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Abstract

Tumor metabolism is reprogrammed to meet the demands of proliferating cancer cells. In 

particular, cancer cells upregulate synthesis of the membrane phospholipids phosphatidylcholine 

(PtdCho) and phosphatidylethanolamine (PtdE) in order to allow for rapid membrane turnover. 

Nonetheless, we show here that, in mutant isocitrate dehydrogenase 1 (IDHmut) gliomas, which 

produce the oncometabolite 2-hydroxyglutarate (2-HG), PtdCho and PtdE biosynthesis is 

downregulated and results in lower levels of both phospholipids when compared to wild-type 

IDH1 cells. 2-HG inhibited collagen-4-prolyl hydroxylase activity, leading to accumulation of 

misfolded procollagen-IV in the endoplasmic reticulum (ER) of both genetically engineered and 

patient-derived IDHmut glioma models. The resulting ER stress triggered increased expression of 

FAM134b, which mediated autophagic degradation of the ER (ER-phagy) and a reduction in ER 

area. Because the ER is the site of phospholipid synthesis, ER-phagy led to reduced PtdCho and 

PtdE biosynthesis. Inhibition of ER-phagy via pharmacological or molecular approaches restored 

phospholipid biosynthesis in IDHmut glioma cells, triggered apoptotic cell death, inhibited tumor 
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growth and prolonged the survival of orthotopic IDHmut glioma-bearing mice, pointing to a 

potential therapeutic opportunity. Glioma patient biopsies also exhibited increased ER-phagy and 

downregulation of PtdCho and PtdE levels in IDHmut samples compared to wild-type, clinically 

validating our observations. Collectively, this study provides detailed and clinically-relevant 

insights into the functional link between oncometabolite-driven ER-phagy and phospholipid 

biosynthesis in IDHmut gliomas.
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INTRODUCTION

Mutations in isocitrate dehydrogenase 1 (IDH1) are characteristic of 70-90% of low-grade 

gliomas (1). The wild-type IDH1 (IDHwt) enzyme converts isocitrate to α-ketoglutarate (α-

KG) while mutant IDH1 (IDHmut) converts α-KG to 2-hydroxyglutarate (2-HG) (1). 2-HG 

is an oncometabolite that inhibits the activity of α-KG-dependent dioxygenases including 

prolyl hydroxylases, histone demethylases and the TET family of 5-methylcytosine 

hydroxylases. The resulting alterations in cell signaling and epigenetics ultimately drive 

tumorigenesis (1,2).

In addition, IDHmut cells undergo a broad reprogramming of cellular metabolism, extending 

beyond 2-HG production (3). Specifically, when compared to IDHwt, IDHmut cells silence 

lactate dehydrogenase A expression and concomitant lactate production (4,5), and 

downregulate pyruvate dehydrogenase activity reducing flux to the tricarboxylic acid cycle 

(6). Studies have also reported alterations in glutaminolysis (7) and cellular redox status (8). 

Several of these metabolic changes can potentially be exploited for therapy (6–8), pointing 

to the importance of metabolic reprogramming in sustaining IDHmut cell proliferation.

Another important metabolic pathway that has not been extensively investigated in IDHmut 

gliomas is that of phospholipid metabolism. Phosphatidylcholine (PtdCho) and 

phosphatidylethanolamine (PtdE) are structural components of cell membranes and are 

quantitatively the most abundant phospholipids in the cell (9,10). Proliferating cancer cells 

have a higher demand for phospholipids due to rapid membrane turnover (11,12) and, as a 

result, PtdCho and PtdE biosynthesis is activated (12–15). The biosynthetic pathways (Fig.

1A) begin with choline and ethanolamine import, followed by cytosolic phosphorylation to 

phosphocholine (PC) and phosphoethanolamine (PE) via choline kinase and ethanolamine 

kinase (16,17). PC and PE are then converted to CDP-choline and CDP-ethanolamine by 

CTP:PC cytidylyltransferase (CCT) and CTP:PE cytidylyltransferase (ECT). CCT and ECT 

are the rate-limiting steps in PtdCho and PtdE biosynthesis (14,16,18) and, importantly, their 

active forms are associated with the ER (9,19,20). Finally, choline phosphotransferase and 

ethanolamine phosphotransferase catalyze the production of PtdCho and PtdE, again in the 

ER (20).

Consistent with increased phospholipid synthesis, magnetic resonance spectroscopy (MRS) 

studies have demonstrated an increase in PC and PE, the precursors of PtdCho and PtdE, in 
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most types of cancer (12,21–23). Interestingly however, and counter to these findings, 

studies in IDHmut cells have reported reduced PC (24,25) and PE (26) relative to IDHwt 

pointing to a potentially unusual reprogramming of phospholipid biosynthesis in IDHmut 

cells.

The goal of this study was therefore to investigate PtdCho and PtdE biosynthesis in IDHmut 

glioma cells. Our study indicated that 2-HG downregulated PtdCho and PtdE biosynthesis 

and steady-state levels in IDHmut cells relative to IDHwt. This effect was mediated by 

autophagic degradation of the ER (ER-phagy), the site of CCT and ECT activity and 

phospholipid biosynthesis. Importantly, we confirmed our findings in IDHmut glioma 

patient biopsies, thereby validating the clinical relevance of our study. Furthermore, 

inhibition of ER-phagy restored phospholipid levels and triggered apoptosis in vitro and in 
vivo, identifying this metabolic reprogramming as essential for IDHmut cell survival.

