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ER‑phagy mediates the anti‑tumoral 
synergism between HDAC inhibition 
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Abstract 

Background  Histone deacetylase inhibitors (HDACi) are clinically approved drugs for the treatment of hematological 
malignancies synergizing with chemotherapy. However, despite the long history of HDACi, the mechanistic underpin-
nings of this synergism have remained unclear.

Methods  Using transmission electron microscopy, we identified autophagy and ER-stress in HDACi-treated cells. We 
quantified ER-phagy and ER-stress with reporter systems by using 3D-deconvolution microscopy and flow cytometry. 
We complemented these data with qPCR and Western blot results. Apoptosis rates were assessed using a caspase 
assay and flow cytometry, and large public datasets were utilized.

Results  HDAC blockade results in specific upregulation of the selective autophagy receptor FAM134B (RETREG1) 
and the induction of ER-phagy. Combined with the chemotherapeutic drug Gemcitabine, this results in subsequent 
elevated ER-stress levels and apoptosis. Inhibiting the distinct ER-stress branches fully rescues this process. Broaden-
ing the scope of these findings, certain non-HDAC-inhibitory and clinically approved compounds like Loperamide 
and Nelfinavir are able to induce FAM134B and could hence constitute novel Gemcitabine-synergizing molecules. 
Additionally, pancreatic cancer patients with high FAM134B expression have significantly longer survival rates 
under chemotherapy.

Conclusion  In summary, we provide mechanistic evidence for ER-phagy playing a hitherto unknown central role 
in the clinical synergy between HDACi and chemotherapy.
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Introduction
Pharmacological blockade of histone deacetylation by 
selective inhibitors (HDACi) has been approved for the 
treatment of lymphomas and myeloma [1–3]. Moreover, 
it is well-established that HDACi sensitize cancer cells to 
chemotherapy, a phenomenon that has also been demon-
strated in numerous pre-clinical models of solid cancer 
[4–6]. This also holds true for pancreatic cancer (pan-
creatic ductal adenocarcinoma; PDAC), where HDACi 
synergize with Gemcitabine, a frequently used drug in 
the treatment of this highly aggressive malignancy [7–9]. 
Given that chemoresistance poses a significant challenge 
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in the therapy of many cancers, including PDAC [10], the 
synergism between HDACi and chemotherapy/Gem-
citabine is of high clinical interest. However, although 
HDAC inhibitors have been known for many years, the 
cellular mechanisms underlying this pharmacological 
cross-talk have remained elusive [11].

Using a recently discovered novel HDAC-inhibiting 
small molecule [12, 13] as well as approved HDACi, 
together with detailed electron microscopy studies, we 
observed evidence for autophagic digestion of endo-
plasmic reticulum (ER-phagy; a.k.a. reticulophagy) and 
ER-stress in treated PDAC cells. Further investigations 
revealed that HDAC-inhibitory compounds preferen-
tially upregulate the ER-phagy receptor Family with 
sequence similarity 134, member B (FAM134B; a.k.a. 
RETREG1), compared to other selective autophagy 
receptors targeting the ER, resulting in the induction of 
ER-phagy. This leads to subsequent ER-stress, which is 
further potentiated by Gemcitabine and which shows an 
activation of all three major ER signaling pathways (i.e. 
the inositol-requiring enzyme 1 (IRE1, a.k.a. ERN1)-, 
the protein kinase R (PKR)-like ER Kinase (PERK, a.k.a. 
EIF2 AK3)-, and the activating transcription factor 6 
(ATF6)-branches). The synergistic elevation of ER-stress 
by HDACi and Gem caused a significant upregulation 
of C/EBP homologous protein (CHOP; a.k.a. DDIT3), 
eventually causing apoptosis. Interestingly, whereas ER-
stress was highly dependent on extracellular calcium, 
the induction of FAM134B was not. Moreover, blocking 
ER-stress completely abrogated the synergistic effects of 
HDACi and Gem.

In addition, we further observed that the entirely unre-
lated and non HDAC-inhibitory anti-diarrheal drug Lop-
eramide, as well as the anti-viral compound Nelfinavir, 
could also induce the ER-phagy receptor FAM134B. This 
underscores the importance of the ‘FAM134B→  ER-
phagy→  ER-stress→  apoptosis’ axis in the treatment of 
cancer, also with clinically approved drugs. Focusing on 
prognostic and predictive relevance, we could show that 
PDAC patients with high expression of FAM134B dis-
played a significantly longer overall survival, suggesting 
that ER-phagy could represent a novel biomarker for 
chemotherapy response and survival. Taken together, we 
could shed light on the interaction between HDACi and 
chemotherapy and could place ER-phagy in the center of 
this synergism.

