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Abstract
The membrane lipids diacylglycerol (DAG) and phosphatidic acid (PA) are important second messengers that can regulate 
membrane transport by recruiting proteins to the membrane and by altering biophysical membrane properties. DAG and PA 
are involved in the transport from the Golgi apparatus to endosomes, and we have here investigated whether changes in these 
lipids might be important for regulation of transport to the Golgi using the protein toxin ricin. Modulation of DAG and PA 
levels using DAG kinase (DGK) and phospholipase D (PLD) inhibitors gave a strong increase in retrograde ricin transport, 
but had little impact on ricin recycling or degradation. Inhibitor treatment strongly affected the endosome morphology, 
increasing endosomal tubulation and size. Furthermore, ricin was present in these tubular structures together with proteins 
known to regulate retrograde transport. Using siRNA to knock down different isoforms of PLD and DGK, we found that 
several isoforms of PLD and DGK are involved in regulating ricin transport to the Golgi. Finally, by performing lipidomic 
analysis we found that the DGK inhibitor gave a weak, but expected, increase in DAG levels, while the PLD inhibitor gave 
a strong and unexpected increase in DAG levels, showing that it is important to perform lipidomic analysis when using 
inhibitors of lipid metabolism.
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Introduction

The cell itself and all of its organelles are surrounded by a 
lipid bilayer, made up of phospholipids, sphingolipids and 
sterols. It is becoming increasingly clear that lipids play an 
active role in numerous cellular processes, including trans-
port events and signaling. Both diacylglycerol (DAG) and 
phosphatidic acid (PA) are important membrane lipids and 
second messengers that contribute to cellular processes 
either by their biophysical effect on the membrane or by 
recruiting proteins to the membrane. Due to their small head 
groups, DAG and PA have conical shapes, and local accumu-
lation of DAG or PA can impart negative curvature to mem-
branes thereby facilitating membrane budding, and fusion- 
and fission reactions during vesicular transport [1]. DAG- or 
PA-mediated protein recruitment and activation of kinases 
can also contribute to modulation of vesicular trafficking 
[2]. DAG interacts with proteins containing a C1-domain, 
such as the protein kinase C (PKC) and protein kinase D 
(PKD) families [3]. A broad range of PA-binding proteins 
have been identified [4, 5]. PA-protein binding is thought 
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to be mediated by interaction between positively charged 
amino acids in target proteins and the negatively charged 
head group of PA, but other factors, such as the membrane 
packing and curvature, are also important determinants for 
PA-protein interaction [6].

PA and DAG can be formed by de novo lipid biosyn-
thesis, and are intermediates for the production of all the 
glycerophospholipids [1, 7]. DAG and PA are also produced 
during receptor signaling which activates a number of differ-
ent signaling pathways, and the levels of DAG and PA must 
therefore be strictly controlled. DAG and PA are produced 
by phospholipid hydrolysis mediated by phospholipase C 
(PLC) and phospholipase D (PLD), respectively. Sequence 
analyses have revealed six mammalian PLD isoforms, but 
only three (PLD1, PLD2 and PLD6, also called mitoPLD) 
have so far been shown to have enzymatic activity result-
ing in PA production [8]. Importantly it was recently dem-
onstrated that PLD3 is localized on endosomal structures 
that are positive for retromer components; it plays a role 
for intracellular sorting and it causes changes in accordance 
with the idea that it has enzymatic activity [9]. DAG and 
PA signaling are terminated by the action of DAG kinases 
(DGKs) and PA phosphatases, respectively, interconverting 
the two lipids. In mammalian cells, 10 DGK isoforms have 
been identified, with different tissue expression and subcel-
lular localization [10]. DAG is also formed as a byproduct in 
sphingomyelin synthesis while PA can also be formed from 
lysophosphatidic acid (LPA) by the action of LPA acyltrans-
ferase (LPAAT).

