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ABSTRACT
ABTL0812 is a first-in-class small molecule with anti-cancer activity, which is currently in clinical evalua-
tion in a phase 2 trial in patients with advanced endometrial and squamous non-small cell lung 
carcinoma (NCT03366480). Previously, we showed that ABTL0812 induces TRIB3 pseudokinase expres-
sion, resulting in the inhibition of the AKT-MTORC1 axis and macroautophagy/autophagy-mediated 
cancer cell death. However, the precise molecular determinants involved in the cytotoxic autophagy 
caused by ABTL0812 remained unclear. Using a wide range of biochemical and lipidomic analyses, we 
demonstrated that ABTL0812 increases cellular long-chain dihydroceramides by impairing DEGS1 (delta 
4-desaturase, sphingolipid 1) activity, which resulted in sustained ER stress and activated unfolded 
protein response (UPR) via ATF4-DDIT3-TRIB3 that ultimately promotes cytotoxic autophagy in cancer 
cells. Accordingly, pharmacological manipulation to increase cellular dihydroceramides or incubation 
with exogenous dihydroceramides resulted in ER stress, UPR and autophagy-mediated cancer cell death. 
Importantly, we have optimized a method to quantify mRNAs in blood samples from patients enrolled in 
the ongoing clinical trial, who showed significant increased DDIT3 and TRIB3 mRNAs. This is the first time 
that UPR markers are reported to change in human blood in response to any drug treatment, supporting 
their use as pharmacodynamic biomarkers for compounds that activate ER stress in humans. Finally, we 
found that MTORC1 inhibition and dihydroceramide accumulation synergized to induce autophagy and 
cytotoxicity, phenocopying the effect of ABTL0812. Given the fact that ABTL0812 is under clinical 
development, our findings support the hypothesis that manipulation of dihydroceramide levels might 
represents a new therapeutic strategy to target cancer.

Abbreviations: 4-PBA: 4-phenylbutyrate; AKT: AKT serine/threonine kinase; ATG: autophagy related; 
ATF4: activating transcription factor 4; Cer: ceramide; DDIT3: DNA damage inducible transcript 3; DEGS1: 
delta 4-desaturase, sphingolipid 1; dhCer: dihydroceramide; EIF2A: eukaryotic translation initiation factor 
2 alpha; EIF2AK3: eukaryotic translation initiation factor 2 alpha kinase 3; ER: endoplasmic reticulum; 
HSPA5: heat shock protein family A (Hsp70) member 5; MAP1LC3B: microtubule associated protein 1 
light chain 3 beta; MEF: mouse embryonic fibroblast; MTORC1: mechanistic target of rapamycin kinase 
complex 1; NSCLC: non-small cell lung cancer; THC: Δ9-tetrahydrocannabinol; TRIB3: tribbles pseudoki-
nase 3; XBP1: X-box binding protein 1; UPR: unfolded protein response.
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Introduction

ABTL0812 is an alpha-hydroxylated polyunsaturated fatty acid 
with anti-cancer activity, which is currently in clinical evaluation 
in a phase 2 trial in patients with advanced endometrial and 

squamous lung cancer (NCT03366480). ABTL0812 induces AKT- 
MTORC1 inhibition and autophagy-mediated cancer cell death by 
promoting TRIB3 expression, a pseudokinase that binds and pre-
vents activation of AKT by upstream kinases PDPK1 
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(3-phosphoinositide dependent protein kinase 1) and mechanistic 
target of rapamycin kinase complex 2 (MTORC2) [1–3]. However, 
the precise mechanism by which ABTL0812 induces cytotoxic 
autophagy in cancer cells has not been fully elucidated.

Autophagy is a highly conserved cellular process characterized 
by the self-degradation of intracellular components that are 
included in double-membrane vesicles known as autophago-
somes. Then, the autophagosome contents are transferred to the 
lysosomes for degradation [4,5]. The role of autophagy in cancer is 
still unclear as it can act as a tumor promoter or suppressor 
depending on cancer type and genetic context. Also, the final 
outcome of autophagy is highly dependent on the intensity and 
duration of the stimuli, and persistent activation can lead to 
cytotoxic autophagy [6]. In this regard, autophagy-mediated cell 
death has emerged as an alternative to kill cancer cells and, there-
fore, pharmacologic manipulation of autophagy has been pro-
posed to design new anti-cancer therapies [7]. Several anti- 
tumor molecules activate cancer cell death by autophagy- 
dependent mechanisms, including salinomycin, resveratrol and 
tetrahydrocannabinol, by a mechanism that is coupled to the 
endoplasmic reticulum (ER) stress response [8–10].

Here, we have investigated the mechanism by which 
ABTL0812 induces autophagy-mediated cytotoxicity in cells. 
We found that ABTL0812 induced an increase in cellular 
levels of long-chain dihydroceramides, which caused ER stress 
and activation of the UPR that ultimately lead to cytotoxic 
autophagy in cancer cells. Interestingly, we have validated the 
expression of mRNAs of two ER stress-related genes (TRIB3 
and DDIT3/CHOP) in blood as pharmacodynamic biomar-
kers for ABTL0812 therapy of patients enrolled in the ongoing 
clinical trial. Overall, our findings support the hypothesis that 
alteration of sphingolipid metabolism could be used as an 
effective anti-cancer therapeutic strategy.

Results

ABTL0812 induces ER stress-mediated autophagy

We previously showed that ABTL0812 induces autophagy- 
mediated death in a panel of cancer cells [1–3]. One of the 
hallmarks of autophagy is the conjugation of the soluble form 
of MAP1LC3B/LC3 with phosphatidylethanolamine and con-
version to the autophagosomal membrane-associated form 
(MAP1LC3B-II). Treatment of human cancer cells with 
ABTL0812 resulted in increased MAP1LC3B-II levels (Figure 
1(a)). Furthermore, pharmacological blockade of lysosomal 
content degradation with either cathepsin inhibitors or the 
vacuolar-type H+-ATPase inhibitor bafilomycin A1 enhanced 
MAP1LC3B-II upon ABTL0812 treatment in pancreatic ade-
nocarcinoma MiaPaca2 and lung adenocarcinoma A549 cells 
(Figure 1(a,b)), indicating that this compound induces dynamic 
autophagy. Of note, ABTL0812 induced autophagy-mediated 
death in these cancer cells, since ATG5 silencing resulted in 
impaired ABTL0812-induced cell death (Figure 1(c)).

Upregulation of TRIB3 pseudokinase is one of the hall-
marks of the anti-tumoral action of ABTL0812, causing the 
inhibition of the AKT-MTORC1 axis in cancer cells [1]. In 
this regard, stable TRIB3 knockdown A549 and MiaPaca2 
cells showed impaired toxicity in response to ABTL0812 

(Figure S1). However, pharmacological blockade of the AKT- 
MTORC1 axis by itself was not enough to induce a significant 
stimulation of autophagy in MiaPaca2 cells (Figure 1(d)). This 
observation led us to hypothesize that, together with the 
blockade of AKT-MTORC1 axis, ABTL induces autophagy- 
mediated cancer cell death via additional mechanisms. Since 
TRIB3 is an ER stress-related gene and this cellular process 
has been implicated in autophagy stimulation, we next inves-
tigated whether ER stress plays a role in ABTL0812-induced 
autophagy in MiaPaca2 and A549 human cancer cell lines.