Material and methods
Cell lines
The following cell lines were used: Panc1 (ATCC, CRL- 
1469) and MIA PaCa- 2 (ATCC, CRL- 1420). All cell lines 
were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM (high Glucose plus Glutamine and Pyruvate), 

ThermoFisher, 41,966,029), supplemented with 10% 
fetal bovine serum (FBS constance, Anprotec, AC-SM- 
0190) and 1% Penicillin/Streptomycin (Capricorn Sci-
entific, PS-B) at 37 °C with 5% CO2. If not otherwise 
stated, serum concentrations were reduced to 0.5% dur-
ing experiments for all cell types. All cells were regularly 
checked for mycoplasma contamination.

Reagents
The following chemicals were used: Ceapin-A7 (Sigma 
Aldrich/Merck, SML2330), Chidamide (Cayman Chemi-
cal Company, 13,686), Gemcitabine (Sigma Aldrich/
Merck, G6423), Hygromycin B (Angene, AG00GAHS), 
Isoxazole 9 (ISX) (Biomol, 16,165), ISRIB (Sigma Aldrich/
Merck, SML0843), Loperamide (LKT labs, L5660), Nelfi-
navir Mesylate (Cayman Chemical Company, 15,144), 
MS- 275 (AdipoGen Life Sciences, AG-CR1 - 0032), 
Puromycin dihydrochloride (PAA, P15 - 019), Stauro-
sporine (Cayman Chemical Company, 81,590), 4μ8c 
(Cayman Chemical Company, 22,110), Thapsigargin 
(Cayman Chemical Company, AG-CN2 - 0003).

Antibodies and plasmids
The following antibodies were used: FAM134B (Cell Sig-
nalling Technology, 83,414), β-Actin (Sigma Aldrich/
Merck, A5441), anti-mouse IgG HRP conjugated (Cell 
Signalling Technology, 7076 s), anti-rabbit IgG HRP con-
jugated (Cell Signalling Technology, 7074 s). The follow-
ing plasmids were used: IRE1 reporter/pLHCX-XBP1 
mNeonGreen NLS (Addgene 115971; David Andrews), 
PERK reporter/pLHCX-ATF4 mScarlet NLS (Addgene, 
115,970; David Andrews), ER-Keima reporter/GST-
Keima-cb5 (Addgene, 137,755; Carol Mercer), mCherry-
LC3B (Addgene 40827, David Rubinsztein), ATF6 
reporter/p5xATF6-GL3 (Addgene, 11,976, Ron Prywes). 
The negative control plasmid p0xATF6-Luc was gener-
ated by us by removing the five ATF6 binding sites. The 
Renilla plasmid (R-Luc) for normalization was pRL-TK 
from Promega.

Cell titer assays
Cell titer assays were performed by seeding 10.000 cells in 
each well of a white 96-well plate with a clear bottom and 
treating them for 4 days in 0.5% FBS-containing growth 
medium. Subsequently, cell titers were determined using 
the Cell Titer-Glo® assay kit (Promega, G9241) and a 
Microplate Luminometer (Berthold Orion II).

RNA/cDNA analysis
According to the manufacturer’s protocol, total RNA 
was extracted using the NucleoSpin RNA II kit (Mach-
erey–Nagel, 740,955.50). 1 µg of total RNA was used for 
cDNA Synthesis using AB Script II cDNA Synthesis Kit 
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(ABclonal, RK20400). The Absolute QPCR SYBR Green 
Mix (ABclonal, RK20400) was used for quantitative PCR 
reactions. qPCR reactions were performed using either 
the Mx3000P (Agilent Technologies) or Quantabio Q 4 
channel (Quntabio). Relative expression was calculated 
according to the 2−ΔΔCt- method.

Western blotting
Lysates were separated by SDS-PAGE (Bio-Rad) and 
subsequently blotted on Immobilon-PVDF membranes 
(Merck, IPVH00010). This was followed by incubation 
with the respective primary antibody and a correspond-
ing HRP-coupled secondary antibody, as described in 
[14]. According to the manufacturer’s protocol, the HRP 
signal was detected using Pierce ECL Western Blotting 
Substrate (ThermoFisher, 32,106).