Protein toxins can be used as tools to study intracellular 
transport and both the bacterial toxin Shiga toxin (an AB5 
toxin), as well as the plant toxin ricin (an AB toxin), have 
during the years proven useful to discover pathways in cells 
(for reviews, see [11–13]). The ricin B-chain binds to N-ter-
minal galactoses on glycoproteins and glycolipids on the cell 
membrane and is therefore likely to be transported along the 
various pathways that exist in cells. Actually, in 1979, ricin 
was used to demonstrate that endocytosed molecules could 
be recycled [14], and some of the early evidence for clath-
rin-independent endocytosis was obtained using ricin [15, 
16]. The ricin A-chain has enzymatic activity that removes 
a specific adenine from the 60 s ribosomal subunit, thereby 
preventing protein synthesis. To reach its cellular target, 
ricin must be transported from endosomes, via the Golgi 
apparatus, to the endoplasmic reticulum (ER). Here, the A 
chain is released from the B-chain and translocated into the 
cytosol where it exerts its toxic action.

In the present study we have examined how modulation 
of the DAG and PA balance affects retrograde transport. 
We have found that inhibitors of DGK and PLD strongly 
increase ricin transport from the endosomes to the Golgi 
and as a consequence of this upregulation, more toxin is able 
to reach the cytosol. To study the different steps we have 

used native ricin as well as 125I-labeled ricin and genetically 
modified ricin that can be sulfated in the Golgi apparatus and 
mannosylated in the ER [17]. Lipidomic analysis showed 
that DGK inhibition as expected gave an increase in DAG 
levels, whereas PLD inhibition surprisingly increased the 
levels of both DAG and phosphatidylglycerol (PG), a lipid 
which has so far not been extensively studied [18] and where 
specific roles in intracellular transport has not, to our knowl-
edge, been reported.

Materials and methods

Reagents, antibodies and plasmids

Chemicals were purchased from Sigma-Aldrich unless 
stated otherwise. Ricin holotoxin was purchased from 
Sigma-Aldrich. Ricin-sulf1 and ricin-sulf2 were prepared 
as previously described [19]. The plasmids expressing 
StxB-sulf2 and the Shiga toxin 1 mutant (Stx1m) were 
kind gifts from Prof. B Goud (Institut Curie, Paris, France) 
and Prof. A. D. O’Brien (Uniformed Services University 
of the Health Sciences, Bethesda, MD, USA), respec-
tively, and StxB-sulf2 [20] and Stx1m [21] were puri-
fied as previously described.  H2

35SO4 (S-RA-1) was from 
Hartmann Analytic. The iodine-125 radionuclide (125I, 
NEZ033A010MC) for radioactive protein labeling, l-[3,4,5-
3H(N)]-leucine (NET460005MC) and d-[2-3H(N)]-mannose 
(NET570A005MC) were from Perkin Elmer. The following 
compounds were used: R59022 (D5919), R59949 (D5794), 
Bisindolylmaleimide I hydrochloride (BIM I; B6292), Phor-
bol 12-myristate 13-acetate (PMA; 79346) and Swainsonine 
(S9263) from Sigma-Aldrich, CAY10593 (13206-10) and 
CAY10594 (13207-10) from Cayman Chemical, FIPI (3600) 
and VU 0364739 hydrochloride (4171) were from Tocris, 
Sotrastaurin (S2791) and SAR405 (S7682) from Selleck-
chem. The environment-sensitive probe NR12S was a kind 
gift from Prof. A. Klymchenko (University of Strasbourg, 
Strasbourg, France). The following Ambion Silencer® 
Select siRNAs were purchased from Thermo Fisher Scien-
tific: Negative Control No. 1 (4390844), DGKA (4427038 
s3913), DGKD (4427037 s224987), DGKE (4427038 
s16208), DGKH (4427037 s46229), DGKZ (4427037 
s16205), PLD1 (4427038 s10638), PLD2 (4427038 s10642), 
PLD3 (4427037 s24272).

The following antibodies were used: homemade rab-
bit anti-ricin antibody, mouse anti-Golgin-97 (A-21270, 
Molecular Probes), mouse anti-Shiga toxin 1 (STX1-3C10, 
Toxin Technology), rabbit anti-Golgin-97 (13192S, Cell 
Signaling Technology), rabbit anti-EEA1 (2411, Cell Sign-
aling Technology), rabbit anti-Phospho-(Ser/Thr) PKD sub-
strate (4381, Cell Signaling Technology), rabbit anti-cofilin 
(ab42824, Abcam), goat anti-Vps35 (ab10099, Abcam), 
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mouse anti-SNX2 (611308, BD Transduction Laboratories). 
Secondary antibodies for immunofluorescence were from 
Jackson ImmunoResearch and Molecular Probes, IRDye 
secondary antibodies for Western blotting were from LICOR 
Biosciences, GmbH. Ricin holotoxin was labeled with Alexa 
Fluor 555 using the Alexa Fluor™ 555 Microscale Protein 
Labeling Kit (A30007, Invitrogen) according to the manu-
facturer’s protocol.