Different situations, including the accumulation of misfolded 
proteins, the emptying of ER Ca2+ stores or the increased accu-
mulation of certain lipids, can affect the normal functioning of the 
ER leading to ER stress. The UPR is activated to restore ER and 
cellular homeostasis. It relies on a specific signaling network that is 
controlled by three transmembrane ER stress protein sensors, 
namely ERN1/IRE1 (endoplasmic reticulum to nucleus signal-
ing 1), EIF2AK3/PERK (eukaryotic translation initiation factor 2 
alpha kinase 3) and ATF6 (activating transcription factor 6) [11]. 
Therefore, to investigate whether ABTL induced ER stress in 
cancer cells, we asked whether this compound modified the activ-
ity of these ER stress sensors. In response to ER stress, ERN1 
excises a 26-nucleotide intron of the of XBP1 (X-box binding 
protein 1) RNA, resulting in an unconventional mRNA spliced 
form [12]. ABTL0812 induced the splicing of XBP1 after 2 h (A549 
cells) or 4 h (MiaPaca2 cells) treatment (Figure 1(e)). We also 
observed unconventional XBP1 splicing after 24–36 h treatment, 
indicating that ABTL0812 induced a sustained ER stress in these 
cells (Figure S2). Another hallmark of ER stress is the phosphor-
ylation of EIF2A initiation factor at Ser51, which results in attenua-
tion of general protein synthesis while enhancing ATF4 mRNA 
translation and activation of DDIT3 and TRIB3 expression [11]. 
ABTL0812 treatment resulted in increased phosphorylation of 
EIF2A (Figure 1(f)), as well as on the expression of HSPA5/ 
GRP78/BiP, ATF4, DDIT3 and TRIB3 (Figure 1(g)). 
Interestingly, 1 h treatment of ABTL0812 induced expression of 
ATF4 and DDIT3 UPR markers without activating autophagy, 
indicating that ER stress preceded autophagy (Figure 1(g)). Also, 
RT-qPCR analysis showed an increase in ATF4, DDIT3 and TRIB3 
mRNA levels in response to ABTL0812 (Figure 1(h)). ABTL0812- 
treated cells also presented dilated ER [10], as shown by electron 
microscopy (Figure S3(a)) and immunostaining of the ER luminal 
marker protein disulfide isomerase (Figure S3(b)). Moreover, 
ABTL0812 induced hallmarks of ER stress in vivo, as tumors 
from MiaPaca2 and A549 xenograft mice treated with 
ABTL0812 showed increased ATF4 and HSPA5 expression, 
respectively (Figure 2(a)). Likewise, immunohistochemical analy-
sis of these tumors also showed augmented DDIT3 expression 
(Figure 2(b)). Overall, these results show that ABTL0812 induces 
ER stress in cancer cells.

To determine whether ABTL0812 induces autophagy via 
ER stress-mediated EIF2A-ATF4 axis, we used mouse 
embryonic fibroblast (MEF) EIF2AS51A knock-in cells. This 
EIF2A mutant cannot be phosphorylated, and therefore ATF4 
expression is blocked in these cells. ABTL0812 did not induce 
ATF4 or TRIB3 expression in EIF2AS51A knock-in MEF cells, 
compared with wild type cells (Figure 3(a)). EIF2A could be 
mainly phosphorylated at Ser51 by EIF2AK3 in response to 
ER stress, or by the EIF2AK4/GCN2 (eukaryotic translation 
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Figure 1. ABTL0812 induces ER stress in cancer cell lines. (a, b) ABTL0812 induces dynamic autophagy. Cells were preincubated 3 h with vehicle or 
lysosomal protease inhibitors E64d (10 µmol/L) and pepstatin A (PA, 10 µg/mL) (a) or with inhibitor (50 nM) of the vacuolar-type ATPase, bafilomycin A1 

(BafA) (b) before treatment with ABTL0812 for 24 h. Levels of lipidated and non-lipidated MAP1LC3B proteins were monitored by immunoblotting. (c) 
ABTL0812 induces autophagy-mediated cancer cell death. Effect of ABTL0812 treatment (48 h) in viability of MiaPaca2 or A459 stable cell lines transfected 
with control shRNA (shC) or ATG5-selective shRNA (shATG5). Right panels show the corresponding immunoblots. (d) AKT or MTOR inhibition does not result 
in the induction of autophagy. MiaPaca2 cells were treated with 25 µmol/L AZD5363 (AKT inhibitor), 0.1 µmol/L AZD2014 (MTOR inhibitor), 10 µmol/L 
everolimus (MTORC1 inhibitor) or 100 µmol/L ABTL0812 for 24 h. Expression of RPS6, p-RPS6, lipidated and non-lipidated MAP1LC3B and ACTB proteins 
were determined by immunoblotting. Similar results were obtained in four separate experiments. (e–h) ABTL0812 induces ER stress in cancer cells. (e) Cells 
were treated with 100 µmol/L ABTL0812 or 200 nmol/L Brefeldin-A (BrefA), total RNA isolated and cDNA synthesized by RT-PCR. XBP1 splicing was 
determined by PCR using primers that amplify both spliced (XBP1 s) and unspliced (XBP1 u) mRNA species. Similar results were obtained in four separate 
experiments. (f) MiaPaca2 and A549 cells were treated with 100 µmol/L ABTL0812, then lysed. The levels of p-EIF2A were monitored by immunoblotting. 
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and TRIB3 mRNA levels were analyzed by RT-qPCR. Each value is the mean ± SD of three different experiments. **, P < 0.005; ***, P < 0.001, Student’s 
t-test.
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initiation factor 2 alpha kinase 4) kinase in response to amino 
acid deficiency [11]. Silencing of EIF2AK3 with two different 
siRNAs, but not silencing of EIF2AK4, resulted in a significant 
decrease in the ATF4 levels induced by ABTL0812 treatment 
in MiaPaca2 and A549 cells (Figure 3(b,c)). Interestingly, 
silencing (siRNA) of ATF4 resulted in a dramatically 
decreased ABTL0812-induced expression of TRIB3 and 
MAP1LC3B-II (Figure 3(d)). Overall, these results indicated 

that activation of EIF2AK3-EIF2A-ATF4 axis mediates TRIB3 
upregulation and the subsequent induction of autophagy trig-
gered by ABTL0812.

To set the role of ER stress on the cytotoxicity induced by 
ABTL0812, we next treated cells with two different chemical 
chaperones, 4-phenylbutyrate (4-PBA) and tauroursodeoxycho-
late (TUDC), which facilitate protein folding and therefore attenu-
ate ER stress [13]. 4-PBA or TUDC significantly mitigated the 
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4 h, lysed and the indicated proteins were monitored by immunoblotting. The corresponding quantification of MAP1LC3B-II levels referred to ACTB are 
indicated under the panels. Results representative of three separate experiments. (d) ATF4 silencing prevents ABTL0812-induced autophagy. Cells were 
transfected with scramble siRNA (siC) or two different ATF4-selective siRNAs, and then treated with 100 µmol/L ABTL0812 for 18 h. Levels of ATF4, TRIB3, 
MAP1LC3B and ACTB protein expression were analyzed by immunoblotting. The corresponding quantification of MAP1LC3B-II levels referred to ACTB are 
indicated under the panels. Results representative of four separate experiments. (e,f) Pharmacological inhibition of ER response with molecular chaperones 
impairs ABTL0812-induced cytotoxicity. Cells were preincubated 3 h with 1 mmol/L 4-BPA (e) or 150 µmol/L sodium tauroursodeoxycholate (TUDC) (f) 
before treatment with 30 µmol/L ABTL0812 for 48 h. Cell viability was determined by MTT assay. Each value is the mean ± SD of three different 
experiments. *, P < 0.05; **, P < 0.005; ***, P < 0.001 from ABTL0812-treated cells, one-way ANOVA Bonferroni.
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cytotoxicity induced by ABTL0812 in A549 and MiaPaca2 cells 
(Figure 3(e,f)). Furthermore, persistent ER stress activation by the 
inhibitor of ER-Golgi protein transport Brefeldin-A resulted in 
dynamic autophagy and cytotoxicity, showing that sustained ER 
stress could jeopardize the viability of these cells (Figure S4).