Microscopy
Cells were seeded on etched coverslips and treated 
according to the respective experimental protocol. Sub-
sequently, cells were fixed in 4% formaldehyde/PBS (10 
min at RT), washed, permeabilized with 0.5% Triton-
X100 (Sigma Aldrich/Merck, X100) and blocked with 
10% FBS/PBS for 1 h at RT. Then, cover slips were incu-
bated with the primary antibody in PBS containing 10% 
goat serum (Sigma Aldrich/Merck, G6767) and 0.1% Sap-
onin (Sigma Aldrich/Merck, 8047–15 - 2) overnight at 
4  °C. After washing with PBS (ThermoFisher, 14,190) at 
RT, cover slips were incubated with fluorophore-coupled 
secondary antibodies diluted in antibody-solution (PBS, 
10% goat serum, 0.1% Saponin) at RT in the dark for 2 h. 
After washing with PBS and rinsing with water, cover-
slips were mounted with a mounting medium containing 
DAPI/Vectashield (BIOZOL, H- 1200). Immunofluores-
cence images were recorded using a Widefield Micro-
scope (Leica DM 5500 B; Leica Microsystems, Wetzlar, 
Germany), and z-stacks were deconvoluted using Leica 
LAS AF 4.0.

Transfection
600.000 cells were seeded in a 6-well plate in the morn-
ing; in the evening, they were transfected using Tran-
sIT®− 2020 (Mirus Bio, MIR 5404) according to the 
manufacturer’s protocol. Stable transfections: Cells 
transfected with a reporter were selected for two weeks 
using Hygromycin B (100 μg/ml; 190 μM) for the IRE1- 
and PERK-reporter and Puromycin dihydrochloride (1.0 
μg/ml; 1.8 μM) for the mKeima-reporter. The in-house 
FACS Core Facility sorted these cells using an Aurora CS 
(Cytek). Sorted cells were cultured in complete growth 
medium containing the respective antibiotic.

Flow cytometry
500.000 cells were treated in 6-well plates. These cells 
were subsequently trypsinized, resuspended in DMEM, 
washed twice with MACS Buffer, and clumps were 
sieved. Samples were analyzed using the FACS Canto 
II (BD), CytoFLEX LX Series (Beckman Coulter) or 
FACSCelesta (BD). Untreated and untransfected cells 
were included as negative controls. For analysis of the 
resulting FCS files, we used FlowJo v10.10 software. 
For the analysis of the ER-Keima reporter, the ratio of 
autolysosomes derived from the ER (Ex. λ = 633 nm, 
gMFI(APC-A) was divided by neutral ERs (Ex. λ = 
488 nm, gMFI (FITC-A)) and the value of DMSO was 
subtracted.

Apoptosis assays
Apoptosis assays were performed by seeding 10.000 cells 
in each well of a white 96-well plate with clear bottom. 
These cells were treated for four days in 5% FBS-contain-
ing growth medium. Subsequently, apoptosis rates were 
determined using the Caspase Glow® 3/7 kit (Promega, 
G8090) in a Microplate Luminometer.

Annexin V apoptosis detection with PI
Two hundred thousand Panc1 cells were seeded in a 
12-well plate in the evening and treated the following 
morning. After 60 h, the cells were washed with Annexin 
V 1 × binding buffer (10 mM HEPES/NaOH, 140 mM 
NaCl, 2.5 mM CaCl2, 0.1% BSA (Roth, 8076.3), pH 7.4), 
trypsinized, and then washed again. Cells were stained 
with 3  μl Annexin V-FITC (Miltenyi Biotec, 130–092 
- 052) in 100 μl Annexin V 1 × binding Buffer for 15 min 
at room temperature (RT). After another wash, the cells 
were stained with 1 μl Propidium Iodide (AAT Bioquest, 
17,585; 1  mg/ml) in 100 μl of Annexin V 1 × binding 
buffer for 2  min at RT, washed again, sieved to remove 
clumps, and analyzed using flow cytometry.

Luciferase assays
One hundred fifty thousand cells were transfected over-
night using TransIT- 2020 (Mirus, MIR 5404) with either 
p5xATF6-Luc or p0-ATF6-Luc missing ATF6 bind-
ing sites. Additionally, all cells were transfected with 
R-Luc plasmid for normalization. Transfected cells were 
re-seeded in the morning and treated in the evening 
for 2 d. Cells were washed and lysed with passive lysis 
Buffer 1x (Promega, E1910). Each sample was measured 
in technical triplicates using a 96-well microplate, with 
Renilla-Juice Luciferase Assay and Beetle-Juice Lucif-
erase Assay Firefly (PJK GmbH, 102,531) in a Microplate 
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Luminometer. A double normalization was performed on 
both, the Renilla signal and on DMSO values.