Cell culture

HEp-2 cells (human cervical adenocarcinoma, CCL-23, 
ATCC), and U-2 OS cells (human bone osteosarcoma, 
HTB-96, ATCC) were grown in Dulbecco’s Modified Eagle 
Medium (DMEM, D0819, Sigma-Aldrich) with 10% fetal 
bovine serum (FBS, F7524, Sigma-Aldrich). PC-3 cells 
(human prostate adenocarcinoma, CRL-1435, ATCC) were 
grown in DMEM/F-12 (1:1) (31331–093, Thermo Fisher 
Scientific) with 7% FBS. CaCo2 cells (human colorectal 
adenocarcinoma, HTB-37, ATCC) were grown in DMEM 
with 15% FBS. hTERT-RPE1 cells (retinal pigment epi-
thelia, CRL-4000, ATCC) stably expressing GFP-WDFY2 
[22] was a kind gift from Prof. H. Stenmark, Oslo, and were 
grown in DMEM/F-12 (1:1) with 10% FBS. All cell lines 
were maintained in medium supplemented with 100 U/
ml penicillin and 100 µg/ml streptomycin (P4333, Sigma-
Aldrich) at 37 °C and 5%  CO2.

siRNA protein knockdown

HEp-2 cells were plated at 1 × 105 cells/well (6 well plate) 
or 2 × 104 cells/well (24 well plate) the day before transfec-
tion. Cells were transfected with Ambion Silencer® Select 
siRNAs of each target gene or control at a concentration 
of 10 nM using Lipofectamine® RNAiMAX Transfection 
Reagent (13778, Thermo Fisher Scientific) according to 
the manufacturer’s protocol. The transfection medium was 
replaced with growth medium after 24 h, and assays were 
carried out 48 h post transfection. Knockdown efficiencies 
were determined by measuring mRNA levels using qPCR.

RNA isolation, cDNA synthesis and qPCR

Total RNA was isolated using the RNeasy Plus Mini Kit 
(74134, Qiagen) according to the manufacturer’s proto-
col. cDNA was synthesized from 1  µg RNA using the 
iScript cDNA synthesis kit (1708891, Bio-Rad Laborato-
ries Inc) according to the manufacturer’s protocol. qPCR 
was performed using the LightCycler® 480 SYBR Green 
I Master kit (04707516001, Roche Diagnostics) in com-
bination with QuantiTect Primer Assays (all from Qia-
gen) for DGKA (QT00091112), DGKD (QT00068894), 
DGKE (QT00090720),  DGKH (QT00092939), 

DGKQ (QT00005348), DGKZ (QT00071176), PLD1 
(QT00085512), PLD2 (QT00017682), PLD3 (QT00029239) 
and TBP (reference gene; QT00000721). Serial dilutions of 
control samples were used to plot standard curves and to 
quantify primer efficiencies in each qPCR run. The qPCR 
was carried out using a LightCycler® 480 Instrument 
(Roche Diagnostics). The reactions were run in duplicates, 
and the samples were first denatured at 95 °C for 10 min, fol-
lowed by 45 cycles of denaturation at 95 °C for 10 s, primer 
annealing at 55 °C for 20 s and primer extension at 72 °C for 
20 s. Upon completion of the cycling steps, a melting curve 
analysis was done. Cp values and primer efficiencies were 
determined using the LightCycler® 480 software (Roche 
Diagnostics).