MATERIALS AND METHODS

Cell culture

U87 and NHA cells expressing IDHwt (U87IDHwt/NHAIDHwt) or IDH1 R132H mutant 

enzyme (U87IDHmut/NHAIDHmut) were generated and maintained as described previously 

(25). BT54 neurospheres were provided by H.A.L and J.G.C and maintained as described 

previously (27). BT54 proliferation was assayed as described (6). Cells were used for studies 

between passages 15-30. All cell lines were routinely tested for Mycoplasma contamination, 

authenticated by short tandem repeat fingerprinting (Cell Line Genetics) and used for studies 

within 6 months of authentication. Treatment with D-2-HG (Sigma-Aldrich) was with 1mM 

for 24h, AGI-5198 with 10μM for 72h, bafilomycin A1 (BAF) with 50nM for 16h, CQ with 

50μM for 16h, ethyl-3,4-dihydroxybenzoate (EDHB) with 270μM for 24h. For kinetic 

analysis of the effect of CQ and BAF, cells were treated for 4h and 16h. DMSO was used as 

vehicle control.

RNA interference

SMARTpool siRNAs (Dharmacon) against human FAM134b (M-016936-01), Atg5 

(M-004374-04), Atg7 (M-020112-01) and non-targeting siRNA pool #2 (D-001206-14-05) 

were transfected according to manufacturer’s instructions.

MRS studies

Metabolites were extracted by dual-phase extraction (25). 1H-MR spectra (1D ZGPR, 

90°flip angle, 3s relaxation delay, 256 acquisitions), proton-decoupled 13C-MR spectra 

(30°flip angle, 3s relaxation delay, 2048 acquisitions) and proton-decoupled 31P-MR spectra 

(30°flip angle, 2.6s relaxation delay, 1440 scans) were obtained using a 500MHz 

spectrometer (Bruker) equipped with a Triple Resonance CryoProbe (6). Peak integrals were 

quantified using Mnova, corrected for saturation and normalized to cell number and an 

external reference (trimethylsilylpropionate for 1H- and 13C-MR and methylene 

diphosphonic acid for 31P).
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For measurement of de novo PtdCho and PtdE biosynthesis, cells were cultured in medium 

containing 56μM [1,2-13C]-choline and 56μM [1,2-13C]-ethanolamine (Sigma-Aldrich) for 

various time-points. Kinetic build-up of 13C-Ptdcho and -PtdE was analyzed by non-linear 

regression (GraphPad Prism) using the equation 13CPtdCho(t)=A (1-e−kt) where 13CPtdCho 

represents 13C-PtdCho at time point t, A represents the asymptotic value of the 13C-labeled 

pool of PtdCho and k is the pseudo-first-order rate constant for PtdCho synthesis. A similar 

equation was used for PtdE synthesis.

CCT activity was determined as described (28). For ECT activity, cells were lysed (50mM 

HEPES, pH 7, 5mM EDTA, 5mM EGTA) and combined with reaction mix (50mM Tris-

HCl, pH 8, 5mM DTT, 10mM cytidine triphosphate, 5mM PE, 25mM MgCl2). Proton-

decoupled 31P-MR spectra (30°flip angle, 2.6s relaxation delay, 128 transients) were 

acquired every 5min and ECT activity determined by linear regression of the kinetics of 

CDP-ethanolamine production.

Western blotting

Protein was probed for pan-cadherin (4068), COX-IV (4850), NUP98 (2598), Atg5 (12994), 

Atg7 (8558), cleaved PARP (5625) from Cell Signaling, for CCTα (Pcyt1A, ab109263), 

ECT (Pcyt2, ab15053), calnexin (ab22595), calreticulin (ab2907), golgin-97 (ab84340), 

FAM134b (ab151755), collagen-IV (ab6586) from Abcam and for LC3B (0231-100) from 

Nanotools. β-Actin (4970), GAPDH (2118) and β-tubulin (2128) from Cell Signaling were 

used as loading control.

Immunofluorescence

Cells were seeded on Lab-Tek-II Coverglass (ThermoScientific) and stained with primary 

antibody (anti-calnexin, ab22595, Abcam, for STORM imaging and anti-calnexin, ab66332, 

Abcam plus anti-LC3B, 0231-100, Nanotools, for confocal imaging) and then with 

secondary antibody (Alexa647 for STORM imaging and Alexa488 plus Alexa647 for 

confocal imaging).

STORM imaging

Imaging was performed using a custom-built Nikon Eclipse Ti-E inverted microscope. 

405nm and 640nm lasers (OBIS640, Coherent) were focused at the back focal plane of the 

UPlanSApo 1.4NA 100× objective (Olympus). Images were recorded with an electron-

multiplying CCD camera (iXon+ DU897E-C20-BV, Andor). A quadband dichroic mirror 

(ZT405/488/561/640rpc) and band-pass filter (ZET405/488/561/647m for 405nm and 

ET700/75nm for 640nm) separated the fluorescence emission from the excitation light. 

Images were recorded at a frame rate of 60Hz. Data acquisition and analysis were performed 

as described (29). The total number of calnexin localization points was used as a measure of 

ER area for each cell.

Confocal microscopy

Cells were treated with 50nM BAF for 4h prior to imaging since endogenous LC3B levels 

were otherwise too low. Images were acquired using a Nikon Eclipse Ti microscope 

equipped with an Andor Zyla sCMOS camera.
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Autophagic flux determination

Autophagic flux was quantified by measuring LC3-II levels by immunoblotting in the 

presence of BAF as recommended (30). The normalized densitometric value of LC3-II in 

control samples was subtracted from the corresponding BAF-treated samples to calculate the 

autophagic flux.

Co-immunoprecipitation: Cells were lysed (50mM Tris-HCl pH 7.8, 1% Triton X-100, 

300mM NaCl, 5mM EDTA), supernatant incubated with anti-calnexin antibody (ab66332, 

Abcam) and protein-G beads and bound proteins examined by immunoblotting.

Hydroxyproline assay

Hydroxyproline content was determined spectrophotometrically (30).

Procollagen-IV fractionation

Cells were lysed (50mM Tris-HCl, pH 8, 150mM NaCl, 5mM EDTA, 1% NP-40), 

centrifuged at 14,000rpm for 20min to separate supernatant (detergent-soluble) and pellet 

(detergent-insoluble) fractions for immunoblotting.

Caspase activity and cell size

Caspase activity (ab39401, Abcam) and cell size (F-13838, Thermo-Fisher) were measured 

using commercial kits.

