n = 24 wells each). b, Extracellular calcium influx measured by FLIPR assays in 
F050.C (n = 17 conditions as in Fig. 5f). (*) denote conditions where the median 
[Ca2+ fold change] < 0. Black line: median value. a, b, Fold change relative to 
DMSO after drug treatment. Two-tailed t-test against DMSO. P-values adjusted 
for multiple comparisons by Holm correction. Black line: median value.  
c, Single-cell-resolved calcium response (ΔF/F0) measured by ratiometric Fura-2 
imaging across 6 cell lines (x-axis; n = 3,561 cells total). Mean change in calcium 
signal immediately after Vortioxtine treatment compared to baseline, each 
averaged across a 120 s time window. Paired (baseline vs drug treatment) two-
tailed Wilcoxon test. d, Calcium response type stratified by the presence (Ψ) or 
absence (Ø) of oscillatory calcium signaling at baseline (BASE) and Vortioxetine 
(VORT; 20) treatment. ‘VORT 1-2 Peaks’: non-oscillatory calcium response with 1-2 
peaks after VORT treatment. e, Heatmap of single-cell-resolved (rows) calcium 

response (ΔF/F0) for response type ‘VORT 1-2 Peaks’ across time (x-axis). NR: 
no response. f, Max (top) and mean (bottom) peak amplitude of ΔF/F0 for type 
‘BASE Ψ, VORT Ψ’ (n = 501 cells) displaying oscillatory calcium signaling during 
both time spans across the 6 cell lines in d. Paired two-tailed t-test. g, Resting 
membrane potential (Vm) of LN-229 (n = 13) and LN-308 cells (n = 10) measured 
by whole-cell patch-clamp before (CTRL) and after VORT treatment (10 µM) in 
matched single-cells (connected by grey lines). Paired two-tailed t-test.  
h, Representative single-cell current traces for each cell line (LN-229, LN-308) and 
condition (CTRL, VORT) corresponding to the voltage-clamp protocol (legend). 
i, Current-voltage characteristics (I-V curves) of LN-229 (n = 13) and LN-308 
cells (n = 10) in g, before (CTRL) and after VORT treatment (10 µM) in matched 
single-cells. Standard error of the mean (SEM) shown as error bars. See Methods 
for description of summary statistics. j, Relative gene (panels) expression upon 
siRNA knockdown (columns) normalized to the FLUC negative control siRNA 
(n = 3 biological replicates; dots). Two-tailed t-test with adjusted P-values after 
Holm correction. Boxplots as in Fig. 1b.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Vortioxetine induces an immediate and potent AP-1 
response as measured by time-resolved transcriptomics, proteomics, and 
phosphoproteomics. a, Time-course visualization of AP-1 (PID) and MAPK 
(KEGG) pathway induction following Vortioxetine treatment (20 µM) in LN-
229 cells measured by RNA-Seq (n = 6 time-points) and by proteomics (n = 3 
time-points). n = 3 replicates/time-point. Genes selected for visualization are 
significantly differentially expressed by RNA-Seq at all time-points compared 
to the first time-point (0 h). Heatmap color scale represents log2(fold change) 
compared to the 0 h time-point. b, Principal component analysis (PCA) of 
replicate-averaged RNA-Seq counts following Vortioxetine treatment (20 µM) 
in LN-229 cells (n = 3 replicates/time-point) colored by time-point. c, Time-point 
comparisons (left, 3 h vs 0 h; right, 9 h vs 0 h) of proteomics measurements 
following Vortioxetine treatment (Vort, 20 µM; n = 3 replicates/condition) in 
LN-229 cells shown as volcano plots of log2(fold change) versus –log10(P-value). 
Proteins above a –log10(0.05 P-value) threshold are colored in purple. Two-tailed 

t-test. d, Gene Ontology (GO) gene set enrichment analysis of signed –log10 
(P-value) of comparisons inc. Bars represent the normalized enrichment score 
(NES) and colors indicate –log10(false discovery rate). e, Log2(fold change) 
in protein expression per time-point (rows; relative to 0 h) for the proteins 
(columns) contributing to enriched GO term “GO:0001216 DNA-binding 
transcription activator activity” in Extended Data Fig. 8d. AP-1 transcription 
factors are labeled in red. f, Connected protein-protein interaction network of 
differentially abundant phosphoproteins upon Vortioxetine treatment (20 µM; 
n = 3 replicates/condition) in LN-229 cells at any time-point. 22 out of 67 connected 
and significantly enriched phosphoproteins are shown (asterisks; black labels) 
with high confidence STRING protein interactions (grey labels). Cluster IDs (node 
colors) are based on the MCL algorithm with annotated biological pathways. 
Heatmap depicts protein abundance-normalized phosphopeptide (rows) 
intensities of JUN and HSPB1 across time-points (columns). Both genes are also 
significantly upregulated at the transcript level across all time-points.