Sulfation experiments

For sulfation experiments, the following cell numbers were 
seeded in 6 well plates one or two days prior to experiments: 
HEp-2: 2–2.5 × 105 cells/well (1 day) and 1 × 105 cells/
well (knockdown experiments), U-2 OS: 2 × 105 cells/well 
(1 day), PC-3: 3 × 105 cells/well (1 day), CaCo-2: 2 × 105 
cells/well (2 days), RPE GFP-WDFY2: 2 × 105 cells/well 
(1 day). Cells were washed twice with sulfate-free medium 
(1.0 mM  CaCl2, 5.4 mM KCl, 1.0 mM  MgCl2, 0.12 M NaCl, 
26.2 mM  NaHCO3, 10.9 mM  NaH2PO4, 1 g/l D-glucose, 
0.01 g/l phenol red, supplemented with MEM vitamin solu-
tion, MEM amino acids and MEM non-essential amino acid; 
pH 7.4) and subsequently incubated with 0.1–0.2 mCi/ml 
35SO4

2− for 2 h at 37 °C, before inhibitors were added and 
the incubation continued for 1 h. For the knockdown experi-
ments, the cells were incubated with 0.2 mCi/ml 35SO4

2− for 
3 h. Subsequently, 4 µg/ml ricin-sulf1, 15 µg/ml ricin-sulf2 
or 2 µg/ml StxB-sulf2 was added for 1.5 h, 3 h or 1 h, 
respectively. Samples treated with ricin-sulf1 or ricin-sulf2 
were washed twice with 0.1 M lactose in HEPES-buffered 
medium (MEM without sodium bicarbonate supplemented 
with 20 mM HEPES, 2 mM l-alanyl-l-glutamine, 100 U\
ml penicillin and 100 µg/ml streptomycin) for 5 min at 37 °C 
to remove surface-bound ricin, then washed with ice-cold 
PBS (1.1 mM  NaH2PO4, 5.5 mM  Na2HPO4, 138.6 mM 
NaCl; pH 7.4) and lysed in lysis buffer (0.1 M NaCl, 10 mM 
 Na2HPO4, 1 mM EDTA, 1% Triton X-100, supplemented 
with cOmplete™ Protease inhibitor Coctail (05056489001, 
Roche Diagnostics) and 60 mM n-octyl-β-glucopyranoside; 
pH 7.4). Samples treated with StxB-sulf2 were washed with 
PBS and lysed. Lysates were cleared by centrifugation and 
ricin-sulf1, ricin-sulf2 or StxB-sulf2 were immunoprecipi-
tated overnight at 4 °C from cleared lysates using Protein A 
Sepharose® beads (17-0963-03, GE Healthcare) with the 
appropriate antibody adsorbed. The immunoprecipitate was 
washed twice with 0.35% TritonX-100 in PBS, resuspended 
in Laemmli sample buffer (161–0747, Bio-Rad Laboratories 
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Inc) with 100 mM DTT and boiled for 5 min. The immu-
noprecipitate was separated by SDS-PAGE, blotted onto 
a PVDF membrane and visualized by digital autoradiog-
raphy using a phosphor imaging screen (Imaging Screen-
K (Kodak), Bio-Rad Laboratories Inc) and the Molecular 
Imaging PharosFX system (Bio-Rad Laboratories Inc). Band 
intensities were quantified using the Quantity One 1-D Anal-
ysis Software (Bio-Rad Laboratories Inc). To determine the 
total amount of protein sulfation, proteins from the super-
natants after immunoprecipitation were precipitated with 
5% trichloroacetic acid (TCA; 100807, Merck). The TCA 
precipitate was dissolved in 0.1 M KOH and measured by 
liquid scintillation counting using a Tri-Carb 2100TR Liquid 
Scintillation Analyzer (Packard).

Ricin endocytosis

Ricin was 125I-labelled using Pierce Iodination Tubes (cat. 
no 28601, Thermo Fisher Scientific) according to the manu-
facturer’s protocol. HEp-2 cells were seeded at a concentra-
tion of 5 × 104 cells/well (for inhibitor treatment) or 2 × 104 
cells/well (for knockdown) in a 24 well plate one day prior 
to the experiment. For the treatment with inhibitors, the cells 
were washed once with HEPES-buffered medium before 
being incubated with inhibitors for 1 h at 37 °C. Subse-
quently, ~ 60 ng/ml of 125I-labeled ricin was added and the 
incubation continued for 20 min at 37 °C. The cells were 
incubated with or without 0.1 M lactose in HEPES-buffered 
medium for 5 min to remove surface-bound ricin and then 
washed three times with PBS or 0.1 M lactose. The cells 
were dissolved in 0.1 M KOH and the radioactivity in the 
solution was determined by gamma-counting using a Hidex 
Automatic Gamma Counter (Hidex). Ricin endocytosis was 
expressed as the amount of 125I-labeled ricin in lactose-
washed cells divided by the amount of 125I-labeled ricin in 
PBS-washed cells.