Animal studies

All animal studies were approved by the University of California Institutional Animal Care 

and Use Committee (IACUC) under protocol number AN101013. U87IDHwt or 

U87IDHmut cells (3×105cells/10μl) were intracranially injected into athymic nu/nu mice. 

Once the tumor reached 2-3mm as assessed by MR imaging, this time point was considered 

day zero (D0). Mice with each tumor type were randomly divided into two groups and 

treated once daily intraperitoneally with saline (n=5 for U87IDHwt, n=6 for U87IDHmut) or 

60mg/kg CQ (n=5 for U87IDHwt, n=7 for U87IDHmut). In order to obtain tumor tissue for 

analysis, CQ-treated mice were sacrificed at D21 when U87IDHmut tumors had shrunk to 

below their size at D0. Control animals were treated until they had to be sacrificed per 

IACUC guidelines.

MR imaging was performed on a 14.1T vertical MR system (Agilent), equipped with a 

single-channel 1H coil. For T2-weighted imaging, images were acquired using a multislice 

spin-echo sequence: time-to-echo: 20ms; repetition time: 1,200ms; field of view: 25 × 

25mm2; matrix: 512×256; slice thickness: 1.0mm; number of averages: 2. Tumor contours 

were drawn manually and tumor volume determined as a sum of the areas multiplied by 

slice thickness using in-house MR software (SIVIC).

Patient samples

Flash-frozen human tumor tissue, with no patient-identifying information, was obtained in 

compliance with written informed consent policy from the UCSF Brain Tumor Center 

Biorepository and Pathology Core. Sample use was approved by the Committee on Human 
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Research at UCSF and research was approved by the Institutional Review Board at UCSF 

according to ethical guidelines established by the U.S Common Rule. 

Immunohistochemistry for LC3-II (0231-100, Nanotools) was performed on tissue 

microarrays using a Ventana Benchmark XT automated slide preparation system.

Statistical analysis

All experiments were performed on a minimum of 5 samples and results presented as mean 

± standard deviation. For biopsy studies, 4 IDHwt and 3 IDHmut samples were tested. 

Statistical significance was assessed using an unpaired Student’s T-test assuming unequal 

variance with p<0.05 considered significant (* = p<0.05; ** = p<0.01; *** = p<0.005). 

Analysis of mRNA expression data from IDHwt and IDHmut low-grade glioma patient 

biopsies from The Cancer Genome Atlas (TCGA) database was performed as described 

previously (4).

RESULTS

Phospholipid biosynthesis is downregulated in IDHmut glioma cells

We investigated two genetically-engineered models, a U87 model and an immortalized 

normal human astrocyte (NHA) model, expressing IDHwt or IDH1 R132H mutant enzyme 

(Supplementary Fig.1A–1B) (25). First, we used 31P-MRS (Fig.1B) to determine steady-

state PtdCho and PtdE levels and found that both phospholipids were significantly reduced 

in IDHmut cells (Fig.1C–1D and Supplementary Fig.1C–1D). Using 13C-MRS (Fig.1E), we 

then monitored phospholipid biosynthesis by labeling cells with [1,2-13C]-choline and 

[1,2-13C]-ethanolamine until de novo synthesized 13C-PtdCho and -PtdE reached total 

steady-state levels (as determined by comparison to the 31P-MRS data). PtdCho and PtdE 

biosynthetic rates were reduced in IDHmut cells (Fig.1F–1G and Supplementary Fig.1E–

1F). The pseudo-first-order rate constant for PtdCho synthesis dropped significantly by 38% 

in the NHA model from 0.013±0.001 h−1 in NHAIDHwt to 0.008±0.001 h−1 in 

NHAIDHmut and by 41% from 0.033±0.001 h−1 in U87IDHwt to 0.019±0.002 h−1 in 

U87IDHmut. The pseudo-first-order rate constant for PtdE synthesis also dropped 

significantly by 43% from 0.012±0.001 h−1 to 0.007±0.001 h−1 in the NHA model and by 

45% from 0.029±0.001 h−1 to 0.016±0.002 h−1 in the U87 model.

Next we examined expression of CCT and ECT, the rate-limiting enzymes in PtdCho and 

PtdE biosynthesis. In the NHA model, CCT expression dropped significantly by 42% (Fig.

1H) and ECT expression by 38% (Fig. 1I) with similar findings in the U87 model 

(Supplementary Fig.1G–1H). We also measured CCT and ECT activities using 31P-MRS-

based activity assays (Supplementary Fig.1I–1J), and found a significant reduction in their 

activities in IDHmut compared to IDHwt (Fig.1J–1K for NHA and Supplementary Fig.1K–

1L for U87).

2-HG is responsible for the downregulation of phospholipid biosynthesis in IDHmut glioma 
cells

Next we wanted to confirm the link between 2-HG and our metabolic observations. To that 

end, we examined phospholipid biosynthesis in IDHwt cells incubated with 2-HG (to cause 
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intracellular accumulation of 2-HG), or in IDHmut cells treated with the IDHmut inhibitor 

AGI-5198 (to cause depletion of 2-HG) (31). Using 1H-MRS we confirmed that our 

treatments modulated 2-HG as expected (Fig. 2A and Supplementary Fig.2A).

Consistent with a link between 2-HG and phospholipid biosynthesis, steady-state PtdCho 

and PtdE dropped in IDHwt cells incubated with 2-HG to levels similar to those observed in 

IDHmut cells in both NHA (Fig.2B–2C) and U87 (Supplementary Fig.2B–2C) models. 