Blood DDIT3 and TRIB3 mRNAs are pharmacodynamic 
markers for ABTL0812 in NSCLC and endometrial cancer 
patients

ABTL0812 is currently in phase 2 clinical trials in patients 
with advanced endometrial and squamous non-small cell lung 
(NSCLC) cancers, in combination with paclitaxel and carbo-
platin chemotherapy (NTC03366480). Given the robust acti-
vation of ER stress observed in cells treated with ABTL0812, 
we decided to monitor levels of the UPR markers DDIT3 and 
TRIB3 in blood from patients enrolled in the clinical trials to 
test them as potential pharmacodynamic biomarkers. We 
measured TRIB3 and DDIT3 mRNA levels by RT-qPCR 
assay. Firstly, we set up experimental conditions using per-
ipheral blood mononuclear cells (Figure S5). However, we 
could not obtain enough amount of mRNA to perform RT- 
PCR analysis for all the cases. This prompted us to perform 
RT-qPCR analysis directly from whole blood RNA samples.

Figure 4(a) shows the overall results for 14 patients 
enrolled in the clinical trial: TRIB3 and DDIT3 mRNA levels 
were significantly increased after 8 h of ABTL0812 intake and 
remained augmented at day 7 and 28. Interestingly, 13 out of 
14 patients showed a significant increase in either DDIT3 or 
TRIB3 (or both) mRNA levels. Specifically, 8 patients showed 
increased levels of both DDIT3 and TRIB3 mRNAs, whereas 
five patients showed an increase in either DDIT3 or TRIB3 
mRNA (Figure 4(b)). These results show that ABTL0812 
activated ER stress and UPR in human patients, and strongly 
support the use of blood DDIT3 and TRIB3 expression as 
surrogated pharmacodynamic markers.

ABTL0812 induces the accumulation of cellular 
long-chain dihydroceramides in cancer cells and tumor 
xenografts

Sphingolipids are bioactive molecules synthesized in the ER 
from non-sphingolipid precursors. Sphingolipids are implicated 
in the regulation of ER stress [10,14], autophagy [15] and cell 
death [16,17], and it has been reported that several compounds 
induce autophagy-mediated cancer cell death by altering sphin-
golipid metabolism, such as △9-tetrahydrocannabinol [18,19] or 
resveratrol [9,15]. To explore if this was also the case for 
ABTL0812, we next quantified changes on sphingolipids in 
response to ABTL0812. Pancreatic cancer Miapaca2 cells were 
treated at different times, and sphingolipid content was deter-
mined by UPLC-MS analysis. ABTL0812 induced an increase in 
cellular dihydroceramides after 6 h (2.9-fold increase), without 
affecting ceramide levels (Figure 5(a,b)). Longer (24 h) incuba-
tion resulted in changes in both dihydroceramides and cera-
mides levels, but the increase in dihydroceramides (5.3-fold) 
was larger than that observed for ceramides (1.6-fold). 
ABTL0812 did not induce changes in levels of other sphingoli-
pids, such as sphingomyelins, glucosylceramides or 

lactosylceramides (Figure S6). Of note, since ABTL0812 induced 
ER stress and autophagy at 6 h (Figure 1(e)), these results suggest 
an implication of dihydroceramides, but not ceramides, in trig-
gering those cellular processes. Detailed analysis revealed that 
ABTL0812 (6 h) specifically induced an increase of long-chain 
dihydroceramides C16 (3.3-fold), C22 (2.3-fold), C24 (2.4-fold) 
and C24:1 (3.2-fold) (Figure 5(c)). Higher increases on these 
dihydroceramides were observed after 24 h treatment (5.9-fold, 
3.4-fold, 5.7-fold and 5.6-fold for C16, C22, C24 and C24:1, 
respectively). Importantly, we also observed similar changes in 
long-chain dihydroceramides in endometrial cancer Ishikawa 
cells treated with ABTL0812 (Figure 5(d)). Finally, to investigate 
the relevance of these observations in vivo, we performed sphin-
golipidomic analysis of Miapaca2 tumor xenografts. ABTL012 
induced a significant increase in tumor dihydroceramide levels, 
which correlated with reduced tumor growth (Figure 5(e)). 
Specifically, ABTL0812 induced a significant accumulation of 
C24 and C24:1 species (Figure 5(f)). Detailed amounts for each 
sphingolipid determination are given in Supplementary Tables.

Increased levels of cellular dihydroceramides induce ER 
stress, autophagy and cytotoxicity

Accumulation of dihydroceramides activates ER stress and 
autophagy, as well as cytotoxicity, in glioblastoma and gastric 
cancer cells [15,20]. Given our results, we next investigated 
whether high levels of dihydroceramides could mimic the 
cellular response to ABTL0812. To do so, we used a dideut-
erated dihydroceramide analog, d2C8dhCer, which is desatu-
rated to ceramide at a much slower rate than natural 
dihydroceramides due to the primary isotope effect. 
Therefore, incubation of cells with d2C8dhCer results in the 
accumulation of dideuterated dihydroceramides that are even-
tually transacylated to long-chain species [21]. Treatment of 
MiaPaca2 and A549 cells with d2C8dhCer resulted in 
enhanced expression of ATF4 and TRIB3 ER stress markers, 
as well as in the accumulation of the lipidated MAP1LC3B-II 
form (Figure 6(a)) and cytotoxicity (Figure 6(b)). These 
results suggest that cellular dihydroceramides might mediate 
in the ER stress, autophagy and cytotoxicity observed in 
response to ABTL0812.

ABTL0812 increases cellular levels of dihydroceramides 
by impairing desaturase-1 activity

Last step of de novo synthesis of ceramides is catalyzed by 
DEGS1/dihydroceramide desaturase (delta [4]-desaturase, 
sphingolipid 1), which introduces a 4,5-trans-double bond in 
the sphingolipid backbone of dihydroceramides to generate 
ceramides. Therefore, we next asked whether the increase in 
the levels of dihydroceramides observed was due to an impair-
ment of DEGS1 activity. Interestingly, we also observed 
enhanced levels of cellular dihydrosphingomyelins in 
response to ABTL0812 (Figure S6), a feature that is always 
observed after DEGS1 inhibition [22]. We first performed an 
in vitro assay treating cell lysates with ABTL0812 and mon-
itoring DEGS1 activity by HPLC using DHCerC6NBD as 
substrate. DEGS1 activity from cell lysates was impaired by 
ABTL0812 (Figure 6(c)). We also performed parallel 
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experiments in which cells were treated with ABTL0812, and 
DEGS1 activity was measured. ABTL0812 treatment resulted 
in reduced DEGS1 activity in MiaPaca2 (pancreatic), Ishikawa 
(endometrial) and H157 (squamous lung NSCLC) cancer cells 
(Figure 6(d)) without affecting DEGS1 protein expression 
levels (Figure 6(e)).