Ricin degradation and recycling

HEp-2 cells were seeded at a concentration of 5 × 104 
cells/well in a 24 well plate one day prior to the experi-
ment. The cells were washed once with HEPES-buffered 
medium before being incubated with inhibitors for 1 h at 
37 °C. Then, ~ 60 ng/ml of 125I-labeled ricin was added and 
the incubation was continued for 20 min at 37 °C. Surface-
bound 125I-labeled ricin was removed by incubating the 
cells with 0.1 M lactose in HEPES-buffered medium for 
5 min and washing three times with the same solution. The 
125I-labeled ricin was then chased in the presence of inhibi-
tors for 2 h at 37 °C in 1 mM lactose in HEPES-buffered 
medium to prevent further uptake of the toxin. To determine 
the amount of degraded and recycled 125I-labeled ricin, the 
medium was collected and proteins were precipitated with a 

final concentration of 4% TCA and 0.4 mg/ml bovine serum 
albumin (BSA) and pelleted. The supernatant contains 125I 
released from cells after 125I-labeled ricin degradation, 
whereas the pellet contains recycled 125I-labeled ricin. To 
determine the amount of cell-associated 125I-ricin, cells were 
dissolved in 0.1 M KOH. The amount of 125I in the superna-
tant, pellet and cells was measured by gamma-counting and 
divided by the total count to give the amount of degradation, 
recycling and cell association, respectively.

Immunofluorescence and live cell imaging

Microscopes

Images were acquired using Zeiss LSM 780 or LSM 880 
laser scanning confocal microscopes equipped with an 
Ar-Laser Multiline (458/488/514  nm), a DPSS-561 10 
(561  nm), a Laser diode 405–30 CW (405  nm), and a 
HeNe-laser (633 nm); the objective used was Zeiss plan-
Apochromat 63x/1.40 Oil DIC M27 (all from Carl Zeiss 
MicroImaging GmbH).

Endosome size analysis

RPE-GFP-WDFY2 cells were seeded onto coverslips 
immersed in growth media-filled wells. Next day, the cells 
were washed once with warm HEPES buffered medium 
and incubated with indicated inhibitors in HEPES buff-
ered medium for 1 h at 37 °C. The cells were fixed in 4% 
formaldehyde/PBS solution for 20 min at room tempera-
ture. Finally, the coverslips were washed 3 times in PBS, 
rinsed with water and mounted to microscope slides using 
ProLong™ Diamond antifade mountant (ThermoFisher 
Scientific). Images were acquired using Zeiss LSM 780 
or LSM 880 microscopes with pixel size 0.071 µm and a 
pinhole of 50 µm. The focus was set to the plane with the 
majority of the large WDFY2-positive endosomes. Image 
pre-processing was performed using Fiji software [23]. The 
background was subtracted using rolling ball with the size 
50 and then images were exported to HDF5 format using 
the Ilastik plugin. Endosome size was analyzed using Ilastik 
software [24] using the pipeline for the pixel classification 
followed by object classification (Fig. 6d). The training was 
performed using 1–2 images from each condition. First, the 
software was trained to classify pixels based on GFP sig-
nal: negative (background), GFP-positive or lumen (within 
the lumen of large endosomes). Then, GFP-positive pixels 
were further classified into different objects: small, medium, 
large/cluster and giant/cluster. This classification failed to 
discriminate between large endosomes and the clusters, thus 
it was used only for quantifying small endosomes (GFP-
positive structures without lumen). To quantify medium 
and large endosomes (with visible lumen), pixels classified 
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as luminal in the pixel classification step were used for the 
object classification. The luminal pixels were separated into 
three object classes: medium, large and giant. Finally, to 
quantify cell-covered area in each image, a separate pixel 
classification was performed on the same images and the 
pixels were classified as positive (cells; included both 
strong WDFY2-GFP staining on the endosomes and the 
weak WDFY2-GFP staining in the cytosol) or negative for 
WDFY2-GFP signal.

