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C A N C E R

A chemical biology approach reveals a dependency 
of glioblastoma on biotin distribution
Jeehyun Yoon1,2†, Oleg V. Grinchuk1,2†, Srinivasaraghavan Kannan3, Melgious Jin Yan Ang4,5, 
Zhenglin Li4, Emmy Xue Yun Tay1,2, Ker Zhing Lok1,2, Bernice Woon Li Lee1,2, You Heng Chuah1,2, 
Kimberly Chia1,2, Roberto Tirado Magallanes6, Chenfei Liu4, Haonan Zhao4, Jin Hui Hor7,  
Jhin Jieh Lim6, Touati Benoukraf6,8, Tan Boon Toh9,10, Edward Kai-Hua Chow6,11,  
Jean-Paul Kovalik12, Jianhong Ching12, Shi-Yan Ng1,7,13, Ming Joo Koh4, Xiaogang Liu4,  
Chandra Shekhar Verma3,14,15, Derrick Sek Tong Ong1,2,7,13*

Glioblastoma (GBM) is a uniformly lethal disease driven by glioma stem cells (GSCs). Here, we use a chemical biology 
approach to unveil previously unknown GBM dependencies. By studying sulconazole (SN) with anti-GSC properties, 
we find that SN disrupts biotin distribution to the carboxylases and histones. Transcriptomic and metabolomic 
analyses of SN-treated GSCs reveal metabolic alterations that are characteristic of biotin-deficient cells, including 
intracellular cholesterol depletion, impairment of oxidative phosphorylation, and energetic crisis. Furthermore, 
SN treatment reduces histone biotinylation, histone acetylation, and expression of superenhancer-associated 
GSC critical genes, which are also observed when biotin distribution is genetically disrupted by holocarboxylase 
synthetase (HLCS) depletion. HLCS silencing impaired GSC tumorigenicity in an orthotopic xenograft brain tumor 
model. In GBM, high HLCS expression robustly indicates a poor prognosis. Thus, the dependency of GBM on biotin 
distribution suggests that the rational cotargeting of biotin-dependent metabolism and epigenetic pathways may 
be explored for GSC eradication.

INTRODUCTION
Glioblastoma (GBM) is the most common and malignant adult brain 
tumor with an abysmal patient prognosis. The current standard of 
care for GBM remains to be aggressive surgery followed by radio-
therapy, in combination with adjuvant temozolomide treatment. Tu-
mor recurrence is almost inevitable due to a subpopulation of tumor 
cells, commonly known as glioma stem cells (GSCs), which exhibit 
stem cell–like traits, robust proliferation, invasiveness, and therapy 
resistance (1–4). The intimate link between GBM pathogenesis and 
GSCs has popularized the GSCs as a clinically invaluable experimen-
tal model to identify GBM vulnerabilities. GBM emerges within a hy-
poxic and harsh environment and relies on a plethora of metabolic 
pathways, including glycolysis, oxidative phosphorylation (OXPHOS), 

amino acid (e.g., glutamine), and lipid metabolism (e.g., cholesterol) 
for survival and growth (5). Notably, many of these metabolic path-
ways directly or indirectly depend on biotin, suggesting that GBM 
may exploit aberrant biotin regulation for its proliferation and tumor-
igenicity (6–8).

In noncancerous cells, a major function of biotin is to serve as 
a coenzyme for biotin-dependent carboxylases, including acetyl–
coenzyme A (CoA) carboxylase 1 (ACC1), ACC2, methylcrotonoyl- 
CoA carboxylase 1 (MCCC1), propionyl-CoA carboxylase (PCC), 
and pyruvate carboxylase (PC), which play crucial roles in fatty acid 
metabolism, gluconeogenesis, and amino acid catabolism (6). These 
carboxylases are synthesized in an inactive form (apocarboxylases) 
and require activation by the holocarboxylase synthetase (HLCS) en-
zyme via biotinylation (9). Subsequently, biotin must be released from 
the holocarboxylases, which is catalyzed by the enzyme biotinidase 
(10). Although less well understood, histone proteins can also be 
biotinylated by HLCS, and the levels of biotinylated histones may 
affect cell proliferation, epigenetic, and gene expression alterations 
(11, 12). The importance of HLCS and biotinidase is underscored by 
biotin deficiency disorders that arise from loss-of-function mutations 
in the HLCS or biotinidase genes (6). In patients with such disorders, 
the activity of multiple carboxylases is severely compromised, leading 
to various symptoms, including seizures and neurological disorders. 
That fibroblasts from patients with HLCS deficiency exhibited a pro-
found reduction in carboxylase and histone biotinylation strengthens 
the view that histone biotinylation is a physiologically relevant phe-
nomenon (13). As expected, cancer cells appear to have hijacked 
biotin metabolism to sustain their proliferation. Biotin levels were 
higher in tumor versus nontumor tissues, which correlated with the 
overexpression of biotin receptors (14). These observations have also 
motivated efforts to develop biotin-based drug delivery systems for 
cancer treatment (15). Given that regulated biotin metabolism is 
ubiquitous and essential across nature, targeting biotin regulation 
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within deregulated pathways may represent a potential approach to 
disable GBM.

In an attempt to uncover new GBM dependency using a chemi-
cal biology approach, we generated an anti-GBM query signature, 
which comprises the low expression of genes in the epidermal growth 
factor receptor (EGFR; related to cell cycle) and mesenchymal sub-
type of GBM (Mes; related to invasiveness) gene sets, and high expres-
sion of genes in the generation of neurons gene sets (GN; reflecting 
increased tumor differentiation), for the interrogation of anti-GBM 
compounds through Connectivity Map Analysis (CMA) (16–18). 
Briefly, CMA is a catalog of drug-induced gene expression profiles 
that allows one to explore compounds that elicit highly similar (acti-
vators) or dissimilar (inhibitors) gene expression profiles to the query 
signature (19). The mode of action of the hits can subsequently be re-
vealed by a repertoire of experimental approaches, including chem-
ical pull-down and enzymatic assays, in silico docking studies, and 
transcriptomic and metabolomic analyses. Here, we hypothesize that 
GBM is dependent on biotin distribution and that targeting of the 
biotin-dependent metabolism and epigenetic pathways may repre-
sent a potential node of intervention for GBM.