Conversely, depletion of 2-HG by treatment of IDHmut cells with AGI-5198 restored 

PtdCho and PtdE to levels akin to those observed in IDHwt cells (Fig.2B–2C and 

Supplementary Fig.2B–2C). Furthermore, 2-HG incubation of IDHwt cells reduced the 

pseudo-first-order rate constant of de novo PtdCho and PtdE synthesis to levels observed in 

IDHmut cells while treatment of IDHmut cells with AGI-5198 restored the rate constant to 

IDHwt levels (Fig.2D–2E and Supplementary Fig.2D–2E). Expression of CCT (Fig.2F and 

Supplementary Fig.2F) and ECT (Fig.2G and Supplementary Fig.2G) as well as their 

activities (Fig.2H–2I and Supplementary Fig.2H–2I) also dropped to IDHmut levels in 2-

HG-treated IDHwt cells and were restored to IDHwt levels in AGI-5198-treated IDHmut 

cells.

2-HG induces a reduction in ER area via autophagic degradation of the ER in IDHmut 
glioma cells

CCT and ECT are localized to the ER, which is the principal site for phospholipid 

biosynthesis (9,10,19,20,32). We therefore questioned whether ER area was altered in 

IDHmut cells. Super-resolution stochastic optical reconstruction microscopic (STORM) 

imaging of the ER membrane marker calnexin revealed a striking reduction in ER area in 

IDHmut cells relative to IDHwt in a manner associated with 2-HG in both NHA (Fig.3A–

3B) and U87 (Supplementary Fig.3A–3B) models. These findings were also confirmed by 

western blotting in both NHA and U87 models (Supplementary Fig.3C).

To rule out the possibility of non-specific organelle turnover in IDHmut cells, we examined 

expression of other major organelle markers and found no change in plasma membrane (pan-

cadherin), golgi (golgin-97), mitochondria (cytochrome c oxidase IV, COX-IV) and nuclear 

envelope (NUP98) markers (Supplementary Fig.3D–3K). Finally, since PtdCho and PtdE are 

major structural components of the plasma membrane, we examined cell size 

(Supplementary Fig.3L–3M) and found no difference in our models.

Autophagy of the ER (“ER-phagy”) can regulate ER area (33–35), and so we questioned 

whether ER-phagy was activated in IDHmut cells. FAM134b is an ER-resident protein that 

binds to the autophagosomal membrane protein LC3-II and mediates autophagosome 

recruitment to the ER, thereby initiating ER-phagy (33). FAM134b expression was higher in 

IDHmut cells, in a manner linked to the presence of 2-HG (Fig.3C and Supplementary Fig.

4A). To quantify autophagic flux we then measured LC3-II levels in the presence of the 

lysosomal inhibitor bafilomycin A1 (BAF) (36) (an increase in LC3-II in the presence of 

BAF indicates increased autophagic flux rather than blocked autophagosome turnover). 

Autophagic flux was higher in IDHmut cells in a 2-HG-dependent manner (Fig.3D and 

Supplementary Fig.4B).
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To further confirm ER-phagy, we performed co-immunoprecipitation assays and found a 

direct interaction between calnexin, the ER marker, and endogenous LC3-II in IDHmut cells 

or 2-HG-treated IDHwt cells, but not in IDHwt cells or in AGI-5198-treated IDHmut cells 

(Fig.3E and Supplementary Fig. 4C). Furthermore, confocal microscopy showed co-

localization of calnexin with endogenous LC3B only in IDHmut cells and in 2-HG-treated 

IDHwt cells (Supplementary Fig.4D).

ER-phagy is activated in response to accumulation of misfolded proteins in the ER (34,35). 

2-HG has been reported to inhibit collagen prolyl-4-hydroxylase (C-4-PH) activity (37,38) 

leading to accumulation of misfolded collagen-IV (38). To assess folded collagen in our 

models, we therefore examined hydroxyproline levels and found a significant reduction in 

IDHmut cells relative to IDHwt (Fig.3F and Supplementary Fig.4E). Furthermore, 

procollagen-IV was largely detergent-insoluble in IDHmut cells relative to IDHwt (Fig.3G 

and Supplementary Fig.4F). Incubation of IDHwt cells with 2-HG shifted procollagen-IV to 

the detergent-insoluble fraction, while treatment of IDHmut cells with AGI-5198 increased 

detergent-soluble procollagen-IV, indicating that 2-HG induced accumulation of misfolded 

procollagen-IV in the ER.

To further confirm that C-4PH inhibition was linked to ER-phagy and reduced phospholipid 

biosynthesis, we treated IDHwt cells with the prolyl hydroxylase inhibitor ethyl-3,4-

dihydroxybenzoate (EDHB) (39). EDHB induced accumulation of misfolded procollagen IV 

in IDHwt cells (Supplementary Fig.4G–4H). Concomitantly, ER area was reduced 

(Supplementary Fig.4I–4J) and co-immunoprecipitation assays showed a direct interaction 

between calnexin and endogenous LC3-II in EDHB-treated IDHwt cells (Supplementary 

Fig.4K–4L), consistent with induction of ER-phagy only when C-4PH is inhibited. 

Furthermore, EDHB treatment also reduced PtdCho (Supplementary Fig.4M) and PtdE 

(Supplementary Fig.4N) levels in IDHwt cells.

An alternative cellular response to misfolded protein accumulation in the ER is induction of 

apoptosis by the transcription factor CHOP (40). Caspase activity was below detection in 

our models and there was no difference in CHOP expression (Supplementary Fig.4O–4P), 

ruling out apoptosis. Instead, our data indicated that misfolded procollagen-IV triggered ER-

phagy in IDHmut cells.

Silencing FAM134b, Atg5 or Atg7 restores ER area and phospholipid levels in IDHmut 
glioma cells

To confirm that ER-phagy was linked to phospholipid biosynthesis, we used RNA 

interference in IDHmut cells to silence FAM134b (Supplementary Fig.5A–5B) and thus 

prevent autophagosome recruitment to the ER. We also silenced the autophagy proteins Atg5 

and Atg7 that are indispensable for autophagosome formation and autophagic flux (41) 

(Supplementary Fig.5A–5B).