Tubule length analysis

RPE-GFP-WDFY2 cells were grown and treated with the 
inhibitors as described in the section “Endosome size analy-
sis”. To preserve tubules during cell fixation, 16% formalde-
hyde (18814, Polysciences) was warmed to 37 °C and added 
drop-wise directly to the cell medium to a final concentration 
of 4%. The cells were then fixed for 20 min at room tempera-
ture, washed three times with PBS and the coverslips were 
mounted to microscope slides using ProLong™ Diamond 
antifade mountant. The images were acquired using similar 
settings as for the “Endosome size analysis”, but using 3D 
scanning with the step size of 0.37 µm. Images of the maxi-
mum intensity projections from the 3D scans were used to 
analyze the number and length of the tubules in the cells. 
The number of the tubules per cell and the length of the 
tubules were quantified by manually marking and measuring 
all the visible tubules using Fiji software [23]. For the cells 
that had no visible tubular structures, a value of “0” was 
added to the measured tubule length. Because it was difficult 
to distinguish between short tubules and small elongated 
endosomes, only tubules of at least 0.7 µm lengths (called 
long tubular structures) were included in the counting for 
mean length and number of long tubules per cell.

Live cell imaging

RPE-GFP-WDFY2 cells were seeded into glass-bottom 
microwell dishes (MatTek Corporation). Next day, the cells 
were washed twice with FluoroBrite™ DMEM medium 
(Gibco™, Thermo Fisher Scientific) and incubated with 
indicated inhibitors prepared in FluoroBrite™ DMEM 
medium. The imaging was started after 1 h and continued 
for up to 30 min. The images were acquired with a Zeiss 
LSM 880 microscope using Airyscan detector in a fast scan-
ning mode. The images were taken each 2 s for 2 min and 
processed using ZEN 2.3 Blue software (Carl Zeiss).

Immuno staining

For toxin transport to the Golgi and endosome size based on 
EAA1 staining, U-2 OS or HEp-2 cells grown on coverslips 
were treated as indicated in figure legends and subsequently 

fixed in 4% formaldehyde/PBS for 20 min at room tempera-
ture, followed by permeabilization in 0.1% Triton X-100 for 
5 min and blocking in 5% FBS in PBS for 30 min. The sam-
ples were labeled with primary antibodies in 5% FBS for 1 h 
and with secondary antibodies in 5% FBS for 30 min, with 
3 × 5 min wash in PBS after each antibody labeling. Then 
the coverslips were rinsed with water and mounted to micro-
scope slides using ProLong™ Gold or ProLong™ Diamond 
antifade mountant with DAPI (ThermoFisher Scientific). 
Images were acquired using a Zeiss LSM 780 microscope 
with pixel size 0.071 µm and the pinhole of 50 µm. Individ-
ual cells were manually marked in the images and the toxin 
labeling intensity within the Golgin-97-positive structures 
was analyzed using Fiji software [23]. To determine the size 
of EEA1-positive structures, individual cells were marked 
and the endosome area was measured using the particle ana-
lyzer in the Fiji software [23].

For analyzing ricin transport via the endosomal system, 
RPE-GFP-WDFY2 cells were grown and treated with the 
inhibitors as described in “Endosome size analysis”. Ricin-
Alexa555 was then added to the cell medium (final conc. 
1 µg/ml). After 20 min, lactose solution was added to the 
cell medium (final conc. 0.1 M) to remove surface exposed 
ricin-Alexa555. After 10 min, the cells were fixed by adding 
16% paraformaldehyde (37 °C) directly to the cell medium 
(final conc. 4%) and incubated for 20 min at room temper-
ature. The cells were washed 3-times with PBS and then 
permeabilized and blocked using 0.05% saponin/5% FBS 
in PBS (blocking solution) for 20 min at room temperature. 
The antibodies were prepared in blocking solution, and the 
samples were labeled with primary antibodies for 1 h and 
with the secondary antibodies for 30 min, with 3 × 5 min 
wash in 0.05% saponin in PBS after each antibody labeling. 
Then the coverslips were rinsed with water and mounted 
to microscope slides using ProLong™ Diamond antifade 
mountant. Images were acquired with a Zeiss LSM 880 
microscope using Airyscan detector with a voxel size of 
0.035 × 0.035 × 0.16 µm for high resolution imaging and 
super-resolution processing. Image acquisition, processing 
and analysis were performed with ZEN 2.3 Blue software 
(Carl Zeiss MicroImaging GmbH), while 3D visualization of 
z-stacks was done using Imaris 9.2.1 (Bitplane AG).