RESULTS
An anti-GBM signature identifies SN that impairs GSC 
proliferation and invasiveness
Given that GBM is characterized by high proliferation and inva-
siveness and is intimately linked to GSCs, we reasoned that an 
EGFRlowMeslowGNhigh query signature should guide us to find anti- 
GBM compounds through CMA (table S1). Unsupervised clus-
tering of all patients with glioma in The Cancer Genome Atlas 
(TCGA) dataset based on our query signature confirmed that the 
EGFRlowMeslowGNhigh signature correlated with low-grade gliomas 
[mostly IDH (isocitrate dehydrogenase) mutants] and favorable 
patient outcome, while the EGFRhighMeshighGNlow signature correlated 
with GBM (mostly IDH wild type) and inferior patient survival (fig. 
S1, A and B). When we applied the EGFRlowMeslowGNhigh signature 
to CMA, sulconazole (SN) emerged as one of the top hits (fig. S1C 
and Fig. 1A). SN is an antifungal medication that is used for the 
treatment of skin infections, including athlete’s foot and ringworm 
(20). As SN has not been studied in GBM, and its mode of action in 
mammalian cells is poorly understood, we selected it for further 
investigation. SN treatment significantly reduced cell viability and 
tumorsphere formation of multiple patient-derived GSC lines in a 
dose-dependent manner (Fig. 1, B and C). In contrast, noncancerous 
mouse astrocytes were less sensitive to SN treatment than the GSCs 
(20 M SN for astrocytes versus 5 M SN for GSCs to achieve simi-
lar cell viability reduction) (Fig. 1D). To determine whether the loss 
of cell viability in SN-treated GSCs was due to an antiproliferative 
response, we performed Ki67 immunostaining of GSCs that were 
treated with SN or vehicle control. There was a significant reduction 
in the Ki67+ GSCs upon SN treatment (Fig. 1, E and F). To assess 
whether the loss of cell viability in SN-treated GSCs was due to a cell 
death response, we performed Western blot analysis of cleaved-
caspase 3 in SN- versus DMSO- treated GSCs. There was no change 
in cleaved-caspase 3 levels in SN-treated GSC (and mouse astrocytes), 
indicating no increase in apoptosis (Fig. 1G). SN treatment also 
significantly reduced GSC invasiveness in the Transwell migration 
and invasion assay (Fig. 1, H and I), and up-regulated genes in the 
GN pathway, suggestive of increased GSC differentiation (Fig. 1J). 

Thus, we conclude that the loss of cell viability in SN-treated GSCs 
was mainly attributed to an antiproliferative response that may be 
linked to increased GSC differentiation.

SN disrupts biotin distribution to the carboxylases
SN belongs to the family of azoles that inhibit lanosterol 14-demethylase 
(Cyp51A1), which is involved in ergosterol (the equivalent of choles-
terol in mammalian cells) biosynthesis in fungi (fig. S2A) (21). Thus, 
we explored this possible mode of action of SN by measuring GSC 
viability upon treatment with two well-established Cyp51A1 inhib-
itors, namely, fluconazole and tebuconazole (fig. S2B). Fluconazole 
did not affect GSC viability even up to a concentration of 50 M, 
while the same concentration of tebuconazole significantly reduced 
GSC viability by ~30% (compared to 60% reduction in GSC viability 
with 5 M SN) (fig. S2C). Furthermore, the small interfering RNA–
mediated knockdown (KD) of Cyp51A1 did not significantly alter 
GSC viability (fig. S2, D and E). It is unlikely that SN exerts its effect 
on GSC via Cyp51A1 inhibition.

To capture the primary protein targets of SN using streptavidin 
pull-down assay, we synthesized biotin-conjugated SN (BSN) (Fig. 2A, 
fig. S3A, and data S1 to S4). We confirmed that BSN retains the anti- 
GBM activity of SN in reducing GSC viability at 5 M (fig. S3B). 
Consistent with our cell viability data, SN is slightly more potent in 
reducing GSC tumorsphere formation than BSN (fig. S3C). Unex-
pectedly, a 6-hour BSN or SN, but not biotin, treatment compromised 
the association between biotin-bound proteins and the streptavidin 
beads when compared to the dimethyl sulfoxide (DMSO) control, 
although this effect was much less with SN than with BSN treat-
ment (Fig. 2B and fig. S3D). This unexpected result resembled that 
reported in biotin deficiency models (7), suggesting that both com-
pounds may compete with biotin for binding to the biotin carbox-
ylation (BC) component of the carboxylases (Fig. 2C) (9). Western 
blot analysis of the streptavidin pull-down lysates validated that BSN 
markedly reduced the association between the carboxylases (ACC/
MCC/PCC/PC) and streptavidin relative to the DMSO control with-
out altering their total protein levels, indicating reduced biotinylated 
carboxylases (Fig. 2D). Given the modest decrease in biotinylated 
carboxylases with SN treatment, we performed a similar experiment 
with 293T cells that were cultured in biotin-free medium. There was 
a more pronounced reduction in biotinylated carboxylases in SN- 
treated cells under biotin-deficient conditions, especially for ACC 
and PC (Fig. 2E). Since HLCS is involved in carboxylase biotinyla-
tion, we repeated the streptavidin pull-down experiment using lysates 
from HLCS-depleted cells grown under biotin-free culture condi-
tions (3 days). As expected, there was less biotinylated carboxylases 
(particularly for ACC and PC) upon HLCS KD, although the reduc-
tion was less marked than that with SN treatment (Fig. 2, E and F). 
If SN indeed reduces biotinylation of the carboxylases, one would 
predict the decreased enzymatic activity of these enzymes. As a case 
in point, we showed that both SN and BSN inhibited the activity of 
recombinant ACC1 in a dose-dependent manner (Fig. 2G). Notably, 
this inhibition was independent of the adenosine triphosphate (ATP) 
levels, strengthening the view that SN inhibits ACC1 by competing 
with biotin (fig. S3E). Given that efficient carboxylase biotinylation 
requires the action of the HLCS enzyme, the higher concentration of 
SN required to inhibit the ACC1 enzyme in vitro (IC50 ~ 20 M) 
when compared to that needed to reduce GSC viability by ~60% 
(i.e., 5 M SN) would suggest that the inhibitory effect of SN on the 
carboxylases may involve the HLCS enzyme (Figs. 1B and 2G).
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Docking studies support a model wherein SN competes 
with biotin for binding to the carboxylases
Next, we carried out in silico docking studies using a widely used dock-
ing program Glide to identify potential SN binding site on the car-
boxylases. SN was docked into the biotin-binding pocket of the models 
of these enzymes that we constructed (Fig. 2, H and I). The biotin- 
binding pocket was highly conserved in these enzymes, with one side 
of the pocket hydrophobic and the other charged. The imidazole 
group of SN occupied the charged region in the pocket of the BC 
component of ACC1, with the free nitrogen forming hydrogen bond 

interactions with Asp (D554) and with the side chain of Trp (W209) 
through stacking interactions (Fig. 2H). The hydrophobic groups 
(4-chlorophenyl and 2,4-dichlorophenyl) occupied the hydrophobic 
region in the pocket, with the 2,4-dichlorophenyl group buried into 
the pocket formed by residues Ile128, Trp209, Val444, and Phe557, while 
the 4-chlorophenyl group faced toward the solvent front side of the 
pocket (Fig. 2H). A similar interaction pattern was observed for the 
imidazole group of SN with the side chains of respective amino acids in 
the BC component of MCCC1 (Asp432 and Cys130), PCC-alpha (Asp446 
and Tyr143), and PC (Asp433 and Tyr128) (Fig. 2I). We also confirmed 