In agreement with the clinical data showing low toxicity in 
patients treated with ABTL0812, this compound shows selec-
tive cytotoxic effect for tumor cells. We previously reported low 
cytotoxic effect in primary astrocyte cultures, compared with 
glioblastoma cell lines [1,2]. We confirmed these observations 
using a model of lung cancer: compared with squamous 
NSCLC H157 cells, human lung fibroblast cell line MRC-5 
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Figure 4. ABTL0812 treatment induces TRIB3 and DDIT3 mRNA levels in blood from patients enrolled in phase 2 clinical trial (NCT03366480). (a) Blood TRIB3 and 
DDIT3 mRNA levels from patients enrolled in phase 2 clinical trial (N = 14 for TRIB3; N = 12 for DDIT3). Values represented in the scatter plot correspond to the mean 
± SEM of 2− Ct values. Values show fold-changes of mRNA levels, referred to as “0” value. (b) Whole blood TRIB3 and DDIT3 mRNA levels of nine patients before (0) 
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Figure 5. ABTL0812 induces accumulation of long-chain dihydroceramides in cancer cells and tumors. (a) Scheme representing the pathway of de novo sphingolipid 
biosynthesis. Serine palmitoyltransferase (SPT) catalyzes the condensation of palmitoyl-CoA and serine to produce 3-ketosdihydrosphingosine. KDSR (3-ketodihydro-
sphingosine reductase) reduces 3-ketodihydrosphingosine to dihydrosphingosine. Then, ceramide synthases (CERSs) convert dihydrosphingosine into the different 
molecular species of dihydroceramides, which are transformed to ceramides by the insertion of a 4,5-trans double bond catalyzed by the enzyme DEGS1. (b) 
ABTL0812 effect on levels of total cellular ceramides and dihydroceramides. MiaPaca2 cells were treated with 100 µmol/L ABTL0812 for the times indicated, pelleted 
and lipid content extracted and analyzed by UPLC-TOF-Ms. Data are expressed in pmol of sphingolipid per 106 cells. Each value is the mean ± SD of three different 
determinations. (c) Levels of molecular species of dihydroceramides at 6 h (left histogram) and 24 h of ABTL0812 treatment (right histogram) in MiaPaca2 cells. Each 
value is the mean ± SD of three different determinations. (d) Levels of dihydroceramides in endometrial cancer Ishikawa cells after 6 h of ABTL0812 treatment. Total 
dihydroceramides and molecular species are shown in the left and right panels, respectively. Each value is the mean ± SD of three different determinations. (e,f) 
ABTL0812 effect on levels of dihydroceramides in tumors. *, P < 0.05; **, P < 0.005; ***, P < 0.001 from vehicle-treated cells.
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Figure 6. Dihydroceramide accumulation by ABTL0812 treatment induces ER stress, autophagy and selective cancer cell death. (a) Cells were treated with 25 µmol/L 
of the dideuterated dihydroceramide analog d2C8dhCer for 48 h, then lysed. The levels of ER stress markers ATF4 and TRIB3, as well as MAP1LC3B lipidation, were 
monitored by immunoblotting. Histograms show quantification of ATF4, TRIB3 and MAP1LC3B-II levels normalized to ACTB levels and represent the mean fold- 
change relative to vehicle-treated cells. (b) MiaPaca2 and A549 cells were treated 48 h with 25 µmol/L of d2c8dhCer, and cell viability was determined by MTT assay. 
Each value is the mean ± SD of two different experiments performed in triplicates. (c,d) ABTL0812 treatment induces DEGS1 inhibition. (c) A549 cell lysates were 
treated with vehicle or 100 µmol/L ABTL0812 for 4 h. (d) Cultured MiaPaca2 (pancreatic), H157 (SNSCLC) and Ishikawa (endometrial) cancer cells were treated 6 h 
with vehicle or 100 µmol/L ABTL0812. DEGS1 activity was determined as described in the Materials and Methods Section using DHCerC6NBD as substrate. Data 
expressed in percentage of the CerC6NBD pick area. Each value is the mean ± SD of three different determinations. (e) DEGS1 levels visualized by immunoblotting. (f) 
Selectivity of ABTL0812 cytotoxic effect for cancer cells. Human lung fibroblast MRC5 and squamous NSCLC H157 cells were treated with ABTL0812 for 48 h, and cell 
viability determined by MTT assay. Results representative of three separate experiments. (g,h) ABTL0812 does not induce accumulation of dihydroceramides in a non- 
tumoral cell line. (g) Levels of total dihydroceramides in MRC5 fibroblasts and H157 cancer cells, after 6 h of ABTL0812 treatment. (h) Levels of molecular 
dihydroceramide species. Each value is the mean ± SD of three different determinations. (i) DEGS1 protein levels (immunoblot) in MRC5 and H157 cells. (j) Human 
endometrial tumors express higher levels of DEGS1 protein than adjacent non-tumoral tissue. Immunoblot analysis of samples (tumor area [T] and non-tumor area 
[N]) from 4 different patients with endometrial cancer. *, P < 0.05; **, P < 0.005; ***, P < 0.001 from vehicle-treated cells.
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were resistant to ABTL0812 treatment (Figure 6(f)). Moreover, 
ABTL0812 treatment induced an increase in dihydroceramide 
levels in tumoral H157 cells but not in MRC-5 fibroblasts 
(Figure 6(g,h)), which correlated with a higher expression of 
the DEGS1 protein in tumor cells (Figure 6(i)). Moreover, 
a preliminary immunoblot analysis of samples from patients 
with endometrial cancer showed enhanced DEGS1 expression 
in tumor tissue compared with non-tumoral surrounding tis-
sue (Figure 6(j)).

Thus far, our results suggested that ABTL0812 treatment 
impaired DEGS1 activity, resulting in the accumulation of dihy-
droceramides that ultimately leads to activation of ER stress and 
autophagy preceding cancer cell death. If this hypothesis is 
correct, DEGS1 might play an important role in the mechanism 
of the anti-tumoral action of ABTL0812. Therefore, we under-
took experiments to test whether pharmacological modulation 
of DEGS1 activity reproduced the cellular signature of 
ABTL0812: i) accumulation of long-chain dihydroceramides; 
ii) ER stress induction; iii) activation of dynamic autophagy; 
iv) autophagy-mediated cell death; and, v) selectivity for cancer 
cells. Treatment of cancer cells with the specific DEGS1 inhibitor 
GT11 [23] induced similar changes on the sphingolipid profile 
than those produced by ABTL0812 (Figure 7(a)), and resulted in 
enhanced expression of ATF4 and TRIB3 proteins, as well as 
lipidated MAP1LC3B-II form, at similar levels than treatment 
with ABTL0812 (Figure 7(b)). Importantly, DEGS1 inhibition 
induced dynamic autophagy (Figure 7(c,d)) and cytotoxicity 
(Figure S7) in A549 and MiaPaca2 cells, similar to that reported 
for other tumoral cells such as U87 human glioblastoma cells 
[20]. Furthermore, ATF4 silencing dramatically decreased 
GT11-induced autophagy (Figure 7(e)), as it happened for 
ABTL0812 treatment (Figure 3(d)). We also providedgenetic 
evidence showing that DEGS1 inhibitor GT11 induced autopha-
gy-mediated cancer cell death. Autophagy-deficient atg5−/- 

transformed MEF cells were more resistant to GT11-induced 
cell death, compared to wild type MEF cells (Figure S8). Finally, 
A549 cancer cells were more sensitive to DEGS1 inhibition, 
compared to lung fibroblast MRC-5 cells (Figure 7(f)). 
Together, these results suggest an important role of DEGS1 
activity in the anti-tumor action of ABTL0812.

Dihydroceramide accumulation collaborates with 
MTORC1 inhibition to promote autophagy and cancer cell 
death

ABTL0812 induces inhibition of the AKT/MTORC1 axis in 
cancer cells [1]. Given the results presented here showing that 
ABTL0812 induces ER stress by uprising cellular long-chain 
dihydroceramides species, we next addressed the question of 
whether dihydroceramides collaborate with MTORC1 inhibi-
tion to activate autophagy and cytotoxicity. MTORC1 inhibi-
tor everolimus enhanced the effect of GT11 on the expression 
of lipidated MAP1LC3B-II, thus resulting in higher autophagy 
(Figure 8(a)). More importantly, DEGS1 and MTORC1 inhi-
bition synergized to promote death in A549 and MiaPaca2 
cells (Figure 8(b), see combination index values lower than 1).

Collectively, the results presented here suggest that 
ABTL0812 exert its anti-tumoral action by activating ER 
stress through dihydroceramide accumulation and inhibiting 

MTORC1, two signaling pathways that might cooperate to 
promote autophagy-mediated cancer cell death.