Western blot

HEp-2 cells were seeded at a concentration of 2.5 × 105 
cells/well in 6 well plates one day prior to the experiment. 
The cells were washed and serum-starved in sulfate-free 
medium for 2 h at 37 °C to mimic the conditions of the 
sulfation experiments. Inhibitors were added and the incu-
bation continued for 1 h at 37 °C. The cells were washed 
in TBS (20 mM Tris, 150 mM NaCl, pH 7.6) and lysed 
in lysis buffer supplemented with PhosStop (04906837001, 
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Roche Diagnostics). Cleared lysates were mixed with Lae-
mmli sample buffer supplemented with 100 mM M DTT and 
boiled for 5 min, before proteins were separated by SDS-
PAGE. Proteins were transferred onto a low-fluorescent 
PVDF membrane that was subsequently blocked in 5% skim 
milk in TBS for 40–60 min. The membrane was washed in 
0.1% TBS-Tween (TBST), cut and incubated with primary 
antibodies in 5% BSA in TBST overnight at 4 °C. The mem-
brane was washed and incubated with secondary antibod-
ies in 5% BSA in TBST for 1 h in the dark. After washing 
and drying, proteins were visualized by scanning the mem-
brane on an Odyssey imaging system (LICOR Biosciences, 
GmbH). Band intensities were quantified using the Quantity 
One 1-D Analysis Software (Bio-Rad Laboratories Inc.).

Mass spectrometry lipidomics

Sample preparation

HEp-2 cells were seeded at a concentration of 1.2 × 106 in 
10 cm dishes one day prior to experiments. The cells were 
washed with HEPES-buffered medium and incubated with 
inhibitors for 1 or 3 h at 37 °C. The cells were then washed 
with Dulbecco’s PBS without  Ca2+ and  Mg2+ (14190094, 
Thermo Fisher Scientific) and detached with Accutase 
(A6964, Sigma-Aldrich) at 4 °C. The cells were washed 
twice in PBS and counted using a Countess II Automated 
Cell Counter (Thermo Fisher Scientific). The cell concentra-
tion was adjusted to a final concentration of 1.5 × 106 cells/
ml and samples were stored at -80 °C until shipment to Lipo-
type GmbH for analysis using mass spectrometry (MS).

Lipid extraction for MS lipidomics

MS-based lipid analysis was performed by Lipotype 
GmbH (Dresden, Germany) as described [25]. Lipids were 
extracted using a two-step chloroform/methanol procedure 
[26]. Samples were spiked with internal lipid standard mix-
ture containing: cardiolipin 16:1/15:0/15:0/15:0 (CL), cer-
amide 18:1;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), 
hexosylceramide 18:1;2, 12:0 (HexCer), lyso-phosphatidate 
17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-
phosphatidylethanolamine 17:1 (LPE), lyso-phosphatidyl-
glycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), 
lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 
(PA), phosphatidylcholine 17:0/17:0 (PC), phosphatidyle-
thanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 
(PG), phosphatidylinositol 16:0/16:0 (PI), phosphatidylser-
ine 17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingo-
myelin 18:1;2/12:0;0 (SM), triacylglycerol 17:0/17:0/17:0 
(TAG). After extraction, the organic phase was transferred to 
an infusion plate and dried in a speed vacuum concentrator. 
1st step dry extract was re-suspended in 7.5 mM ammonium 

acetate in chloroform/methanol/propanol (1:2:4, v:v:v) and 
2nd step dry extract in 33% ethanol solution of methylamine 
in chloroform/methanol (0.003:5:1; v:v:v). All liquid han-
dling steps were performed using Hamilton Robotics STAR-
let robotic platform with the Anti Droplet Control feature for 
organic solvents pipetting.