Fig. 1. Identification of SN as a previously unknown anti-GSC compound. (A) CMA using the EGFRlowMeslowGNhigh signature identifies SN. (B and D) Cell viability assay of GSCs 
and mouse astrocytes with 3 days of SN treatment (n = 8) (means ± SD). (C) Tumorsphere formation of GSCs following SN treatment for 5 days (n = 6) (means ± SD). (E) Ki67 
immunostaining of GSC with or without 5 M SN treatment for 3 days (n = 5) (mean ± SD). (F) Representative images of (E). (G) Western blot analysis of cleaved-caspase 3 from 
DMSO or 5 M SN-treated cells (3 days). -Actin serves as the loading control. (H) Transwell migration and invasion assay of GSCs with 5 M SN pretreatment (3 days) (n = 3) 
(means ± SD). (I) Representative images of (H). (J) Heatmap for selected genes in the EGFR, Mes, and GN gene sets after treatment of GSC TS543 with 5 M SN versus DMSO 
control (3 days). Gene expressions [TPM (transcripts per million) values] were mean-normalized. Two-tailed unpaired Student’s t test. ***P < 1 × 10−4; **P < 0.001; *P < 0.05.



Yoon et al., Sci. Adv. 2021; 7 : eabf6033     3 September 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 14

that SN and the BC components of the carboxylases remained sta-
bly bound relative to the docked starting conformations (root mean 
square deviation ~2 Å and ~ 3–4 Å, respectively) by refining the 
protein-ligand models using molecular dynamics (MD) simula-
tions (fig. S3F).

To strengthen our proposal that SN disrupts biotin distribution to 
the carboxylases, we performed cell viability assay of HLCS-depleted 
GSC, with or without SN treatment. HLCS KD resulted in an aver-
age of ~0.3- to 0.5-fold reduction in cell viability [based on two in-
dependent short hairpin–mediated RNAs (shRNAs) against HLCS] 
relative to the shNT (non-targeting shRNA) control, and the addition 
of 5 M SN further decreased cell viability by ~0.1- to 0.3-fold, result-
ing in a reduction of cell viability that is quite similar to that observed 

with 5 M SN treatment alone (fig. S3G). This is consistent with 
our view that SN functions in part by impairing biotin distribution, 
similar to HLCS inhibition (hence, no additive effect). Collectively, 
our chemical pull- down, enzymatic, and molecular docking data sup-
port a model wherein both BSN and SN can inhibit the carboxylases 
by competing with biotin for binding to the BC components of 
these enzymes, and that BSN may alter the quaternary structures 
of these enzymes (which typically function as dimers or oligomers), 
hence blocking streptavidin access (fig. S3H) (9).

SN treatment depletes intracellular cholesterol in GSC
To gain further insights into the mechanisms underlying SN’s ef-
fect on GSC, we performed RNA sequencing (RNA-seq) analysis of 

Fig. 2. SN inhibits biotinylation of carboxylases by competing with biotin for the BC components of these enzymes. (A) Chemical structure of BSN. (B) Silver-stained 
SDS–polyacrylamide gel electrophoresis gel of streptavidin pull-down lysates (Strep-PD) from 293T cells after 6 hours of DMSO, BSN, or SN treatment. (C) Schematic view 
of the biotin cycle involving the HLCS, carboxylases, and biotinidase, and their roles in cellular metabolism. (D) Western blot analysis of the carboxylases in streptavidin 
pull-down lysates from BSN-, SN-, or DMSO-treated 293T cells (6-hour treatment). -Actin serves as the loading control. (E and F) Western blot analysis of the carboxylases 
in streptavidin pull-down lysates from 75 M SN–treated (6 hours) (E) or HLCS KD (F) 293T cells (3 days) that were cultured in biotin-free medium. Vinculin serves as the 
loading control. (G) Enzymatic activity of recombinant ACC1 protein in vitro in the presence of SN or BSN (n = 5) (means ± SD). (H and I) In silico docking of ATP, biotin, and 
SN into the BC component of ACC1 (H), MCC1, PC, and PCCA (I) using the Glide program.
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SN- versus DMSO-treated GSC. ConsensusPathDB analysis of the dif-
ferentially expressed genes revealed the enrichment of “simvastatin 
action pathway” as one of the top pathways for the up-regulated genes 
(suggesting cholesterol depletion) and the “generic transcription path-
way” as one of the top pathways for the down-regulated genes (Fig. 3, 
A and B, and table S2). In response to low levels of intracellular cho-
lesterol, sterol regulatory element–binding protein 2 (SREBP2) trans-
locates from endoplasmic reticulum membranes to the Golgi 
apparatus. Upon cleavage by S1P (site-1 protease) and S2P (site-2 
protease) proteases, the mature form of SREBP2 enters the nucleus 
and activates gene transcription in cholesterol uptake and de novo 
synthesis (mevalonate pathway) (22). We validated most of the 
up-regulated genes in the cholesterol homeostasis pathways by 
quantitative reverse transcription polymerase chain reaction

(qRT-PCR) analysis (Fig. 3C) and the increase in cleaved SREBP2 
upon SN treatment (similar to lovastatin) (Fig. 3D). Furthermore, de-
tection of cholesterol using filipin, a cholesterol-specific fluorophore, 

revealed a significant decrease in filipin intensity in SN-treated GSCs, 
relative to the vehicle control (Fig. 3, E and F). Since cholesterol de-
pletion can impair GSC proliferation (23), we performed a rescue 
experiment by adding exogenous cyclodextrin-complexed choles-
terol in the presence of SN. There was a modest but significant in-
crease in cell viability when cholesterol (0.75 g/ml) was added to 
SN-treated GSC, which was accompanied by a partial increase in 
filipin staining (Fig. 3, G to I). Thus, SN exerts its effect on GSCs in 
part by causing intracellular cholesterol depletion.