TEM
Five hundred thousand cells were treated for 48 h in a 
6-well plate. Cells were fixed with glutaraldehyde, OsO4, 
and contrasted with uranyl acetate, according to the lit-
erature [15]. TEM pictures were analyzed using 3 dmod 
blindly to avoid confirmation bias. The original publica-
tion [16] describes an early version of the 3 dmod/IMOD 
software.

Statistics
If not stated otherwise, statistical comparisons were 
made of n ≥ 3 experiments using an unpaired two-tailed 
Student’s t-test (GraphPad Prism). Significances were 
indicated as ns (not significant; p ≥ 0.05), *p < 0.05, **p < 
0.01, ***p < 0.001. Kaplan–Meier curves were generated 
using the R2: Genomics Analysis and Visualization Plat-
form (http://​r2.​amc.​nl).

Results
HDAC inhibition promotes ER‑phagy
In order to investigate the impact of the HDACi/chemo-
therapy synergism on cancer cell biology in more depth, 
we treated PDAC cells with Gemcitabine (Gem) and the 
small molecule Isoxazole 9 (ISX) [17], which we recently 
identified as a novel non-canonical inhibitor of cellular 
HDACs [13]. As expected, ISX behaved similarly to clini-
cally approved class I HDACi such as Chidamide (a.k.a. 
Tucidinostat) or MS- 275 (a.k.a. Entinostat) in synergiz-
ing with Gemcitabine in killing Panc1 cancer cells (Fig. 
S1 A). These experiments were performed in low serum 
conditions to mimic the nutrient-poor microenviron-
ment of PDAC. We previously proved that these condi-
tions did not affect basal levels of apoptosis (Fig. S1B,C), 
which might have impacted cell killing rates by HDACi. 
Next, using transmission electron microscopy (TEM) to 
study the synergism of ISX and Gem in more detail, we 

remarkably observed that the drug combination resulted 
in significantly increased numbers of dilated endoplasmic 
reticulum (ER) structures, a typical feature of ER-stress 
(Fig.  1A,B). In addition, ISX/Gem treatment increased 
the size and numbers of autophagosomes/autolysosomes, 
which often contained membranous elements resembling 
ER (Fig. 1C,D,E). The engulfment of ER into autophagic 
vesicles is a cardinal sign of ER-phagy, the self-digestion 
of ER for the purpose of remodeling [18, 19]. We used 
an ER-phagy reporter (ER-Keima), which changes its 
excitation maximum to longer wavelengths when acidi-
fied within autophagic vesicles when ER-phagy occurs 
[20]. We obtained microscopic evidence for ER-phagy 
in ISX-exposed cells, which was further enhanced upon 
co-treatment with Gem (Fig.  1F). A clinically approved 
HDACi showed similar results (Fig. S1D). Next, we 
quantified ER-phagy using ER-Keima reporter and flow 
cytometry. We detected a significant ER degradation in 
the ISX and ISX/Gem conditions (Fig. 1G,H), as well as 
with approved HDACi (Fig. S1E). Notably, there was no 
significant ER degradation with Gem treatment alone 
(Fig. 1G).

Selective autophagy, such as ER-phagy, is mediated 
by specific adapter molecules functioning as recep-
tors recruiting the ER to the autophagic machinery. We, 
therefore, screened the expression of known ER-phagy 
receptors upon ISX and Gem treatment. Strikingly, ISX 
selectively induced the expression of FAM134B, with 
only little effect on additional ER-phagy receptors: Cell 
cycle progression 1 (CCPG1), SEC62 homolog, prepro-
tein translocation factor (SEC62), Reticulon 3 (RTN3) 
and Testis expressed 264 ER-phagy receptor (TEX264) 
(Fig. 1I,J,K). Similar findings were obtained with clinically 
approved HDACi (Fig. S1 F). Importantly, FAM134B 
induction was not limited to Panc1 cells but was also 
found in the PDAC cell line MIA PaCa- 2 (Fig. S1G). 
Notably, FAM134B protein co-localized with the gen-
eral autophagy mediator LC3B in treated cells, indicative 
of ongoing ER-phagy (Fig. 1L). Equivalent findings were 