Discussion

Here, we report that ABTL0812 induces robust and sustained 
ER stress in cancer cells, leading to the activation of autopha-
gy and cell death. Of note, ABTL0812 induced ER stress in 
a panel of different human cancer cell lines, including pan-
creatic, endometrial, cholangiocarcinoma, glioblastoma, and 
adenocarcinoma and squamous NSCLC cancers (Figure S9). 
Importantly, we found that ER stress precedes autophagy 
upon ABTL0812 treatment (Figure 1(g)) and provided evi-
dence showing that silencing the UPR genes EIF2AK3, EIF2A 
or ATF4 results in impaired autophagy (Figure 3). The ER 
stress response is activated to protect cells from ER stress- 
induced damage. However, if cells do not recover from the 
stress, this response can lead to cell death. Thus, the balance 
between intensity (and duration) of the ER stress and the UPR 
dictates cell fate [24]. In this sense, persistent UPR activity 
correlates with sustained increased levels of the DDIT3 tran-
scription factor, a critical executor of the pro-death arm of the 
UPR [24,25]. This notion seems to be the case for ABTL0812, 
since it induced XBP1 splicing and DDIT3 overexpression 
after 36 h of treatment, and it also induced apoptosis [2] or 
necrosis [1], depending on the cancer cell model.

We previously showed that tumor cells are more sensitive 
to ABTL0812 than non-tumoral cells. For instance, concen-
trations of ABTL0812 that exert a cytotoxic effect in glioblas-
toma LN-18, cholangiocarcinoma EGi-1 or endometrial Hec- 
1A cells do not affect the viability of the corresponding non- 
tumor cells (primary astrocytes, cholangiocytes or endome-
trial epithelial cells) [1,2]. Here, we show that ABTL0812 
induced cytotoxicity in H157 squamous NSCLC cells, but 
not in MRC5 human lung fibroblasts (Figure 6(f)). 
Activation of the ER stress pathway might contribute to the 
selectivity for tumor cells showed by ABTL0812. Cancer cells 
have evolved to use the UPR to survive the ER stress induced 
by the hostile conditions of the tumor microenvironment 
(hypoxia, low glucose, intracellular acidification, etc.) To do 
so, cancer cells express elevated levels of certain genes of the 
UPR, such as the chaperone HSPA5 and the ATF6 transcrip-
tion factor [26–28], which correlate with increased tolerance 
to ER stress and with poor tumor prognosis [29]. The use of 
drugs that exacerbate basal ER stress of cancer cells can result 
in an overpass of the cytoprotective effect of the UPR, leading 
to activation of the pro-apoptotic arm (DDIT3) and cell 
death. This is the case for some drugs such as salinomycin 
[8], eeyarestatin 1 [30] or Δ9-tetrahydrocannabinol (THC) 
[18], which exert their anti-tumoral action by inducing ER 
stress-mediated apoptotic cell death. On the contrary, non- 
tumoral cells show negligible levels of ER stress and, therefore, 
possess a broader margin to resist stress-induced cytotoxicity 
[31]. In agreement with this, ABTL0812 induced ER stress in 
both tumoral and primary non-tumoral cells at the concen-
trations tested, but only exerted cytotoxicity in tumor cells 
(Figure 7(f)). Furthermore, we detected increased DDIT3 and 
TRIB3 mRNA levels in blood cells from patients treated with 
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ABTL0812 (Figure 4). Interestingly, these blood cells were 
healthy and viable regardless of having high expression levels 
of UPR genes. In agreement with this observation, patients 
treated with ABTL0812 did not show a decrease in peripheral 
blood cell counts during previous clinical phase 1 [32] or 
current clinical phase 2 trials (NTC03366480). Further 

research is needed to clarify the exact role of the intensity of 
UPR in the selectivity of ABTL0812 for tumor cells.

Elevated levels of UPR-related genes have also been implicated 
in chemoresistance of tumor cells [33], and drugs that exacerbate 
the UPR can exhibit contradictory effects by either sensitizing 
cancer cells to chemotherapy or increasing their resistance to 
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Figure 7. DEGS1 specific inhibitor GT11 induces accumulation of dihydroceramides, ER stress, dynamic autophagy and selective cancer cell death. (a) MiaPaca2 cells 
were treated for 6 h with vehicle, 6 µmol/L GT11, or 100 µmol/L ABTL0812, and total ceramides, dihydroceramides and molecular species of dihydroceramides were 
quantified. Each value is the mean ± SD of three different experiments. (b–e) DEGS1 inhibition induces ER stress-mediated dynamic autophagy. (b) cCells were 
treated 48 h with 5 µmol/L GT11 and levels of ER stress markers ATF4 and TRIB3 and MAP1LC3B lipidation analyzed by immunoblotting. Similar results were obtained 
in three separate experiments. (c,d) Cells were preincubated 3 h with vehicle or lysosomal protease inhibitors E64d (10 µmol/L) and pepstatin-A (PA, 10 µg/mL) (c), or 
50 nm bafilomycin-A (BafA) (d) before treatment with 6 µmol/L GT11 for 24 h. Cells were lysed and MAP1LC3B lipidation was visualized by immunoblotting. Similar 
results were obtained in three different experiments. (e) ATF4 silencing prevents GT11-induced autophagy. Cells were transfected with scramble siRNA (siC) or two 
different ATF4-selective siRNAs, and then treated with 100 µmol/L ABTL0812 for 18 h. Levels of ATF4, TRIB3, MAP1LC3B and ACTB protein expression were analyzed 
by immunoblotting. The corresponding quantification of MAP1LC3B-II levels referred to ACTB are indicated under the panels. Results representative of two separate 
experiments. (f) Non-tumoral cells show lower sensitivity to DEGS1 inhibitor GT11. Human lung fibroblast MRC5 and squamous NSCLC H157 cells were treated with 
the 30 µM ABTL0812 or with the indicated concentration of GT11 for 48 h, and cell viability was determined by MTT assay. Results representative of three separate 
experiments. *, P < 0.05; **, P < 0.005; ***, P < 0.001 from vehicle-treated cells.
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chemotherapy. For instance, the ER stressor tunicamycin sensi-
tizes ovarian cancer cells to cisplatin and carboplatin [34,35], but it 
reduces the chemotherapy-induced apoptosis in hepatocellular 
carcinoma cells [35,36]. Interestingly, ABTL0812 synergizes with 
carboplatin and paclitaxel to reduce tumor growth of patient- 
derived xenografts of endometrial cancer [2], and of human 
squamous lung cancer xenograft models [3]. Therefore, it is likely 
that the aggravation of UPR observed in cancer cells treated with 

ABTL0812 could lead to potentiate the anti-tumoral effect of 
chemotherapy in those in vivo tumor models.

Notably, we propose the expression of TRIB3 and DDIT3 
mRNAs in the blood as pharmacodynamic biomarkers for 
ABTL0812 therapy of patients enrolled in the ongoing phase 
2 clinical trial (Figure 4 and S5). Future studies will determine 
if the expression of these mRNAs also correlates with the 
efficacy of the ABTL0812 treatment. To our knowledge, this 
is the first time that ER stress markers TRIB3 and DDIT3 are 
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reported to change in human blood in response to any drug 
treatment. Our results suggest that the quantification of the 
levels of UPR gene products in the blood could be an option 
to monitor the biological activity of compounds that activate 
ER stress in humans.