Previous studies showed that the carboxylase activity of fibro-
blasts from patients with mutant HLCS proteins and metabolic de-
fects of biotin deficiency models can only be revealed under biotin 
deprivation conditions (8, 24, 25). Hence, we next evaluated the effect 
of HLCS KD on intracellular cholesterol levels in 293T cells under 
biotin-free culturing conditions as there is no biotin-free GSC me-
dium to perform similar analysis in the GSC. Unlike SN treatment, 
HLCS KD did not result in cholesterol depletion as there was no 

Fig. 3. RNA-seq analysis reveals cholesterol depletion in SN-treated GSC. (A) Volcano plot showing the number of genes that are differentially expressed in 5 M 
SN- versus DMSO-treated GSC (3 days). (B) ConsensusPathDB analysis of up- and down-regulated genes upon SN treatment. (C) Validation of the up-regulated genes in 
the cholesterol homeostasis pathway by qRT-PCR analysis (n = 4) (means ± SD). HSP70 and TBP serve as the housekeeping genes. *P < 0.01. (D) Western blot analysis of 
full-length (FL) and cleaved (Cl) SREBP2 protein after treatment of GSC TS543 with DMSO, 5 M SN, or 5 M lovastatin (3 days). Vinculin serves as the loading control. 
SREBP2 Cl/FL ratios are indicated. (E) Filipin staining of GSC TS543 after treatment with DMSO, 5 M SN, or 5 M lovastatin (3 days) (n = 10) (means ± SD). *P < 1 × 10−10. 
(F) Representative images of (E). Scale bar, 20 m. (G) Cell viability of GSC TS543 treated with DMSO or 5 M SN, in the presence exogenous cholesterol (n = 8) (means ± SD). 
**P < 1 × 10−8; *P < 1 × 10−4. (H) Filipin staining of 5 M SN-treated GSC TS543 with or without cholesterol (0.75 g/ml) (3 days) (n = 10) (means ± SD). *P < 1 × 10−7. 
(I) Representative images of (H). Two-tailed unpaired Student’s t test. Scale bar, 20 m.
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up-regulation of genes in the cholesterol homeostasis pathway and 
increase in cleaved SREBP2 protein level (under 3 days of biotin-free 
condition) (fig. S4, A and B), consistent with a modest decrease in 
carboxylase biotinylation upon HLCS depletion (Fig. 2F). These re-
sults suggest that cholesterol depletion will manifest only when the 
carboxylases are severely deprived of biotin.

Metabolic reprogramming of SN-treated GSC  
toward glycolysis
To begin tracing how cholesterol levels may be depleted in SN-treated 
GSC, we quantified acetyl-CoA, an important precursor of choles-
terol and a by-product of the carboxylases, and found a significant 
reduction of acetyl-CoA levels upon SN treatment (Fig. 4, A and B). 
Next, we performed metabolomic analyses to quantify the levels of 
organic acids, acylcarnitines, and amino acids in SN- versus DMSO- 
treated GSCs. There was no significant change in pyruvate level, but 

there was a significant decrease in citrate (downstream product of 
oxaloacetate) in SN-treated GSC, along with an increase in lactate, 
supporting PC inhibition (Fig. 4, A to C, and table S3) (26). Accord-
ingly, there was an increase in phosphorylated pyruvate dehydrogenase 
(p-PDH) levels with SN treatment, indicating a block in PDH ac-
tivity (Fig. 4D). The decrease in citrate would contribute to reduced 
acetyl-CoA levels and, hence, cholesterol biosynthesis. Combined 
inhibition of ACC1 and ACC2 decreases malonyl-CoA, an allosteric 
inhibitor of carnitine palmitoyltransferase (CPT-1), leading to re-
duced de novo lipogenesis and enhanced fatty acid oxidation (27). 
SN treatment significantly increased the levels of long- and 
medium-chain acylcarnitines, but not short-chain acylcarnitines, 
indicating an increase in CPT-1 activity with no enhanced fatty acid 
oxidation, as more acylcarnitines are generated from acyl-CoAs, 
consistent with the inhibition of ACC1 and ACC2 (Fig. 4, A and E, 
and table S3) (26).

Fig. 4. Metabolic reprogramming of SN-treated GSC toward glycolysis. (A) Schematic showing the predicted metabolomic changes if multiple carboxylases were 
inhibited. LDH, lactate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PDH, pyruvate dehydrogenase; ACLY, ATP-citrate synthase; FAS, fatty acid synthase. (B, C, E, and 
F) Relative intracellular levels of acetyl-CoA (B), organic acids (C), acylcarnitines (E), and amino acids (F) in GSC TS543 with or without 5 M SN treatment (3 days) (n = 3) 
(means ± SD). *P < 0.05. (D) Western blot analysis of p-PDH levels with or without 5 M SN treatment (3 days). Vinculin serves as the loading control. (G and H) Seahorse 
analysis of GSC TS543 with or without 5 M SN treatment (20 hours) (n = 15) (means ± SD). ***P < 1.0 × 10−3. (I) Western blot analysis of p-AMPK, AMPK, p-ACC, and ACC 
levels in GSC TS543 with DMSO, 5 M SN, or 5 M lovastatin (3 days). -Actin serves as the loading control. (J) Relative cell viability of GSC TS543 upon 5 M SN or DMSO 
treatment, combined with increasing concentration of DCA (3 days) (n = 6) (mean ± SD). *P < 0.05. Western blot analysis of p-PDH levels in GSC TS543 with DCA treatment 
shown on the right. Vinculin serves as the loading control. Two-tailed unpaired Student’s t test. ns, not significant.
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The inhibition of MCCC and PCC is predicted to result in an 
increase in amino acids, C3- and C5-OH acylcarnitines (26). SN 
treatment significantly increased the levels of leucine, valine, methi-
onine, isoleucine, and threonine, but not C3- and C5-OH acylcarni-
tines, suggesting that SN does not inhibit MCCC and PCC in GSC at 
5 M (Fig. 4, A, E, and F, and table S3). The metabolic changes seen 
in SN-treated GSC were specific as these were not recapitulated in 
SN-treated astrocytes (fig. S5, A to F, and table S3), consistent with 
the modest reduction of astrocyte viability (Fig. 1D). To explore the 
possibility that SN exerts its anti-GSC effect by inhibiting a single 
carboxylase, we depleted each carboxylase individually and measured 
the resulting cell viability. The efficient KD of each carboxylase sig-
nificantly decreased GSC viability by ~31 to 45% on average, which 
is lower than that achieved with 5 M SN (~60%). Collectively, all 
these data indicate that SN likely inhibits multiple carboxylases (at 
least PC, ACC1, and ACC2) in GSC (Fig. 2E and fig. S6, A and B).