Fig. 1   ISX induces ER-phagy (A) Magnified TEM pictures showing ER. Panc1 cells were treated for 48h with DMSO, 20 µM ISX, and 1.0 µM Gem. 
Arrows indicate normal (A1) or dilated (A2, A3) ER. (B) Quantification of ER stress by measuring the number of expanded ER per Panc1 cell 
in each treatment group as shown in (A). I/G=ISX/Gem. Each dot represents one cell (mean ± SD). (C) The area of autophago- and autolysosomes 
per cell. Each dot represents one cell (mean ± SD). (D) Magnified TEM pictures showing autophagosomes (D1) and autolysosomes (D2, D3) 
in double-treated cells (ISX 20 µM, Gem 1.0 µM for 48h). (E) Number of autophago- and autolysosomes per Panc1 cell. Each dot represents one 
cell (mean ± SD). Treatment as in (A). (F) Immunofluorescence pictures of Panc1 cells transiently transfected with ER-Keima reporter and treated 
as described in (A). The pictures shown are overlay images depicting non-phagocytosed ER (green) and ER-derived autolysosomes (red). 
Scale bar: 60µm. Shown is one representative experiment of n=2. (G, H) Flow cytometric quantification of the ER-phagy in Panc1 cells stably 
expressing ER-Keima reporter, treated as described in (A) (mean of n=3 ± SD) and histogram of flow cytometry. (I) Relative mRNA expression 
of ER-phagy receptors (FAM134B, CCPG1, SEC62, RTN3, TEX264) in Panc1 cells treated for 48h with DMSO or 20 µM ISX (mean of n=3 ± SD). (J) 
Western blot analysis of FAM134B levels in Panc1 cells treated for 48h as described in (A). β-Actin was used as a loading control. One representative 
of n=3 is shown. (K) Quantification of FAM134B protein levels as depicted in (J) (mean of n=3 ± SD). (L) Colocalization of mCherry-LC3B (red) 
and endogenous FAM134B (green) of Panc1 cells treated for 48h. Treatment as in (A). One representative of n=4 is shown. Scale bar: 50µm 
in the larger panel and 10µm in the magnified insets

(See figure on next page.)

http://r2.amc.nl
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obtained with a clinically approved HDACi (Fig. S1H). In 
summary, we could provide evidence for HDACi induc-
ing the selective ER-phagy receptor FAM134B. Individ-
ual treatment with HDACi induces ER-Phagy, while the 
combination with Gem enhances this effect.

ISX/Gem causes broad ER‑stress
Next, we aimed to clarify further the effect of ISX/Gem 
on ER-stress in cancer cells. To this end, we analyzed the 
three individual branches of the ER-resident unfolded 
protein response (UPR) system [21, 22]: The IRE1, PERK, 
and ATF6 arms. First, we investigated the IRE1 branch 

Fig. 1   (See legend on previous page.)
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using a fluorescent reporter [23] (Fig.  2A). While the 
exposure of cells to ISX or Gem alone evoked no or only 
moderate responses, the combination of ISX/Gem led 
to pronounced activation of IRE1 signaling, similar to 
the positive control Thapsigargin (Fig.  2B,C and Fig. S2 
A). Comparable data were obtained using the approved 
HDACi Chidamide and MS- 275, which demonstrated 
that this effect is not unique to ISX (Fig. S2B,C,D). In 
agreement, the IRE1-mediated splice product XBP1 s 
as well as its target gene DnaJ heat shock protein fam-
ily (Hsp40) member B9 (DNAJB9) [24] were also signifi-
cantly increased upon HDACi/Gem treatment (Fig.  2D 
and Fig. S2E).

In order to study the next UPR branch, we used a flu-
orescent reporter to measure the activity of the PERK 
axis [23] (Fig.  2E). Again, the ISX/Gem combination 
resulted in significant induction of this ER-stress path-
way as well (Fig. 2F,G and Fig. S2 F), as did the combi-
nation of Gem with established HDACi (Fig. S2G,H,I). 
In support of these findings, the Activating transcrip-
tion factor 4 (ATF4) target genes PERK and CHOP were 
also induced on mRNA level (Fig. 2H and S2 J).