In this work, we show for the first time that ABTL0812 
treatment of human pancreatic, endometrial, adenocarcinoma 
and squamous NSCLC cancer cells resulted in impaired 
DEGS1 activity (Figure 6(c,d)). Consequently, ABTL0812 
induced an increase on the levels of cellular long-chain dihy-
droceramides in those cells (Figures 5(b–d) and 6(g,h)) with-
out affecting ceramide levels at short treatment times, similar 
to that observed for short-time treatment with the DEGS1 
specific inhibitor GT11 (Figure 7(a)) or for the cancer cells 
where DEGS1 was silenced [37,38]. Importantly, DEGS1 inhi-
bitor GT11 recapitulated ABTL0812 mechanism of action, 
since it induced ER stress-dependent autophagy and selective 
cytotoxicity (non-tumor cells are less sensitive than tumor 
cells) (Figure 7). According to this, ablation of DEGS1 results 
in cancer cell cycle arrest at G0/G1 [39] and apoptosis [37], 
and DEGS1 inhibition has been associated with the anti- 
tumoral effect of compounds, such as the natural molecules 
resveratrol and THC [20]. In this regard, we found that tumor 
cell lines express higher DEGS1 protein than non-tumor ones 
(human lung MRC5 fibroblasts compared to NSCLC H157 
cells [Figure 6(i)] or human NHC3 cholangiocytes compared 
to EGi-1, TFK-1 and Witt cholangiocarcinoma cells [Fig. 
S10]). This notion would be in agreement with the observa-
tion that MRC5 fibroblasts do not accumulate dihydrocera-
mides in response to ABTL0812 (Figure 6(g)). More 
importantly, our preliminary data showed that tumors from 
patients with endometrial cancer expressed higher DEGS1 
levels than the surrounding non-tumoral tissues (Figure 6 
(j)). Further work is required to expand this observation to 
other human cancers, as well as to address the exact role of 
DEGS1 in tumor biology. Nevertheless, it is likely that ele-
vated levels of long-chain dihydroceramides observed in cells 
treated with ABTL0812 should play a fundamental role in 
mediating cancer cell death. In this regard, human xenograft 
tumors from mice treated with ABTL0812 showed elevated 
levels of long-chain dihydroceramides (Figure 5(e,f)), as it has 
been described for glioma tumors in mice treated with THC 
[20]. Recent improvement of quantitative mass spectrometry 
analysis of plasma sphingolipids has allowed the proposal of 
plasma long-chain dihydroceramides as a biomarker for dia-
betes susceptibility [40]. In this regard, quantification of dihy-
droceramide levels in plasma from patients enrolled in clinical 
trials could be of interest to develop new pharmacodynamic 
biomarkers for ER stress-activating drugs, such as ABTL0812.

For many years, dihydroceramides were considered 
ineffective sphingolipids, but recently have been impli-
cated in active signaling. Of interest, elevated levels of 
cellular dihydroceramides can induce ER stress and UPR- 
mediated autophagy. Thus, treatment of human gastric 
carcinoma cancer HGC-27 cells with the DEGS1 inhibitor 
XM462 resulted in dihydroceramide accumulation- 
mediated ER stress and autophagy [41]. Similarly, THC 
induced dihydroceramide-mediated UPR activation and 
cytotoxic autophagy in human glioblastoma cancer cell 

and tumor models [20]. Here, we show that manipulation 
of levels of cellular dihydroceramides mimicked the effect 
of ABTL0812 in activating UPR and autophagy, as well as 
cytotoxicity in both pancreatic and lung adenocarcinoma 
cells (Figure 6). This observation supports the hypothesis 
that dihydroceramides could mediate (at least in part) the 
anti-tumoral effect of ABTL0812. However, the mechan-
ism by which dihydroceramides induce ER stress and UPR 
remains to be elucidated. We speculate that accumulation 
of long-chain dihydroceramides could result in increased 
rigidity of the ER membrane and in reduced transbilayer 
lipid movement, which ultimately would compromise the 
folding capacity of the ER machinery. It will be important 
to establish whether ABTL0812 also induces the accumu-
lation of dihydroceramides in ER membranes of cancer 
cells.

How ABTL0812 induces cytotoxic autophagy remains 
to be elucidated, but the changes in dihydroceramide 
cellular content reported in this work might be relevant. 
In this regard, it has been reported that THC induces an 
increase in dihydroceramide:ceramide ratio in the ER 
membrane of human glioma cells, resulting in enhanced 
rigidity of this organelle membranes. This alteration is 
transmitted to the nascent autophagosomal membranes, 
resulting in membrane destabilization that ultimately 
results in lysosomal membrane permeabilization (LMP), 
cathepsin release and cell death [20]. Interestingly, 
ABTL0812 also induced a sustained increase in dihydro-
ceramide:ceramide ratio in pancreatic adenocarcinoma 
MiaPaca2, squamous NSCLC H157 and endometrial can-
cer Ishikawa cells, as well in xenograft tumors, but not in 
non-tumoral MRC5 cells (Figure S11). Also, ABTL0812 
induced cytosolic release of cathepsin-B in cancer cells 
(data not shown). Since cathepsin inhibitors E64d and 
pepstatin-A prevent ABTL0812 cytotoxicity [1], these 
observations point to LMP as a major player in 
ABTL00812-induced cancer cell death.

We previously showed that ABTL0812 inhibits the AKT- 
MTORC1 axis in cancer cells and tumor models by upregu-
lating TRIB3 [1–3]. Unlike AKT or MTOR inhibitors, 
ABTL0812 also activates UPR-mediated cytotoxic autophagy 
by uprising levels of cellular dihydroceramides. Importantly, 
MTORC1 inhibition and dihydroceramides accumulation 
synergize to induce autophagy and cytotoxicity (Figure 8), 
reproducing the effect of ABTL0812 in cancer cells. Further 
work is necessary to establish the molecular mechanisms 
implicated in this synergistic effect, but the activation of 
UPR by MTORC1 inhibition could account for this. In this 
respect, it has been recently reported that MTORC1 inhibitors 
rapamycin and temsirolimus induce the EIF2A-ATF4-DDIT3 
arm of the UPR in human sarcoma cells [42], as well as 
EIF2AK3-EIF2A axis in cells derived from neuroendocrine 
intestinal tumors [43]. However, and unlike ABTL0812, 
MTORC1 inhibitors do not induce cytotoxic UPR in cancer 
cells [43]. In this scenario, it is likely that the non-cytotoxic 
ER stress induced by MTORC1 inhibition could converge 
with that one induced by accumulation of dihydroceramides 
to surpass the capacity of the UPR to recover cell homeostasis 
and, therefore, to activate UPR-mediated cytotoxic autophagy. 
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If so, it is tempting to speculate that pharmacological manip-
ulation of cellular dihydroceramides might be useful to 
improve the efficacy of MTOR inhibitors. This is the case 
for ABTL0812, a new drug that is under clinical evaluation 
in patients with advanced cancer.

Materials and Methods

Reagents

ABTL0812 (Ability Pharma SL, in-house synthesized; stock 
concentration 100 mM) was prepared weekly, diluted in etha-
nol and kept at −20°C. The dihydroceramide N-octanoyl- 
D-erythro-[4,4–2 H2]sphinganine (d2C8dhCer) was in-house 
synthesized. Brefeldin A and bafilomycin A1 (Sigma-Aldrich, 
B7651 and B1793), the DEGS1 inhibitor GT11 (Avanti Polar 
Lipids, 857395P), and the cathepsin inhibitors E64d (Sigma- 
Aldrich, E8640) and pepstatin A (Sigma-Aldrich, P5318) were 
diluted in ethanol. 4-phenylbutyrate (4-PBA; Sigma-Aldrich, 
SML0309) was diluted in phosphate-buffered saline (PBS; 
Sigma-Aldrich, 806,552), whereas sodium tauroursodeoxy-
cholate (TUDC; Sigma-Aldrich, T0622) was diluted in water. 
Everolimus (Sigma-Aldrich, SML2282), AZD5363 (Medchem- 
Express, S8019) and AZD2014 (Medchem-Express, S2783) 
were diluted in DMSO.