http://www.nature.com/naturemedicine
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Extended Data Fig. 9 | Single-cell RNA-Seq and immunofluorescence of 
Vortioxetine-treated glioblastoma patient cells. a, UMAP projection of 1736 
single cells from patient sample P024 upon 3 h of treatment with Vortioxetine 
(VORT; n = 577 cells; purple; 20 µM) or DMSO vehicle control DMSO; n = 1159 
cells; grey). b, Expression levels of the top five marker genes expressed in more 
than 10% of cells per scRNA-Seq cluster (columns) in Extended Data Fig. 9a. Circle 
sizes scale with the percent of cells within each cluster expressing each gene. 
Color scale represents log10(mean+0.1) expression. c, Cell cycle inference for 

each cluster in Extended Data Fig. 9b using Seurat version 4.3.080. d, Percent of 
CD45+ immune or NES+ glioblastoma cells expressing AP-1 factors measured 
by immunofluorescence in glioblastoma patient samples (n = 11 patients) 24 h 
after DMSO control or Vortioxetine-treatment ex vivo (10 and 20 µM). Patient-
matched paired two-tailed t-test (compared to DMSO control) with FDR-adjusted 
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Extended Data Fig. 10 | Vortioxetine reduces tumor burden in vivo 
independent of serotonin modulation and affects tumor invasiveness and 
long term growth. a, Representative MRI images of three ZH-161 transplanted 
mice (columns) after 15 days of drug treatment (Trial II; n = 7 drugs). Tumor 
perimeters indicated in yellow. b, Quantification of tumor perimeters 
corresponding to a. Dots: individual mice per drug (columns); Red lines: mean 
values. Two-tailed t-test. c, Spheroid formation analyzed by the 2D-projected 
area of the ZH-562 line measured after 12 days of Vortioxetine treatment (0.1-
5 µM; n = 45-47 wells/condition). Data is shown as a boxplot, individual data 
points, and histogram. d, Number of migrated cells in a collagen-based spheroid 
invasion assay after 36 h of Vortioxetine treatment (2, 3.5, 5 µM) across four 
glioblastoma cell lines; LN-229 (n = 560-1125 cells/well), LN-308 (n = 137-426 cells/
well), ZH-161 (n = 200-574 cells/well), ZH-562 (n = 38-253 cells/well). e, Mean cell 
migration distance per condition (n = 5 replicate wells) for d. c-e, One-tailed t-test 
with adjusted P-values after Holm correction. f, Clonogenic survival measured 
by a resazurin-based cell viability assay after 11-13 days of Vortioxetine treatment 

(7 concentrations; 0.625-20 µM, n = 6 replicate wells/concentration) across four 
glioblastoma cell lines; LN-229 (n = 50 cells/well), LN-308 (n = 300 cells/well), 
ZH-161 (n = 500 cells/well), and ZH-562 (n = 500 cells/well). Dose-response fitted 
with a two-parameter log-logistic distribution with 95% confidence intervals 
(grey) and ED50 (dashed lines). g, Representative immunohistochemistry images 
of brain sections (n = 3 mice/treatment group) stained with human-specific 
Ki67 and Vimentin (VIM). h, Ki67 tumor intensity normalized to background 
with n = 3-4 mice (dots) analyzed per group. Two-tailed t-test comparing CITA 
and VORT treatment to (-) ctrl. i, Vortioxetine ex vivo PCY score (n = 27 patients; 
prospective cohort) stratified by Ki67 levels and EGFR CNV alterations. Group 2 
patients with low Ki67 levels and an absence of EGFR CNV alterations (n = 7/27; 
26%) were significantly less likely to respond to Vortioxetine ex vivo compared to 
Group 1 (Wilcoxon test; P = 0.011). Among the clinical/genetic parameters in  
Fig. 2d, e, Ki67 and EGFR alterations were the most predictive two parameters 
based on a regression subset selection for ex vivo Vortioxetine response.  
c, d, e, i, h, Boxplots as in Fig. 1b.
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