A reduction in carbon flux into the tricarboxylic acid (TCA) cy-
cle is predicted to impair OXPHOS. Thus, we measured the oxygen 
consumption rate in SN- versus DMSO-treated GSC, revealing a sig-
nificant decrease in basal respiration and ATP production upon SN 
treatment (Fig. 4, G and H). In response to OXPHOS inhibition, ade-
nosine monophosphate–activated protein kinase (AMPK) (the en-
ergy sensor) is activated in GBM cells (28). Accordingly, we found 
the robust phosphorylation of AMPK (p-AMPK) but a slight increase 
in the phosphorylation of ACC1 (p-ACC-79), a downstream sub-
strate of AMPK (Fig. 4I) (29). Last, we asked whether the SN-treated 
GSCs are more dependent on glycolysis than the control cells since 
OXPHOS is inhibited. To this end, we exposed the SN- or DMSO- 
treated GSCs to dichloroacetic acid (DCA), which would activate 
PDH [by inhibiting pyruvate dehydrogenase kinase (PDK)] and direct 
pyruvate away from glycolysis. As expected, the SN-treated GSCs were 
exquisitely sensitive to DCA treatment (Fig. 4J). In contrast to SN 
treatment, HLCS KD of 293T cells (under 3 days of biotin-free cul-
turing conditions) did not alter acetyl-CoA and p-AMPK levels, as 
well as cellular respiration (fig. S4, C to E). Again, these results cor-
roborate with a modest disruption of carboxylase biotinylation upon 
HLCS KD (Fig. 2F). Collectively, our metabolic studies support the 
view that SN inhibits multiple carboxylases in GSC, resulting in the 
metabolic reprogramming of GSC toward glycolysis and that this only 
occurs when the carboxylases are severely deprived of biotin.

Reduced histone biotinylation correlates with decreased 
H3K27ac levels
Our RNA-Seq analysis revealed an enrichment of the “generic tran-
scription pathway” among the down-regulated genes in SN-treated 
GSCs (Fig. 2B). Thus, we explored the possibility that histone 3 lysine 
27 acetylation (H3K27ac) levels (an active enhancer mark; also as-
sociated with chromatin accessibility) may be reduced in SN-treated 
GSCs. SN treatment led to a selective reduction of H3K27ac levels 
in GSCs, but not mouse astrocytes (Fig. 5A). HLCS depletion also 
decreased H3K27ac levels in GSCs, indicating that this epigenetic 
change is related to the disruption of biotin distribution (Fig. 5B). 
Notably, we found that both SN treatment and HLCS KD reduced 
the levels of biotinylated histones, particularly H2A and H4 (Fig. 5, 
C and D), consistent with a previous report that HLCS can be found 
in the nucleus where it regulates histone biotinylation (13). Recently, 
cancer-associated superenhancers have emerged as key oncogenic 
drivers of tumor cells (30). These superenhancers are characterized 
by large clusters of transcriptional enhancers with high H3K27ac 

occupancy that promotes active transcription. Given the dramatic 
reduction of H3K27ac levels with SN treatment, we asked whether 
this epigenetic change may affect the transcription of superenhancer- 
associated genes that play a crucial role in GSC proliferation. To this 
end, we performed H3K27ac ChIP-seq (chromatin immunoprecip-
itation followed by next-generation sequencing) of GSC TS543 fol-
lowed by the identification of the superenhancer-associated genes 
(Fig. 5E). SN treatment significantly reduced the mRNA levels of 
PDGFRA, SOX10, and NEU4, which play key roles in cancer stemness 
and tumorigenicity and are identified as superenhancer-associated 
genes in GSC TS543 (Fig. 5, F and G). Similarly, qPCR analysis of 
HLCS KD GSC also showed a significant decrease in SOX10 and NEU4, 
but not PDGFRA, mRNA levels (Fig. 5H). Thus, biotin distribution 
to histones can influence the epigenetic regulation of GSC critical genes.

Genetic disruption of biotin distribution by HLCS depletion 
impairs GSC proliferation and invasiveness
Extending from our knowledge of SN’s mode of action and the 
heightened sensitivity of the GSCs to SN relative to the noncancer-
ous mouse astrocytes, we then asked whether HLCS may be dereg-
ulated in GBM. HLCS is overexpressed in GBM in multiple patient 
cohorts and single-cell RNA-seq analysis when compared to other 
tumor cellular components (including immune cells, neurons, and 
oligodendrocytes) (Fig. 6, A and B) (31). Furthermore, HLCS expres-
sion was also higher in GSCs compared to bulk GBM, reinforcing 
the idea that the GSCs may be dependent on HLCS for their survival 
(Fig. 6C). Next, we evaluated whether HLCS is critical for GSC via-
bility and found an average of 0.3- to 0.5-fold reduction of cell via-
bility upon HLCS KD, which was quite similar to that achieved with 
SN treatment (Fig. 6D). HLCS KD also significantly reduced the 
number of tumorspheres and tumor-initiating cell frequency as de-
termined using the extreme limiting dilution assay (Fig. 6, E and F). 
Moreover, HLCS-depleted GSC generated significantly less colonies 
than shNT-transduced GSCs in the soft agar assay, indicating a loss 
of transforming potential (Fig. 6G). Similar to SN treatment, HLCS 
KD also compromised GSC invasiveness when compared to the shNT 
control (Fig. 6, H and I). Thus, both pharmacologic and genetic dis-
ruption of biotin distribution impaired GSC proliferation and in-
vasiveness, although HLCS KD appears to exert its effect mainly by 
affecting histone biotinylation and, hence, gene expression.