Cell culture and cell viability assay

Cell lines were cultured at 37°C under a humidified atmosphere 
(5% CO2). Human cancer cell lines A549 (lung adenocarcinoma), 
MiaPaca2 (pancreas adenocarcinoma) and MRC5 (human lung 
fibroblasts) were purchased from American Type Culture 
Collection (ATCC®, CRM-CCL-185, CRM-CRL-1420 and CCL- 
171, respectively; ATCC-authentication by isoenzymes analysis). 
Ishikawa (endometrial adenocarcinoma) and H157 (squamous 
NSCLC) cells were from European Collection of Authenticated 
Cell Cultures (ECACC®, 99,040,201 and 07030901, respectively). 
Cells were grown by under standard conditions in Dulbecco’s 
modified Eagle’s medium with 1% L-glutamine, 4.5 g/l glucose 
(DMEM; Thermo Fisher Scientific, 41,965,039) supplemented 
with 10% fetal bovine serum (Sigma-Aldrich, F0926). T-large 
antigen-transformed MEFs atg5+/+ and atg5−/- were generously 
provided by Dr. Mizushima (Tokyo Medical University, Tokyo, 
Japan). EIF2A/eIF2α WT and EIF2A/eIF2αS51A T-large antigen 
MEFs were provided by Dr. Kaufman and Dr. de Haro and 
Dr. Berlanga (Centro Biología Molecular Severo Ochoa, 
Autonoma University, Madrid, Spain), respectively. MEF fibro-
blasts were maintained in DMEM supplemented with 10% FBS.

Cell viability was determined by MTT (3-[4,5-dimethyl- 
2-thiazolyl]-2,5-diphenyl-2H-tetrazolium Blue; Sigma-Aldrich, 
M2128) reduction assay as described previously [44].

Immunoblotting

Cell lines were lysed in ice-cold radio-immunoprecipitation assay 
(RIPA) buffer containing 25 mM Tris-HCl pH 7.9, 150 mM NaCl, 
1 mM EGTA (Sigma-Aldrich, E3889), 1% NP-40 (Sigma-Aldrich, 
74,385), 0.1% SDS (Sigma-Aldrich, L4509), 0.5% deoxycholic acid 
(Sigma-Aldrich, D2510), 5 mM sodium pyrophosphate (Sigma- 

Aldrich, S6422), 50 mM sodium fluoride (Sigma-Aldrich, 
1,614,002), 1 mM sodium orthovanadate (Sigma-Aldrich, 
450,243). Lysed cells were sonicated and stored at −20°C until 
use. Protein amount was quantified using the Pierce BCA Protein 
Assay Kit (Thermo-Fischer Scientific, 1,856,209), following the 
manufacturer’s protocol. Immunoblot analysis was performed 
following standard procedures as describe previously [45]. 
Briefly, proteins were resolved by SDS-PAGE gels and transferred 
to nitrocellulose membrane (Merck Millipore, HATF00010). 
Membranes were blocked with TBS-T (20 mM Tris-HCl, pH 
7.5, 150 mM NaCl, 0.2% Tween-20 [Sigma-Aldrich, P9416] con-
taining 5% skimmed milk [Sigma-Aldrich, 70,166]), and incu-
bated with the indicated primary antibody. Detection was 
performed using a horseradish peroxidase-conjugated secondary 
antibody (Thermo Fisher Scientific, 31,460 [anti-rabbit] and 
31,430 [anti-mouse]) and enhanced chemiluminescence reagent 
(Bio-Rad, 170–5061). The following rabbit polyclonal antibodies 
were from Cell Signaling Technology: anti-ATF4 (11,815), anti- 
DDIT3 (2895), anti-ACTB (4970), anti-RPS6/S6 (2217), anti- 
phospho-RPS6/S6 (4858), anti-EIF2A (2103), anti-EIF2AK3 
(3192), anti-ATG5 (12,994), anti-EIF2AK4/GCN2 (3302) and 
anti-phospho-EIF2A (3597). Rabbit polyclonal anti-TRIB3 
(ab50516), anti-DEGS1 (ab167169) and anti-MAP1LC3B 
(ab48394) were from Abcam. Mouse polyclonal anti-HSPA5 
was from BD Transduction Laboratories (610,978).

Transfection of siRNAs

Control siRNA (5ʹ-GUAAGACACGACUUAUCGC-3ʹ) and 
ATF4 siRNAs (ATF4-1: 5ʹ-GCCUAGGUCUCUUAGAUGA 
-3ʹ and ATF4-2: 5ʹ-CCAGAUCAUUCCUUUAGUUUA-3ʹ), 
EIF2AK3 siRNAs (EIF2AK3-1: 5ʹ-CCAAUGGGAUAGU 
GACGAA-3-3ʹ LaEIF2AK3-2: 5K3 GAUAGUGACGAA-3-3ʹ 
LaboratoriEIF2AK4 siRNAs (GCN2-1: 5 s CACCGTCAAGAT 
TACGGACTA-3ʹ and EIF2AK4-2: 5ʹ- GGGAAAUGUAUUG 
GCAGUGUU-3GA were from Sigma-Aldrich. siRNAs were 
transfected into cells using Lipofectamine 2000TM (Thermo 
Fisher Scientific, 11,668,027). Cells were incubated with 
siRNAs and after 4 h the medium was changed, and cells 
were incubated further 18 h prior to treatment with 
ABTL0812.

Generation of stable ATG5 and TRIB3 knockdown cell 
lines with shRNAs

MiaPaca2 and A549 cells were transfected with control or vec-
tors encoding shRNA for ATG5 (Santa Cruz Biotechnology, sc- 
41,445-V) or TRIB3 (Sigma-Aldrich, MISSION shRNA 
TRCN0000196756). Clones stably expressing the shRNAs were 
selected with 2 µg/mL puromycin (Sigma-Aldrich, P8833). 
Stable silencing was confirmed by immunoblot analysis.

Real-time, reverse-transcription polymerase chain 
reaction (RT-qPCR)

Total RNA was isolated from cells by using GeneJet RNA pur-
ification kit (Thermo Fisher Scientific, K0761). cDNA was 
obtained using RevertAid cDNA Synthesis Kit (Thermo Fisher 
Scientific, K1621). Real-time quantitative PCR assays were 
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performed using TaqMan Gene Expression Master Mix 
(Thermo Fisher Scientific, 4,369,016) and the following probes 
(Thermo Fisher Scientific): human ATF4 (Hs00909569_g1), 
human DDIT3 (Hs99999172_m1), human GAPDH 
(Hs03929097_g1) and human TRIB3 (Hs01083394_m1). 
Amplifications were run in a Bio-Rad CFX96 real-time PCR 
system (Bio-Rad) using the following protocol: 50°C for 2 min, 
95°C for 10 min, 39 cycles of 95°C for 15 s, 55°C for 1 min, plate 
read. Each value was normalized to GAPDH levels. Relative 
expression levels were determined using the 2−ΔΔCt method. 
Real-time PCR was controlled by the Bio-Rad CFX Manager 
v 3.1 software.

Human blood samples from patients enrolled in the clin-
ical trial were used for the pharmacodynamic biomarker stu-
dies [32]. Briefly, total RNA was isolated from whole blood 
using the RiboPure RNA purification kit for whole blood 
(Thermo Fisher Scientific, AM1928). cDNA synthesis and 
real-time quantitative PCR assays for TRIB3 and DDIT3 
mRNA levels were performed as described above.

XBP1 splicing assay

Total RNA isolation and cDNA synthesis was performed as 
described above. XBP1 cDNA was amplified by PCR with 
TaqMan polymerase (Thermo Fisher Scientific, EP0401) using 
the primers 5ʹ-TTACGAGAGAAAACTCATGGCC-3ʹ and 5ʹ- 
GGGTCCAAGTTGTCCAGAATGC-3ʹ. These primers amplify 
spliced and unspliced isoforms of XBP1. Amplifications were 
run using the following protocol: 95°C for 5 min, 34 cycles of 95° 
C for 1 min, 55°C for 1 min, 72°C for 1 min, and 5 min 72°C. 
Amplified DNA fragments were separated by electrophoresis on 
an 8% acrylamide gel and visualized by ethidium bromide 
(Sigma-Aldrich, E1510) staining.