Finally, we investigated ATF6 activation by means of 
a luminometric reporter harboring ATF6-binding sites 
[25] (Fig.  2I). Similar to our previous data, individual 
treatment had a marginal impact, but the combination of 
ISX/Gem significantly induced the ATF6 ER-stress path-
way. However, in this particular ER-stress branch, the 
combination treatment had a weaker effect compared to 
the positive control, revealing a certain degree of path-
way selectivity (Fig.  2  J). In support of these findings, 
the ATF6 target gene Homocysteine inducible ER protein 
with ubiquitin like domain 1 (HERPUD1) was found to 
be clearly induced upon double treatment but less than 
the positive control Thapsigargin (Fig.  2  K). These data 
were confirmed using Chidamide and MS- 275 as clini-
cal HDACi (Fig. S2 K,L). Furthermore, we could show in 
another cell line (MIA PaCa- 2), that the combination of 

ISX/Gem synergistically induced CHOP gene expression 
(Fig. S2M). Taken together, we found that HDACi syn-
ergize with Gem in eliciting ER-stress and activating all 
three major UPR branches in PDAC cancer cells, with a 
preference for the PERK/ATF4 and IRE1/XBP1 arms and 
with a weaker activation of the ATF6 arm.

ER‑phagy precedes ER‑stress and results in apoptosis
The intertwined relationship between ER-stress and 
ER-phagy prompted us to inquire about the temporal 
sequence of events. To this end, we used FAM134B and 
CHOP gene expression as surrogate read-outs for ER-
phagy and ER-stress, respectively. Interestingly, ISX/
Gem quickly induced FAM134B expression (within 
hours) while CHOP levels were increased with a delay 
(within days). This indicates that ER-phagy is the initial 
event which is followed by ER-stress (Fig. 3A). Given that 
these two events could be separated on a temporal scale, 
we investigated the role of extracellular calcium as Ca2+ 
is a key contributor to proper protein folding within the 
ER and thus to the UPR. Culturing PDAC cancer cells in 
calcium-free medium had no effect on the ability of ISX 
to induce FAM134B mRNA expression (Fig. 3B). In con-
trast, PERK induction (as a transcriptional measure for 
ER-stress) was almost completely lost under these experi-
mental conditions (Fig. 3B; compare to Fig. 2H), as was 
the activity of the IRE1 reporter (Fig. 3C and Fig. S3 A). 
These data imply that ER-phagy and ER-stress are tem-
porally and mechanistically independent events induced 
by ISX/Gem.

In light of literature that describes a connection 
between elevated CHOP gene expression and apoptosis 
[26], we measured the activity of the pro-apoptotic cas-
pases 3/7. This approach was supported by previous data 
on the cytotoxicity of HDACi/Gem treatment in PDAC 
cells [6, 7]. In line with published data, ISX/Gem signifi-
cantly increased apoptotic rates in Panc1 cells (Fig. S3B). 
However, this effect required at least 48 h of treatment, 

(See figure on next page.)
Fig. 2  ISX and Gemcitabine synergistically induce ER-stress (A) Scheme of the IRE1-selective ER-stress reporter. (B) Immunofluorescence images 
of Panc1 cells transiently transfected with IRE1 reporter (green), treated with DMSO, 20 µM ISX, 1.0 µM Gem and the combination ISX/Gem (I/G) 
for 48h. Nuclei appear blue (DAPI). Scale bar: 100µm. Shown is one representative of n=3. (C) Quantification of Panc1 cells transiently expressing 
IRE1 reporter. Cells were treated as described in (B) or with 1.0 μM Thapsigargin (Th) for 48h, analyzed using the number of positive cells per viewing 
field normalized to the values of the DMSO samples. Each dot represents one image (from n=2 independent experiments; mean ± SD). (D) Rel. 
mRNA expression of ER-stress genes selective for the IRE1 pathway (XBP1s, DNAJB9). Panc1 cells were treated as described in (C) (mean of n=3 ± 
SD). (E) Scheme of the PERK-selective ER-stress reporter. (F) Immunofluorescence pictures of Panc1 cells transiently expressing PERK reporter (red) 
and treated as in (B). Nuclei appear blue (DAPI). Scale bar: 100µm. Shown is one representative of n=3. (G) Quantification of PERK pathway activity 
in Panc1 cells stably expressing a PERK reporter construct. Treatment as in (C). Shown are the numbers of positive cells per viewing field normalized 
to the DMSO condition. Each dot represents one analyzed viewing field (mean ± SD of n=2). (H) Rel. mRNA expression of ER-stress genes selective 
for the PERK pathway (CHOP, PERK) in Panc1 cells treated as described in (C) Quantification of ATF6 activity in Panc1 cells transiently expressing 
an ATF6 luciferase reporter, treated as described in (C) (mean of n=3 ± SD). (K) Rel. mRNA expression of HERPUD1, an ER-stress gene selective 
for the ATF6 pathway (Panc1 cells treated as in (B); mean of n=3 ± SD)
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arguing that it kinetically followed after the sequence of 
ER-phagy/ER-stress and was likely the result of unre-
solved ER-stress (Fig. 3D; compare to Fig. 3A).