First, we confirmed that silencing Atg5 or Atg7 blocked autophagic flux (Supplementary 

Fig.5C–5D) and abrogated co-immunoprecipitation of LC3-II with calnexin (Supplementary 

Fig.5E–5F). We then investigated the impact on ER area and found that it was significantly 

increased as seen by STORM imaging (Fig.4A). Importantly, silencing autophagy also 
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increased CCT expression and activity, ECT expression and activity, PtdCho and PtdE in 

both NHA (Fig.4B–4G) and U87 (Supplementary Fig.5G–5L) models, confirming the link 

between ER-phagy and phospholipid metabolism in IDHmut cells (Fig.4H).

Furthermore, silencing FAM134b, Atg5 or Atg7 induced caspase activity (Fig.4I and 

Supplementary Fig.5M) and cleaved PARP (Supplementary Fig.5N–5O), indicating 

induction of apoptosis. It also significantly inhibited clonogenicity (Fig.4J and 

Supplementary Fig.5P), indicating that disrupting ER-phagy was detrimental to IDHmut 

cells.

Pharmacologically inhibiting autophagy abrogates clonogenicity of IDHmut glioma cells

To assess the therapeutic potential of pharmacologically inhibiting autophagy, we examined 

the effect of the late-stage autophagy inhibitors chloroquine (CQ) and BAF on IDHmut 

cells. Both agents significantly increased accumulation of detergent-insoluble misfolded 

procollagen-IV (Fig.5A and Supplementary Fig.6A) and induced ER expansion (Fig.5B). 

Concomitantly, CQ and BAF increased CCT activity, ECT activity, PtdCho and PtdE in both 

NHAIDHmut (Fig.5C–5F) and U87IDHmut (Supplementary Fig.6B–6E) cells. Importantly, 

CQ and BAF induced caspase activity (Fig.5G and Supplementary Fig.6F) and inhibited 

clonogenicity (Fig.5H and Supplementary Fig.6G). The impact of treatment on 

clonogenicity (Supplementary Fig.6H–6I) and phospholipid levels (Supplementary Fig.6J–

6M) was time-dependent.

Since CQ and BAF are general autophagy inhibitors rather than specific ER-phagy 

inhibitors, we also examined their effect on IDHwt cells. CQ and BAF did not alter ER area, 

CCT activity, ECT activity, PtdCho or PtdE in NHAIDHwt or U87IDHwt cells 

(Supplementary Fig.7A–7I). Furthermore, and importantly, CQ and BAF did not affect 

clonogenicity of NHAIDHwt cells (Supplementary Fig.7J). In the U87IDHwt model, CQ 

and BAF did inhibit clonogenicity (Supplementary Fig.7K), consistent with the glioblastoma 

background of this model and the known impact of autophagy inhibitors in glioblastoma 

(42). Nonetheless, the impact of CQ and BAF in U87IDHwt cells was significantly less than 

that observed in U87IDHmut cells (27% for CQ in U87IDHwt versus 63% in U87IDHmut, 

p<0.01 and 29% for BAF in U87IDHwt versus 58% in U87IDHmut, p<0.01; compare 

Supplementary Fig.7K with Supplementary Fig.6G). Caspase activity was also below 

detection in CQ-treated IDHwt cells. Taken together, our results indicated that IDHmut cells 

were vulnerable to disruption of autophagy, identifying a promising therapeutic strategy for 

these cells.

ER-phagy downregulates phospholipid biosynthesis in the BT54 patient-derived IDHmut 
glioma model

Next we wanted to confirm our findings in a clinically-relevant IDHmut model. To that end 

we examined BT54 neurospheres that are derived from an oligodendroglioma tumor 

carrying an IDH1 mutation (Supplementary Fig.8A) (27) and that produce 2-HG as 

determined by 1H-MRS (6.2±0.1 fmol/cell). In line with our results with the genetically-

engineered models, silencing FAM134b/Atg5/Atg7 (Supplementary Fig.8B) abrogated co-

immunoprecipitation of LC3-II with calnexin (Supplementary Fig.8C). Concomitantly, ER 
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area (Fig.6A) CCT activity (Fig.6B), ECT activity (Fig.6C), PtdCho (Fig.6D) and PtdE (Fig.

6E) increased. Silencing autophagy also induced caspase activity (Fig.6F) and inhibited 

BT54 cell proliferation (Fig.6G). Likewise, treating BT54 neurospheres with CQ and BAF 

increased ER area (Fig.6H), CCT activity (Fig.6I), ECT activity (Fig.6J), PtdCho (Fig.6K) 

and PtdE (Fig.6L). At the same time caspase activity (Fig.6M) was observed, indicating 

induction of apoptosis, and BT54 proliferation was inhibited (Fig.6N).

Inhibition of ER-phagy restores phospholipid levels and inhibits growth of orthotopic 
U87IDHmut gliomas in vivo

Next we wanted to confirm our findings in vivo and examined the effect of CQ on 

phospholipid levels and tumor growth in orthotopic U87IDHwt and U87IDHmut tumor 

xenografts. First, we established that LC3-II levels were higher in CQ-treated U87IDHwt 

(Supplementary Fig.8D) and U87IDHmut (Fig.7A) tumors relative to control, confirming 

that CQ blocked autophagosome turnover and inhibited autophagy in both models in vivo. 

Consistent with our results in vitro, CQ did not alter calnexin levels, CCT activity, ECT 

activity or phospholipid levels in U87IDHwt tumor xenografts (Supplementary Fig.8E–8I). 