HLCS levels affect GSC tumorigenicity 
and aggressiveness of GBM
Next, we assessed the importance of optimal biotin distribution in 
GSC tumorigenicity by transplanting GSC, with or without HLCS 
KD, into immunocompromised mice. HLCS depletion resulted in a 
significant reduction of tumor volume and extended median mouse 
survival by ~7 to 12 days relative to that with shNT control (Fig. 7, 
A to C). Last, we interrogated the relevance of HLCS levels in influ-
encing human GBM tumorigenicity. We first showed that high HLCS 
expression correlated with inferior glioma patient outcome in mul-
tiple patient cohorts (Fig. 7D). HLCS expression was also the highest 
in the Mes that was associated with poorest patient survival and high 
STAT3 (signal transducer and activator of transcription 3) signaling 
(fig. S7, A and B). Next, we compared HLCS expression in IDH1 wild 
type versus mutant GBM and found HLCS expression to be signifi-
cantly higher in IDH1 wild type (worse outcome) than mutant GBM 
(fig. S7C). In contrast, there was no significant difference in HLCS 
expression between GBM with methylated or nonmethylated 
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MGMT (O-6-methylguanine-DNA methyltransferase) promoter, sug-
gesting that HLCS expression is unlikely to influence tumor response 
to temozolomide (fig. S7D). We did not observe any correlation be-
tween HLCS expression with PTEN gene status, TP53 gene status, 
and EGFR copy number, which are common genetic alterations in 
GBM (fig. S7, E to G).

In both TCGA and REMBRANDT datasets, we observed that genes 
that positively correlated with HLCS were significantly enriched in the 
“extracellular matrix organization,” “cell cycle,” and “beta1-integrin 
cell surface interaction” pathways (Fig. 7E), in agreement with our 
data that HLCS promotes GSC proliferation, invasiveness, and tumor- 
initiating cell frequency (Fig. 6). HLCS-high GBM was also associated 
with significantly higher levels of proteins that are involved in the cell 
cycle (cyclin B1 and cyclin E1) and invasiveness [IGFBP2 (insulin-like 
growth factor-binding protein 2) and PAI1 (plasminogen activator 
inhibitor 1] when compared to HLCS-low GBM in the TCGA 

reverse- phase protein array dataset (Fig. 7F). Thus, we conclude that 
GBM is dependent on optimal biotin distribution for its proliferation, 
invasiveness, and tumorigenicity.

DISCUSSION
In this study, we first identified an anti-GSC compound using CMA 
and thereafter exploited this small molecule to find previously un-
known GBM dependencies, taking advantage of its poorly understood 
mode of action. On the basis of multiple lines of evidence—chemical 
pull-down, enzymatic, molecular docking, transcriptomic, and metab-
olomic data—we propose that SN impairs GSC proliferation and 
invasiveness by disrupting intracellular biotin distribution to biotin- 
dependent proteins, including the carboxylases and histones. By 
severely depriving the carboxylases of biotin, SN prevents the acti-
vation of multiple carboxylases resulting in metabolic alterations, 

Fig. 5. Reduced histone biotinylation correlates with decreased H3K27ac levels. (A and B) Western blot analysis of H3K27ac levels in 5 M SN–treated GSC TS543 and 
mouse astrocytes (3-day treatment) (A), as well as that in HLCS-depleted GSC (B). Total H3 and -actin serve as the loading control, while HLCS serve as the positive control. 
(C and D) Western blot analysis of histone proteins in streptavidin pull-down histone extracts from 25 M SN (24-hour treatment) or HLCS KD 293T cells, under biotin-free 
culturing conditions. -Actin serves as the loading control, while HLCS serves as the positive control. (E) Hockey-stick plot display ranked superenhancers with their nearest 
gene neighbors detected from TS543 GSC. Superenhancers were defined by the ROSE software and ranked on the basis of the difference between the H3K27ac signal 
from ChIP-seq data and the respective matched ChIP input file. (F) H3K27ac signal at the superenhancer loci of representative superenhancer-associated genes. ChIP-seq 
signal from normal brain is used as a negative control. (G and H) qPCR analysis of PDGFRA, SOX10, and NEU4 mRNA levels in 5 M SN- versus DMSO-treated GSC (G), as well 
as in shNT- versus shHLCS-transduced GSC TS543 (H). HSP70 and TBP serve as the housekeeping genes, while HLCS serves as the positive control (H) (n = 3) (means ± SD). 
***P < 0.001; **P < 0.01; *P < 0.05. Two-tailed unpaired Student’s t test.
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including depletion of intracellular cholesterol, reduced TCA cycle 
flow, impaired OXPHOS, severe ATP deficit, and activation of AMPK 
(Fig. 7G). The metabolic changes in SN-treated GSC mirror that re-
ported in experimental models of biotin-deficiency disorders, support-
ing the idea that SN treatment induces a biotin-deficient–like cellular 
state (7, 8, 25, 32). Biotin (vitamin H) is an essential nutrient that is 
obtained through the diet of higher organisms. Although numerous 
vitamins have been implicated in carcinogenesis, the role of biotin 
in cancer remains unclear. The importance of biotin in GBM metabo-
lism is subtlely implied by previous findings showing that GBM relies 
on PC and PDH for glucose-dependent anaplerosis (33); inhibition 
of ACC1 and ACC2 reduced proliferation and de novo lipogenesis 
of GBM cells (34); and blocking fatty acid synthesis via fatty acid 
synthase (that functions downstream of ACC1) suppressed GBM growth 

(35). The aforementioned metabolic enzymes share a commonality 
in their reliance on biotin for activity, either directly or indirectly.

Despite the expectation that SN would create metabolic chaos in 
GSC, cholesterol depletion and OXPHOS impairment are promi-
nently featured in SN-treated GSC, reinforcing the importance of 
these metabolic pathways in regulating GBM proliferation (23, 28). 
The selectivity of SN for GBM cell viability over that of mouse astro-
cytes may be explained by the greater dependency of GBM cells on 
cholesterol and OXPHOS. Cancer cells have an increased demand 
for cholesterol, and glioma cells take up significantly more cholesterol 
than normal human astrocytes (36). Accordingly, GBM is uniquely 
sensitive to liver X receptor (LXR) agonists, which deplete intra-
cellular cholesterol by effluxing cholesterol through up-regulated 
ABCA1 (ATP binding cassette subfamily A member 1) transporter 