To prove our hypothesis that the sequence of ER-
phagy/ER-stress causes apoptosis, we applied selective 

inhibitors for the IRE1-, PERK-, and ATF6-branches 
(i.e. 4µ8C, ISRIB, Ceapin-A7, respectively) to ISX/
Gem-treated cells and quantified apoptotic rates. As 
shown in figure S3 C, the application of inhibitors 
individually had only a limited impact, with inhibition 

Fig. 2  (See legend on previous page.)
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of the IRE1 arm having the largest effect. In contrast, 
the addition of all three inhibitors simultaneously 
(‘triple inhibition’) completely abrogated the synergis-
tic effect of ISX/Gem double treatment on apoptosis 
and brought apoptotic levels back to ‘Gem-only’ con-
ditions (Fig.  3E). These results demonstrated that all 
three branches of the UPR contributed to the synergis-
tic impact of cell killing. ISX/Gem-induced apoptosis 
was additionally quantified by Annexin-V/PI-staining 
(using flow cytometry) (Fig. S3D,E) and was also veri-
fied using approved HDACi (Fig. S3 F).

Intriguingly, we could show that HDACi-unre-
lated compounds like Loperamide, a µ-opioid recep-
tor agonist, and Nelfinavir, used for the treatment of 
acquired immunodeficiency syndrome, can also cause 
FAM134B upregulation (Fig. 3F and Fig. S3G). Because 
these substances can thus potentially initiate the 
‘FAM134B  →ER-phagy→ER-stress→apoptosis’ axis, 
they might expand the range of possible Gem-synergiz-
ing compounds.

Eventually, after having provided experimental evi-
dence for a series of events initially triggered by an 
HDACi-induced FAM134B upregulation, we wondered 
about FAM134B expression in human PDAC patients, 
which typically receive adjuvant or neoadjuvant chem-
otherapy often containing Gemcitabine. Interestingly, 
when investigating three separate publicly available 
bulk transcriptomic pancreatic cancer data sets, includ-
ing also normal pancreatic tissue as controls [27–29], 
we detected significantly decreased levels of FAM134B 
gene expression in tumors versus healthy controls 
(Fig.  3G,H,I). These data imply a general anti-tumoral 
impact of this gene and possibly also of ER-phagy, 
already in the absence of HDACi treatment. In sup-
port of this view, a statistically significant correlation 
between higher FAM134B expression and improved 
overall survival could also be verified in three large 
public data sets [29, 30] (Fig. 3 J,K and Fig. S3H).

In conclusion, we found that HDAC inhibition results 
in the upregulation of FAM134B and the induction of 
ER-phagy. When combined with Gemcitabine, this is 
followed by the synergistic elevation of ER-stress lev-
els within days, which induces apoptosis. Thus, the 
sequence of ER-phagy/ER-stress is absolutely critical 
for cell killing as the inhibition of the ER-stress effec-
tors abrogates apoptosis synergism (Fig. 3L). Compared 
to healthy tissue, FAM134B mRNA levels are decreased 
in pancreatic tumors, and the expression level posi-
tively correlates with overall patient survival.

Discussion

Compelling evidence in the literature demonstrates 
the synergistic effect of HDAC inhibition with chemo-
therapy. Here, we could surprisingly find that ER-phagy 
is a central step in this process, emphasizing the role of 
autophagy as a therapeutic target [31]. In normal physi-
ology, ER-phagy contributes to ER quality control and 
homeostasis as well as to innate immune signaling [32–
34]. At the same time, mutations in ER-phagy receptors 
have been associated with certain diseases [35]. Our data 
provide evidence that HDACi increase ER-phagy mainly 
through FAM134B expression, which subsequently trig-
gers ER-stress. On the other hand, Gemcitabine has also 
been shown to elicit ER-stress [36], potentially explaining 
why these two compounds perfectly synergize on a func-
tional level, and supporting previous data on ER-stress 
impacting chemosensitivity in cancer cells [37, 38]. These 
two events are closely interconnected and can reinforce 
each other: ER-stress can result from ER-phagy [39, 40], 
but ER-phagy can also be induced as a compensatory 
mechanism after ER-stress to restore homeostasis [41].