CQ treatment also did not result in detectable caspase activity in U87IDHwt tumors. In 

contrast, calnexin levels were higher in CQ-treated U87IDHmut tumors relative to controls 

(Fig.7B), indicating ER expansion, and caspase activity (Fig.7C), indicating induction of 

apoptosis, was observed in CQ-treated U87IDHmut tumors. Furthermore, CCT activity, 

ECT activity, PtdCho and PtdE (Fig.7D–7G) were also higher in CQ-treated U87IDHmut 

tumors, confirming the link between ER-phagy and phospholipid biosynthesis in IDHmut 

gliomas in vivo. Finally, examination of T2-weighted MR images from control and CQ-

treated animals (Fig.7H and Supplementary Fig.8J) indicated that, consistent with our 

findings in cells, CQ significantly inhibited tumor growth in both U87IDHwt and 

U87IDHmut models (by 46%, p<0.01, for U87IDHwt and by 58%, p<0.005, for 

U87IDHmut at D7 of treatment, Fig.7I). Inhibition of tumor growth was associated with 

enhanced survival from an average of 13±4 days in controls to at least 21 days in treated 

animals (the time point at which all animals were sacrificed for further investigation of 

tumor tissue). However, as in the cell study, U87IDHmut tumors appeared potentially more 

sensitive to treatment than U87IDHwt tumors. Specifically, at D7 from start of treatment, 

control U87IDHwt and U87IDHmut tumors were not significantly different in volume 

(303±65% of D0 for U87IDHwt and 225±26% of D0 for U87IDHmut, p=0.21). However, 

CQ-treated U87IDHmut tumor volume was comparable to values at D0 and significantly 

different from U87IDHwt tumor volume (101±22% for U87IDHmut and 163±21% for 

U87IDHwt, p<0.005; Fig.7I). Similarly, at D21 CQ-treated U87IDHmut tumors had shrunk 

to a volume of 74±15% of D0 while U87IDHwt tumors measured 141±11% of D0 

(p<0.005).

Phospholipid biosynthesis is downregulated in IDHmut glioma patient biopsies

Finally, to determine if our findings were applicable to human patients, we examined IDHwt 

and IDHmut glioma patient biopsies. Consistent with the data in cell models, western 

blotting showed higher levels of FAM134b (Fig.7J and Supplementary Fig.8K) and LC3-II 

(Fig. 7K and Supplementary Fig.8L) in IDHmut biopsies relative to IDHwt. LC3-II levels 

were also higher in IDHmut biopsies as determined by immunohistochemistry (Fig.7L). 
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Concomitantly, calnexin (Fig.7M and Supplementary Fig.8M) levels were lower in IDHmut 

biopsies relative to IDHwt. Importantly, we observed a significant reduction in CCT activity 

(40%, Fig.7N, ECT activity (43%, Fig.7O), PtdCho (50%, Fig. 7P) and PtdE (63%, Fig. 7Q) 

in IDHmut patient biopsies relative to IDHwt.

DISCUSSION

Our study delineates a previously unrecognized role for 2-HG in downregulating 

phospholipid biosynthesis in IDHmut gliomas. Using genetically-engineered and patient-

derived cell models, we demonstrate that this downregulation is mediated via ER-phagy. 

Importantly, inhibition of ER-phagy triggers apoptosis and significantly attenuates tumor 

growth in a preclinical IDHmut glioma model. Furthermore, we observed ER-phagy and 

downregulation of phospholipid levels in IDHmut glioma patient biopsies, highlighting the 

translational validity of our findings. Overall, these findings expand our understanding of the 

metabolic reprogramming induced by 2-HG and its functional consequences for IDHmut 

glioma proliferation.

Previous studies demonstrated that PC and PE, the precursors of PtdCho and PtdE, were 

reduced in IDHmut glioma cells relative to IDHwt (24–26). We extend these findings to 

show that PtdCho and PtdE are also reduced. We also show that the drop in phospholipids is 

linked to 2-HG via ER-phagy-mediated reduction in CCT and ECT and, consistent with this 

mechanism, silencing ER-phagy restores CCT and ECT expression and activity, as well as 

phospholipid biosynthesis. Our results are in line with previous studies demonstrating that 

CCT and ECT are the rate-limiting and regulatory enzymes in phospholipid biosynthesis and 

that their inhibition is sufficient to inhibit phospholipid biosynthesis (14,18). However, it is 

important to note that in cancer cells choline kinase and ethanolamine kinase, the enzymes 

catalyzing PC and PE synthesis, can be rate-limiting for phospholipid synthesis (18). While 

CCT and ECT are localized to the ER, choline kinase and ethanolamine kinase are cytosolic 

(14,18). Further studies are therefore needed to assess whether these enzymes might also be 

playing a role in modulating phospholipid synthesis and, conversely, whether ER-phagy 

might play a role in explaining the reduction in PC and PE levels in IDHmut gliomas.

We find that 2-HG triggers increased autophagic flux in our models. These findings are 

consistent with a prior study demonstrating that 2-HG triggers autophagy in U87 cells (43). 

The same study, however, did not find any difference in LC3-II levels between IDHwt and 

IDHmut glioma patient biopsies, in contrast to our observations. Detection of endogenous 

LC3-II in tissue samples is problematic and studies have recommended the Nanotools 

antibody 5F10 that was used in the current study for unambiguous detection (44,45). It is 

possible that the difference between our study and that of Gilbert et al. stems from the use of 

different antibodies. Our study also indicates that FAM134b expression, which is specific to 

autophagy of the ER, is higher in IDHmut cells relative to IDHwt, a finding that was also 

observed in our IDHmut patient biopsies and that links the IDH1 mutation to ER-phagy. 

Nonetheless, further studies with a larger cohort of patient samples are needed to confirm 

our observations linking 2-HG to ER-phagy.
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While we cannot exclude the possibility of other stressors, our results indicate that ER-

phagy is triggered in response to the accumulation of misfolded procollagen-IV. The 

observation that treating IDHwt cells with the prolyl hydroxylase inhibitor EDHB induces 

misfolded procollagen-IV accumulation and triggers ER-phagy strengthens the link between 

inhibition of C-4-PH activity and ER-phagy. Within IDHmut cells, C-4-PH activity is likely 

inhibited by 2-HG as reported in previous studies (37,38), with 2-HG acting as a competitive 

inhibitor of α-KG, which is essential for C-4-PH activity (46). Inspection of patient biopsy 

data from the TCGA database did not show changes in expression of any of the genes 

coding for C-4-PH (P4HA1, P4HA2, P4HA3 which code for the α subunit and P4HB which 

codes for the β subunit) when comparing IDHwt and IDHmut tumors (Supplementary Fig.