Xenograft models

For MiaPaca2 and A549 xenograft models, athymic female 
nude mice (n = 8 per group) were injected subcutaneously 
with 5 × 106 cells into one flank. When tumors reached 
80–100 mm3, mice were randomly distributed into treatment 
groups and administered the corresponding treatments. 
ABTL0812 was administered 5 times per week by oral gavage 
at 120 mg/kg in water 5% glycerol. Mice body weight was 
measured three times a week. Tumors volumes were mea-
sured as (length x width2)/2, thrice a week. When tumors 
reached more than 1000 mm3 or bodyweight decreased 20% 
of the initial measure, mice were euthanized by CO2 inhala-
tion. All procedures involving animals were performed with 
approval of the UAB Animal Experimentation Committee, 
according to Spanish official regulations.

Immunohistochemistry of xenograft samples

Samples from tumor xenografts were dissected out, formalin- 
fixed and paraffin-embedded, as described previously [1]. 
Sections (4-µm thickness) were stained with hematoxylin 
and eosin and analyzed by immunohistochemistry using 
a standard protocol. Briefly, deparaffinized samples were 

subjected to heat-induced antigen retrieval in citrate buffer. 
After blocking endogenous peroxidase with 3% H202, and 
reducing unspecific binding by incubation with and 5% goat 
serum (Sigma-Aldrich, G9023) and 1% Triton X-100 (Sigma- 
Aldrich, 1.08643), samples were then incubated with anti- 
DDIT3 antibody (Sigma-Aldrich, HPA068416) and further 
processed with secondary antibody (Dako, k0609).

Lipid extraction and sphingolipidomic analysis 
(UPLC-TOF-Ms)

1.6x106 cells were seeded on 60 mm dishes and were allowed to 
adhere for 24 h. After the indicated treatment, medium was 
removed, cells washed with PBS and harvested by trypsinization. 
Tumors were dissected, washed and mechanically lysed in PBS. 
To extract lipids, cells or tumors homogenates were mixed with 
0.5 ml methanol and 0.25 ml chloroform (Scharlab, Spain), and 
internal standards were added (0.2 nmol N-dodeca 
noylsphingosine, N-dodecanoylglucosylsphingosine and N-dod 
ecanoylsphingosyl phosphorylcholine; Avanti Polar Lipids, 
Alabaster, AL). Samples were incubated at 48°C overnight. The 
following day, 75 µl 1 M KOH in methanol was added and 
incubated for 2 h at 37°C. Lipid extracts were then neutralized 
with 75 µl 1 M acetic acid, dried under nitrogen stream and 
solubilized in 150 µl methanol. Lipids were analyzed using a liquid 
chromatography-mass spectrometer consisted of a Waters 
Acquity UPLC system connected to a Waters LCT Premier 
Orthogonal Accelerated Time-of-Flight Mass Spectrometer 
(Waters, Millford, MA), operated in positive and negative electro-
spray ionization mode. Full scan spectra from 50 to 1500 Da were 
obtained. Mass accuracy and reproducibility were maintained by 
using an independent reference spray via Lock Spray, using 
a 100 mm x 2.1 mm id, 1.7 µm C8 Acquity UPLC BEH 
(Waters) analytical column. The mobile phases were 1 mM 
ammonium formate in methanol (phase A) and 2 mM ammo-
nium formate in H2O (phase B), both phases with 0.05 mM 
formic acid. The gradient was run at 30°C (0 min 80% A; 3 min 
90% A, 6 min 90% A; 15 min 99% A; 18 min 99% A; 20 min 80% 
A). Quantification was carried out using the ion chromatogram 
obtained for each compound using 50 mDa windows. Linear 
dynamic range was determined by injection of standard mixtures. 
Positive identification of compounds was based on the accurate 
mass measurement with an error <5 ppm and its LC retention 
time, compared to that of a standard (± 2).

DEGS1 enzyme assay

DEGS1 assays were performed in intact cells as well as in 
cell lysates. 6-(N-[7-nitro-2,1,3-benzoxadiazol-4-yl]amino) 
hexanoylsphinganine (DHCerC6NBD; in-house synthe-
sized) was used as DEGS1 substrate. This compound is 
desaturated in cells to the ceramide analog 6-(N-[7-nitro- 
2,1,3-benzoxadiazol-4-yl]amino) hexanoylsphingosine (Cer 
C6NBD), which can be determined by HPLC analysis 
[46]. To determine DEGS1 activity in cell lysates, 106 cells 
were pelleted, washed with PBS, resuspended in 0.2 M 
phosphate buffer (pH 7.4) and sonicated. ABTL0812 or 
ethanol (vehicle) and the substrate mix (10 µM 
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DHCerC6NBD, 2 mg/ml NADH) were added to cell lysates. 
The reaction took place at 37°C for 4 h, and was stopped 
by adding methanol. Samples were mixed by vortex and 
kept at 4°C overnight. After centrifugation, clear superna-
tants were transferred to HPLC vials and 25 µl were 
injected. To determine the effect of ABTL0812 on DEGS1 
activity in intact cells, 1.5 × 106 cells were plated and, after 
treatment, media was removed and 10 µM DHCerC6NBD 
was added in fresh medium. After 4 h incubation at 37°C, 
media were collected and cells harvested by trypsinization, 
resuspended in water and sonicated. Reaction was stopped 
by adding methanol and kept at 4°C overnight. Either 25 µl 
(media) or 0.1 ml (cells) were injected into the HPLC. 
Instrumental analysis was carried out by HPLC with 
a fluorimetric detector as reported before [46].

Clinical trial and sample collection from patients

ABTL0812 is currently in clinical evaluation in a phase 2 trial in 
patients with advanced endometrial and squamous lung cancer. 
This study was approved by the local ethics committees of the 
participating sites and by the Spanish Agency of Medicines and 
Medical Devices, and it is registered at www.clinicaltrials.gov 
(identifier: NCT03366480). The study was conducted in com-
pliance with the protocol, regulatory requirements, good clinical 
practice and the ethical principles of the Declaration of Helsinki 
as adopted by the World Medical Association. All subjects 
received written and verbal information regarding the study 
and signed an informed consent document.

ABTL0812 was orally administered (1,300 mg tid) as the first 
line of treatment in combination with chemotherapy (carboplatin 
and paclitaxel). ABTL0812 administration started a week before 
the first chemotherapy cycle and lasted until the patient left the 
study. Blood samples for the biomarker study were obtained by 
venipuncture with a 21 G needle and using tubes containing 
citrate. Peripheral blood mononuclear cells were isolated by 
Ficoll-Paque PLUS (Sigma-Aldrich, GE17-1440-03) density cen-
trifugation, pelleted and stored at −80°C until RT-qPCR analysis.

Endometrial patient tumor collection

Patients with no previous therapy (50–80 years) underwent 
surgery for endometrial carcinoma at Hospital Vall d’Hebron 
(Barcelona). The protocol was approved by the Institutional 
Review Boards, and informed consent was obtained from the 
patients involved. After surgery, normal tissue and tumor 
samples were collected from each patient and stored frozen 
(−80°C) until analysis. Samples were lysed in 7 M urea 
(Sigma-Aldrich, U5378), 2 M thiourea (Sigma-Aldrich, 
T7875), 4% CHAPS (Sigma-Aldrich, C5070), 30 mM Tris, 
pH 8.5., sonicated and centrifuged (12,000 g x 3 min).

Statistical analysis

All in vitro data were assessed using one-way ANOVA followed 
by Bonferroni multiple comparison test or two-tailed Student’s 
t-test. Tumor volumes of mice were compared using ANOVA 
followed by t-test. Statistical significance between the groups was 
assessed with the log-rank test (GraphPad software). Data in the 

figures are presented as mean ± SD, unless otherwise indicated, 
with the result of the statistical test, with *p < 0.05, **p < 0.01, 
***p < 0.001. Statistical significance was set at p < 0.05. Statistical 
analyses of RT-qPCR data from clinical samples were analyzed 
by the one-way ANOVA Tukey test. Synergism analysis was 
performed using the Compusyn software [47].
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