Intriguingly, completely HDACi-unrelated small mol-
ecules (e.g. Loperamide, Nelfinavir) can also enter this 
‘FAM134B→ ER-phagy→ER-stress→apoptosis’ axis, 
potentially explaining the mechanism of promising 

Fig. 3   The impact of HDACi/Gem on apoptosis and its link to clinical data. (A) Rel. mRNA expression of FAM134B and CHOP (mean of n=3 ± 
SD). Panc1 cells were treated with DMSO or the combination of 20 µM ISX and 1.0 µM Gem for different time periods. (B) Rel. mRNA expression 
of FAM134B and PERK (mean of n=3 ± SD). Panc1 cells were treated with DMSO, 20 µM ISX, 1.0 µM Gem, dual treatment (I/G), or 1.0 µM Thapsigargin 
(Th) in calcium-free or calcium-containing DMEM medium for 48h. (C) Flow cytometric quantification of IRE1 activity in Panc1 cells stably expressing 
an IRE1 reporter construct. Treatment as in (B) (n=3 ± SD). (D) Caspase 3/7 activity in Panc1 cells exposed to ISX (I, 20 µM) and Gem (G, 1.0 µM) 
for various time periods. Staurosporine (1.0 µM) was included as a positive control. The mean ± SD of two representative experiments measured 
in triplicates is shown. (E) Caspase 3/7 activity in Panc1 cells treated with the indicated drugs for 60h. ISX (I, 20 µM); Gem (G, 1.0 µM); IRE1-inh. 
4µ8c (30µM); PERK-inh. ISRIB (1.0µM); ATF6-inh. Ceapin-A7 (6.0µM). Shown is the mean (± SD) of two representative experiments measured 
in quadruplicate each. Each dot represents one biological sample. (F) Western blot analysis of FAM134B protein levels in Panc1 cells treated for 48h 
with DMSO, 20 µM Loperamide, or 5/10 µM Nelfinavir. Shown is one representative experiment of n=5. β-Actin was used as a loading control. (G, H, 
I) FAM134B mRNA expression in bulk tissue from PDAC patients and corresponding healthy pancreatic tissue. Each dot represents one patient. (J, K) 
Kaplan-Meier plots representing the overall survival of patients with PDAC as a function of FAM134B expression (Scan-split; log-rank p). (L) Scheme 
illustrating the ER-phagy-induced mechanism by which HDACi and Gemcitabine synergize in their anti-tumor effectiveness

(See figure on next page.)
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clinical results obtained with Nelfinavir plus chemora-
diation in locally advanced PDAC and of Loperamide 
in glioma cells [42, 43]. This knowledge might open the 
possibility for future identification of novel drugs to use 

autophagy, in this case selective ER-phagy induction, to 
increase chemosensitivity in cancer patients.

In general, HDAC inhibitors have long been known 
to promote cell differentiation [44], a feature that was 

Fig. 3   (See legend on previous page.)
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recently also associated with ER-phagy in the process of 
neuronal differentiation [45]. Notably, ISX was originally 
identified as a pro-neurogenic compound [17], and it can 
be proposed that the promotion of ER-phagy might as 
well contribute to this feature.

In addition, and highly relevant from a clinical view-
point, we found that basal FAM134B levels (i.e. without 
parallel HDACi therapy) were already significantly corre-
lated with overall survival in PDAC patients. This could 
suggest that ER-phagy as a whole might serve general 
tumor-suppressive functions. In HDACi treatment set-
tings, these anti-tumoral features are amplified through 
an HDACi-induced FAM134B increase. In this respect, 
it is surprising to note that HDACi, unfortunately, have 
not fully convinced in clinical trials of solid cancer so 
far, with both promising [46, 47] as well as disappoint-
ing [48, 49] results being reported. In many instances, 
HDACi treatment was associated with undesired side 
effects, often limiting the maximally tolerated dose in 
patients and resulting in the discontinuation of trials. 
Novel compounds with indirect mechanisms, such as the 
non-canonical HDACi ISX, or re-purposed drugs induc-
ing ER-phagy, might represent interesting candidates for 
further development because of less side effects and the 
possibility to reach higher dosages over prolonged time.

In conclusion, we could demonstrate that FAM134B-
induced ER-phagy plays a key role in the functional interac-
tion of HDACi and Gemcitabine. We were able to provide 
a mechanistic framework for this clinically relevant syner-
gism, which might aid in a more profound understanding 
of this therapeutic approach and lead to the development 
of novel compounds targeting these processes.
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