8N–8Q), ruling out changes in C-4-PH expression as an explanation for our findings.

Our study identifies a role for ER-phagy in enabling survival of IDHmut gliomas. 

Autophagy is often described as a “double-edged sword” that can suppress or aid 

tumorigenesis in a context-dependent manner (47). 2-HG-mediated collagen-IV misfolding 

has been shown to induce ER-stress-mediated apoptosis in the brains of IDHmut knock-in 

mice, resulting in embryonic lethality (39). In contrast, our findings suggest that IDHmut 

cells induce ER-phagy in response to misfolded procollagen-IV accumulation. It is possible 

that IDHmut gliomas have evolved to activate ER-phagy as a means of avoiding apoptotic 

cell death. The observation that inhibiting ER-phagy increases accumulation of misfolded 

procollagen-IV and induces apoptosis lends support to this pro-survival role of ER-phagy.

Our study indicates that inhibiting ER-phagy is a novel therapeutic opportunity for IDHmut 

gliomas. Due to the lack of pharmacological inhibitors of ER-phagy, we used CQ to inhibit 

ER-phagy at the lysosomal stage. Following CQ treatment, in vitro clonogenicity and in vivo 
tumor growth were inhibited to a greater extent in IDHmut gliomas compared to IDHwt and 

this effect was associated with increased phospholipid levels in IDHmut, but not IDHwt, 

gliomas. These findings provide proof-of-concept in a preclinical model that targeting ER-

phagy is a viable therapeutic option for IDHmut gliomas. They also provide a rational basis 

for clinical trials such as NCT02496741 exploring the efficacy of combination CQ and 

metformin treatment in IDHmut gliomas (48). Importantly, our finding that silencing 

FAM134b induces apoptotic cell death and inhibits proliferation of IDHmut cells indicates 

that identifying small-molecule inhibitors of FAM134b could be a potential avenue for drug 

discovery specific to IDHmut glioma.

Our study is the first demonstration of oncometabolite-driven downregulation of 

phospholipid biosynthesis in cancer. In addition to their structural role as membrane 

components, phospholipids also play key roles in signal transduction and cell–cell 

interactions (11,15). As a result, phospholipid levels are usually upregulated during 

malignant transformation (12–15) including in glioblastoma compared to normal brain (49). 

Primary glioblastoma are typically IDHwt, high-grade, fast-growing, and aggressive, 

whereas primary oligodendroglioma and astrocytoma are mostly IDHmut, lower-grade, 

slower growing and less aggressive. Consistent with our findings, an earlier small-scale 

study reported higher PtdCho levels in higher-grade brain tumors compared to lower grade 

(49). Further studies are needed to assess how phospholipid synthesis might be altered when 

tumors recur and upgrade. Nonetheless, it is tempting to speculate that reduced phospholipid 
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biosynthesis in IDHmut gliomas is linked to the slower rate of proliferation of these tumors 

when compared to IDHwt glioblastoma (50).

To the best of our knowledge, this investigation is the first to demonstrate a functional link 

between ER-phagy and phospholipid metabolism in cancer. While autophagy has been 

linked to several metabolic processes including glycolysis, glutaminolysis, tricarboxylic acid 

cycle and fatty acid metabolism (41), the investigation of ER-phagy has primarily focused 

on its role in counterbalancing ER stress due to protein misfolding. Our data indicates that 

downregulation of phospholipid biosynthesis, while linked to protein misfolding, is also a 

unique metabolic outcome of ER-phagy in IDHmut gliomas.

In summary, our studies shed light on fundamental aspects of glioma biology by 

highlighting the unique crosstalk between 2-HG and ER-phagy in the control of 

phospholipid biosynthesis in IDHmut gliomas. Additionally, similar to previous studies (6–

8), they highlight the therapeutic value of targeting 2-HG-driven metabolic reprogramming 

for treatment of IDHmut gliomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phospholipid biosynthesis is downregulated in IDHmut glioma cells
(A) PtdCho and PtdE biosynthetic pathways. CK: choline kinase; EK: ethanolamine kinase; 

CCT: CTP:PC cytidylyltransferase; ECT: CTP:PE cytidylyltransferase; CHPT: choline 

phosphotransferase; EHPT: ethanolamine phosphotransferase; PLA2: phospholipase A2; 

Lyso-PL: lyso-phospholipase. Dashed lines represent reactions occurring in the cytosol, 

thick lines represent those occurring in the ER and dotted lines represent the phospholipid 

breakdown pathway. (B) 31P-MR spectra of the lipid fraction of cell extracts. Inset shows 

expansion of the 0.2 to -0.2 ppm region. CL: cardiolipin; PtdI: phosphatidylinositol; PtdS: 
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phosphatidylserine; SPM: sphingomyelin; Plasmalogen PtdCho, PtdE: ether phospholipids. 

PtdCho (C) and PtdE (D) levels in the NHA model. (E) Representative 13C-MR spectra of 

the lipid fraction of cell extracts. Non-linear kinetic fit of [1-13C]-PtdCho (F) and [2-13C]-

PtdE (G) synthesis in the NHA model. Western blots of CCT (H) and ECT (I) expression in 

the NHA model. CCT activity (J) and ECT activity (K) in the NHA model.
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Figure 2. 2-HG downregulates PtdCho and PtdE biosynthesis
(A) Intracellular 2-HG levels in NHAIDHwt, NHAIDHwt incubated with 2-HG, 

NHAIDHmut and NHAIDHmut treated with AGI-5198. The inset shows a 1H-MR spectrum 

of 2-HG (2.19–2.30 ppm). Effect of 2-HG on steady-state PtdCho (B), steady-state PtdE (C), 
[1-13C]-PtdCho synthesis (D) and [2-13C]-PtdE synthesis (E) in the NHA model. 