Fig. 6. Genetic disruption of biotin distribution by HLCS depletion impairs GSC proliferation and invasiveness. (A) Correlative analysis of HLCS mRNA levels with 
glioma grades in four different glioma patient cohorts. Wilcoxon-Mann-Whitney exact test. *P < 0.05; **P < 0.01; ***P < 1 × 10−4. (B) scRNA-seq data from GBM specimens 
derived from GSE84465 (31) presented as a t-distributed stochastic neighbor embedding (t-SNE) plot demonstrating expression of HLCS across GBM cells, neurons, oligo-
dendrocyte precursor cells (OPC), oligodendrocytes, and immune cells. Data are presented as median-centered mRNA expression in counts per million (CPM). (C) Correl-
ative analysis of HLCS expression in GSC versus bulk GBM tumors from GSE119834 (45). (D) Cell viability assay of GSC with or without HLCS KD (n = 6) (means ± SD). 
(E) Tumorsphere formation of GSCs following HLCS KD (n = 6) (means ± SD). (F) Extreme limiting dilution assay of GSCs following HLCS KD (means ± SD). (G) Colony forma-
tion of GSC following HLCS KD (n = 4) (means ± SD). Representative images shown below. (H) Transwell migration and invasion assay of GSCs with HLCS KD (n = 3) 
(means ± SD). (I) Representative images of (H). (D), (E), (G), and (H): **P < 0.01; ***P < 0.001. Two-tailed unpaired Student’s t test.
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and reducing cholesterol uptake by degrading the low-density lipo-
protein receptor (23). In the case of OXPHOS, glioma cells have 
up-regulated OXPHOS, and OXPHOS inhibitors have been shown 
to inhibit GBM cell proliferation in vitro and in vivo (5, 33).

Although it is widely accepted that HLCS plays a major role in 
carboxylase activation, we found that HLCS depletion (at least under 
3 days of biotin-free culturing conditions) modestly deprives the 
carboxylases of biotin and did not recapitulate the metabolic defects 
of SN-treated cells. This suggests that HLCS may play a minor role 
in regulating cellular metabolism at least under short-term in vitro 
conditions or that HLCS may be preferentially localized to the nucle-
us instead of cytoplasm as previously shown for HeLa cells (Fig. 7G) 
(13). Given that GBM metabolism may differ in vitro versus in vivo 
(where conditions are harsher), it would be interesting to evaluate 
whether HLCS deficiency may influence tumor metabolism in vivo. 

Our results are consistent with patient data whereby the metabolic 
defects only manifest when mutant HLCS proteins have extremely 
low affinity for biotin (e.g., 70-fold reduction that leads to a severe 
disruption in carboxylase activation), and that the biochemical and 
clinical manifestations of the disease can be reversed with pharma-
cological doses of biotin (10 to 100 mg/day) (6).

The cross-talk between metabolism and epigenetics can influence 
cancer cell state and fate, but this is poorly understood in GBM. In 
addition to its central role in metabolism, biotin bioavailability can 
affect gene expression, although the underlying mechanism remains 
obscure (37). We established a link between reduced histone bioti-
nylation and decreased histone acetylation in SN-treated and HLCS 
KD GSC, indicating that a major role of HLCS lies in its distribution 
of biotin to histones in GBM (Fig. 7G). Numerous studies have used 
the analysis of superenhancers, characterized by dense H3K27ac 

Fig. 7. HLCS levels affect GSC tumorigenicity and aggressiveness of GBM. (A and B) In vivo bioluminescence-based imaging of postorthotropic injection of GSC TS543 
transduced with NT/control or HLCS shRNAs. Quantification of tumor volume based on bioluminescence (A) and representative images of the tumor-bearing mice (B) 
(n = 5) (means ± SD). (C) Survival curves of mice implanted with TS543 with or without HLCS KD. (D) Correlative analysis of HLCS levels with glioma patient survival in 
multiple glioma patient cohorts. OS: overall survival. Wald test. (E) Pathways that are enriched in HLCS correlated genes using ConsesusPathDB analysis. (F) Correlative 
analysis of HLCS mRNA levels with protein levels of cell cycle (CCNB1 and CCNE2) and invasiveness (IGFBP2 and PAI1) genes in GBM patients from TCGA. (G) Proposed 
model of how HLCS and SN may regulate biotin distribution to the carboxylases and histones, resulting in metabolic and epigenetic alterations in GSC.
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occupancy, to identify genes and pathways that indicate the cell of 
origin and maintain the malignant state of gliomas (38, 39). Nota-
bly, both SN treatment and HLCS KD reduced the expression of 
superenhancer-associated genes, including SOX10 and NEU4, which 
are crucial for tumor stemness and malignancy (40, 41). Therefore, the 
dependence of GBM on HLCS-regulated histone biotinylation serves 
to sustain specific epigenetic demands of GBM. In multiple patient co-
horts, high HLCS expression reliably portended a negative prognosis 
in GBM. HLCS is also overexpressed in breast cancer and associated 
with metastasis (42). Thus, our studies with SN illuminate a previously 
unrecognized role of HLCS in GBM pathogenesis and suggest that 
HLCS deregulation may be broadly relevant to other cancer types.

HLCS loss-of-function mutations lead to biotin deficiency disor-
ders, indicating that HLCS inhibitors (no such compound to date) 
are predicted to be unsuitable for GBM treatment. That SN only ex-
hibits anti-GSC property at micromolar concentrations would also 
exclude its potential use in the clinic. Extending from the present 
work, we envision that the rational inhibition of biotin-dependent 
metabolism and epigenetic pathways may represent new approaches 
in the design of anti-GBM treatment options. For instance, one may 
consider cotargeting multiple metabolism pathways, including choles-
terol biosynthesis [e.g., via statins and LXR-623 (23)] and OXPHOS 
(e.g., via IACS-010759) or cholesterol biosynthesis and ACC1 (e.g., 
TOFA), to deliver a synergistic anti-GBM effect. As proof of concept, 
we found that lovastatin and TOFA synergistically reduced cell via-
bility of GSCs, but not noncancerous astrocytes (fig. S8, A to C). Al-
ternatively, we may consider cotargeting specific metabolism (e.g., 
cholesterol biosynthesis and OXPHOS) and epigenetic [e.g., inhib-
iting bromodomain and extraterminal (BET) proteins that regulate 
superenhancers via JQ1 or dBET6] pathways, which would partially 
mimic the effect of SN treatment. Of immediate clinical translation, 
our findings raise an important consideration of regulating biotin 
consumption in patients with GBM.

MATERIALS AND METHODS
For details of standard lab techniques, unsupervised clustering of 
patients with glioma based on query gene signature, chemical syn-
thesis of BSN, model generation for MD simulation, metabolomic 
analysis, RNA-seq analysis, ChIP-seq analysis, and superenhancer 
analysis, see the Supplementary Materials.