Representative western blots showing the effect of 2-HG on CCT (F) and ECT (G) 
expression in the NHA model. The bands for NHAIDHwt and NHAIDHmut are identical to 
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those in Fig.1 since they were part of the same experiment. Effect of 2-HG on CCT (H) and 

ECT (I) activity in the NHA model.
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Figure 3. 2-HG induces ER-phagy in IDHmut glioma cells
(A) Super-resolution STORM imaging of ER area in the NHA model. Scale bar represents 

5μm. (B) Quantification of ER area in the NHA model. (C) Western blots of FAM134b in 

the NHA model. (D) Western blots (top panel) showing autophagic flux with quantification 

(bottom panel) for the NHA model. (E) Western blots showing the effect of 2-HG on co-

immunoprecipitation of LC3-II with calnexin in the NHA model. (F) Effect of 2-HG on 

hydroxyproline levels in the NHA model. (G) Western blots showing procollagen-IV in 

detergent-soluble and -insoluble fractions in the NHA model.
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Figure 4. Silencing FAM134b, Atg5 or Atg7 restores phospholipid biosynthesis in IDHmut 
glioma cells
(A) Effect of FAM134b/Atg5/Atg7 silencing on ER area in the NHA (top) and U87 (bottom) 

models visualized by STORM imaging. Scale bar represents 5μm. Effect of FAM134b/Atg5/

Atg7 silencing on CCT expression (B), CCT activity (C), ECT expression (D), ECT activity 

(E), PtdCho (F) and PtdE (G) in the NHA model. (H) Schematic illustration of the 

mechanism by which 2-HG downregulates phospholipid biosynthesis. 2-HG inhibits 

collagen-4-prolyl hydroxylase (C-4-PH) activity, leading to accumulation of misfolded 
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procollagen-IV and triggering ER-phagy. The resulting turnover of the ER and degradation 

of CCT and ECT leads to reduced PtdCho and PtdE biosynthesis and steady-state levels. 

Chloroquine (CQ) and bafilomycin A1 (BAF) are late-stage autophagy inhibitors that 

prevent degradation of autophagic cargo. Processes upregulated by 2-HG are highlighted in 

green. Metabolites/enzymes downregulated by 2-HG are highlighted in red. Effect of 

FAM134b/Atg5/Atg7 silencing on caspase activity (I) and clonogenicity (J) in the NHA 

model.
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Figure 5. CQ and BAF restore phospholipid levels and inhibit clonogenicity of IDHmut glioma 
cells
Western blots showing procollagen-IV in detergent-soluble and -insoluble fractions 

following CQ and BAF treatment in the NHA (A) model. (B) Effect of CQ and BAF on ER 

area in the NHA (top) and U87 (bottom) models. Scale bar represents 5μm. Effect of CQ and 

BAF on CCT activity (C), ECT activity (D), PtdCho (E), PtdE (F), caspase activity (G) and 

clonogenicity (H) in the NHA model.
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Figure 6. ER-phagy downregulates phospholipid biosynthesis in the BT54 patient-derived 
IDHmut model
Effect of FAM134b/Atg5/Atg7 silencing on ER area (A), CCT activity (B), ECT activity 

(C), PtdCho (D), PtdE (E), caspase activity (F) and cell proliferation (G) in the BT54 

model. Effect of CQ and BAF on ER area (H), CCT activity (I), ECT activity (J), PtdCho 

(K), PtdE (L), caspase activity (M) and cell proliferation (N) in BT54 neurospheres. Scale 

bar for STORM images represents 5μm.
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Figure 7. Phospholipid biosynthesis is downregulated in orthotopic IDHmut tumor xenografts 
(A-I) and IDHmut glioma patient biopsies (J-Q)
LC3-II (A), calnexin (B), caspase activity (C), CCT activity (D), ECT activity (E), PtdCho 

(F) and PtdE (G) in control and CQ-treated U87IDHmut tumors. (H) Representative T2-

weighted MR images of U87IDHmut orthotopic tumor-bearing mice treated with saline or 

CQ at day 0 (D0) and day 7 (D7). The tumor is contoured in white. (I) Tumor volume at D0, 

D7 and D21 in control and CQ-treated U87IDHwt and U87IDHmut tumor xenografts. NS 

indicates that the difference is not statistically significant. * represents statistical significance 
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for CQ-treated tumors relative to control (** = p<0.01, *** = p<0.005). represents statistical 

significance between CQ-treated U87IDHmut and CQ-treated U87IDHwt tumors at the 

same time point. Western blots for FAM134b (J) and LC3-II (K), immunohistochemical 

staining for LC3-II (L), western blots for calnexin (M), CCT activity (N), ECT activity (O), 
PtdCho (P) and PtdE (Q) in IDHwt and IDHmut glioma patient biopsies. Scale bar 

represents 50μm.

Viswanath et al. Page 26

Cancer Res. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell culture
	RNA interference
	MRS studies
	Western blotting
	Immunofluorescence
	STORM imaging
	Confocal microscopy
	Autophagic flux determination
	Hydroxyproline assay
	Procollagen-IV fractionation
	Caspase activity and cell size
	Animal studies
	Patient samples
	Statistical analysis

	RESULTS
	Phospholipid biosynthesis is downregulated in IDHmut glioma cells
	2-HG is responsible for the downregulation of phospholipid biosynthesis in IDHmut glioma cells
	2-HG induces a reduction in ER area via autophagic degradation of the ER in IDHmut glioma cells
	Silencing FAM134b, Atg5 or Atg7 restores ER area and phospholipid levels in IDHmut glioma cells
	Pharmacologically inhibiting autophagy abrogates clonogenicity of IDHmut glioma cells
	ER-phagy downregulates phospholipid biosynthesis in the BT54 patient-derived IDHmut glioma model
	Inhibition of ER-phagy restores phospholipid levels and inhibits growth of orthotopic U87IDHmut gliomas in vivo
	Phospholipid biosynthesis is downregulated in IDHmut glioma patient biopsies

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7