Connectivity Map Analysis
CMA (Build2; Broad Institute, http://broad.mit.edu/cmap) was used 
for the in silico drug screen (19) with our query signature (table S1). 
Gene symbols for each of three CMA gene lists were converted into 
the U133A&B Affymetrix probe set lists (NetAffx Query, https://
affymetrix.com/analysis/index.affx) required as an input for CMA 
database. Last, “EGFR signaling,” “Mesenchymal subtype of GBM,” 
and “Generation of neuron” gene sets were represented by 132, 
176, and 155 Affymetrix probe sets, respectively. They were used to 
query up to 7000 unique gene expression profiles (and representing 
1309 compounds) stored in the CMA database (19). We considered 
the top 10 hits as potential drug candidates (cutoff permutation 
P < 0.05 and enrichment score > 0.8).

Cell lines and compounds
Patient-derived GSCs were provided by C. Brennan (Memorial Sloan 
Kettering Cancer Center) and R. A. DePinho at MD Anderson Cancer 

Center. The GSCs were cultured in human neural stem cell mainte-
nance media (Millipore), 1% penicillin-streptomycin (PS), and sup-
plemented with EGF and  fibroblast growth factor (20 ng ml−1 
each). Noncancerous mouse astrocytes (C8-D1A) were provided by 
T. V. Arumugam (La Trobe University) and cultured with Dulbecco’s 
modified Eagle’s medium/nutrient mixture F12 (DMEM/F12) 
with 10% fetal bovine serum (FBS) and 1% PS. Human embryonic 
kidney–293 (HEK-293) T cells were cultured with DMEM with 10% 
FBS and 1% PS. The following inhibitors were used in this study: 
sulconazole nitrate (Selleckchem), fluconazole and tebuconazole 
(Sigma-Aldrich), lovastatin hydroxy acid (Cayman), and DCA (Sigma- 
Aldrich). Cholesterol–methyl--cyclodextrin (Sigma-Aldrich) was 
used in rescue experiments.

Filipin staining
Filipin staining was done using a Cholesterol Assay Kit (Cell-Based, 
ab133116, Abcam). Briefly, cells were seeded and treated on the fol-
lowing day with DMSO, SN, or lovastatin. After 3 days of incuba-
tion, the cells were fixed, stained with the diluted Filipin III, washed, 
and imaged at least 20 fields at ×10 magnification with an excitation 
of 340 to 380 nm and emission of 385 to 470 nm. Image J was used 
for determination of stain intensity. Data presented are from tripli-
cate experiments.

Streptavidin pull-down assay
HEK-293T cells were treated with the indicated drugs for 6 hours 
and lysed in IP lysis buffer [50 mM tris-Cl (pH 7.5), 150 mM NaCl, 
and 1% Triton X-100] with protease inhibitor and phosphatase in-
hibitor. Equal amount of proteins was incubated with streptavidin 
beads (20347, Thermo Fisher Scientific) at 4°C for 16 hours. The 
beads were washed with IP lysis buffer five times, and the streptavidin- 
bound proteins were eluted with 2× SDS sample loading dye. The same 
volume of eluted proteins was resolved using SDS electrophoresis 
detected using either silver staining or Western blot analysis. The 
isolation of histone proteins was performed according to an Abcam 
online protocol. Briefly, cells were incubated with Triton extraction 
buffer [PBS containing 0.5% Triton X-100 (v/v) with protease inhib-
itor] for 10 min and the nuclei were collected by centrifugation. After 
overnight incubation of the pellet in 0.2 N HCl to extract histone pro-
teins, the samples were centrifuged, neutralized with NaOH, and used 
for streptavidin pull-down assay.

ACC1 enzyme activity assay
The measurement of the recombinant ACC1 enzyme was performed 
using the ACC1 Assay Kit (79315, BPS Bioscience) following the 
manufacturer’s instructions.

Measurement of acetyl-CoA levels
After 3 days of drug treatment, the cells were lysed with immuno-
precipitation assay buffer, and the resulting lysates were deprotein-
ized using the Deproteinizing Sample Preparation Kit (B808-200, 
BioVision). Next, the measurement of acetyl-CoA levels was per-
formed using the PicoProbe Acetyl-CoA Fluorometric Assay Kit 
(K317-100, BioVision) following the manufacturer’s instructions.

Mitochondrial oxygen consumption rates measurement 
(Seahorse assay)
Mitochondrial oxygen consumption rates (OCRs) were measured 
using XFe96 Seahorse Biosciences Extracellular Flux Analyzer (Agilent 

http://broad.mit.edu/cmap
https://www.affymetrix.com/analysis/netaffx/xmlquery.affx?netaffx=netaffx4_annot
https://affymetrix.com/analysis/index.affx
https://affymetrix.com/analysis/index.affx
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Technologies). After 20 hours of the indicated drug treatment, the 
cells were replated onto the Seahorse 96-well plate at 125,000 cells per 
well to ensure that only the OCR of viable cells were recorded. On 
the next day, the culture medium was replaced with 175 l of fresh 
Seahorse DMEM basal medium 45 min before the assay. Seahorse 
analyzer injection ports were filled with 1 M oligomycin, 1 M car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone, or 0.5 M each 
of rotenone and antimycin A for OCR, following the manufacturer’s 
instructions. Levels of OCR were recorded, normalized, and quanti-
fied according to the manufacturer’s instructions.

Intracranial tumor formation in vivo
GSCs (1 × 105 viable cells) were grafted intracranially into NSG 
(NOD scid gamma mouse) mice (InVivos) aged 6 to 8 weeks. Tumor 
incidence was determined at indicated time points by luciferase im-
aging of mice using Xenogen IVIS (PerkinElmer) according to the 
manufacturer’s instructions. Animals were maintained until neuro-
logical signs were apparent, at which point they were euthanized. All 
mouse manipulations were performed with the approval of National 
University of Singapore Institutional Animal Care and Use Committee.

Statistical analyses
Student’s t test and Mann-Whitney test were performed using either 
R3.4.1 or Cytel Studio (version 9.0.0). Significance was defined as 
P < 0.05. For multiple testing correction, Benjamini-Hochberg statis-
tic was applied to estimate the false discovery rate. One-dimensional 
data-driven grouping method (43, 44) was used to estimate the sig-
nificance of association of HLCS gene with cancer patient’s sur-
vival. Details are shown in the Supplementary Materials. SigmaPlot 
(version 11.0) or a set of R packages (ggplot2, ggpubr, and survminer) 
were implemented for plot generation. For all experiments with error 
bars, the standard error of the mean (SEM) was calculated to indi-
cate the variation within each experiment and data, and values rep-
resent means ± SEM or means ± SD, as indicated in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf6033

View/request a protocol for this paper from Bio-protocol.
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