MS data acquisition

Samples were analyzed by direct infusion of a QExactive 
mass spectrometer (Thermo Fisher Scientific) equipped 
with a TriVersa NanoMate ion source (Advion Biosciences). 
Samples were analyzed in both positive and negative ion 
modes with a resolution of Rm/z=200 = 28,000 for MS and 
Rm/z=200 = 17,500 for MSMS experiments, in a single acqui-
sition. MSMS was triggered by an inclusion list encompass-
ing corresponding MS mass ranges scanned in 1 Da incre-
ments [27]. Both MS and MSMS data were combined to 
monitor CE, DAG and TAG ions as ammonium adducts; 
PC, PC-O (ether-linked PC; alkyl or alkenyl), as acetate 
adducts; and CL, PA, PE, PE-O (ether-linked PE; alkyl or 
alkenyl), PG, PI and PS as deprotonated anions. MS only 
was used to monitor LPA, LPE, LPE-O, LPI and LPS as 
deprotonated anions; Cer, HexCer, SM, LPC and LPC-O as 
acetate adducts.

Data analysis and post‑processing

Data were analyzed with in-house developed lipid iden-
tification software based on LipidXplorer [28, 29]. Data 
post-processing and normalization were performed using 
an in-house developed data management system. Only lipid 
identifications with a signal-to-noise ratio > 5, and a signal 
intensity fivefold higher than in corresponding blank sam-
ples were considered for further data analysis. The acquired 
data was then post-processed to remove minor species and 
possible miss-detections based on these criteria: (1) keep 
only species that are above 0 in at least 9 samples and are 
above 0 in both biological replicates in at least 2 conditions; 
(2) remove all species in the whole sample if there is a clear 
misdetection (completely different species distribution com-
pared to the rest of the samples). The remaining lipid values 
were used for figure plotting and further data quantification. 
Glycerolipid species are listed with the fatty acyl groups 
separated with a hyphen as the sn-position of the fatty acids 
was not identified.

Statistical data analysis

The differences between means for two groups were deter-
mined using two-tailed Student’s t-test. The level of sig-
nificance was set as follows: *p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.005 compared to control unless otherwise stated.
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Results

Inhibition of DGK and PLD increases retrograde 
transport to the Golgi

To modulate the DAG and PA levels in the cells, we 
have used the DGK inhibitors R59022 (RI) and R59949 
(RII) and the PLD inhibitors CAY10593 (CAY93) and 
CAY10594 (CAY94) (Fig.  1a). These inhibitors have 
been reported to have different selectivities for DGK and 
PLD isoforms. Both DGK inhibitors strongly inhibit the 
DGKα isoform; RI moderately inhibits DGKε and DGKθ, 
whereas RII strongly inhibits DGKγ and moderately inhib-
its DGKδ and DGKκ [30]. CAY93 primarily inhibits 
PLD1, whereas CAY94 primarily inhibits PLD2 [31]. To 
determine the effect of DAG and PA modulation on trans-
port to the Golgi apparatus, we have taken advantage of 
the sulfation process that occurs specifically in the trans-
Golgi network (TGN). Using modified protein toxins con-
taining sulfation sites that can be labeled with radioactive 
sulfate, we can monitor retrograde transport to the Golgi. 
Treatment with both DGK and PLD inhibitors strongly 
increased sulfation of ricin-sulf1 (Fig. 1b) in HEp-2 cells, 
suggesting that retrograde transport is increased when 
DAG and PA levels are altered. Combination of the DGK 
and PLD inhibitors gave an additive effect, indicating that 
DGK and PLD inhibition may increase transport by differ-
ent mechanisms. The inhibitors did not affect the sulfation 
process per se, as total protein sulfation was not affected. 
Since RI and CAY94 had a tendency for higher effect on 
ricin sulfation compared to RII and CAY93, respectively, 
we decided to focus on the DGK inhibitor RI and the PLD 
inhibitor CAY94 for the rest of the study.

Next, by measuring ricin sulfation at different time 
points ranging from 30 to 90 min, we investigated how the 
inhibitors affect the kinetics of the retrograde transport of 
ricin. We found that ricin was more rapidly transported to 
the Golgi after both DGK and PLD inhibition, and detect-
able levels of sulfated toxin could be seen already after 
45 min in inhibitor-treated cells, whereas only faint bands 
were visible after 60 min in control-treated cells (Fig. 1c). 
Stronger band intensities also indicate that more ricin was 
able to reach the Golgi after DGK and PLD inhibition. The 
increase in retrograde transport of ricin is not restricted 
to HEp-2 cells, as we also saw a similar, although lower, 
increase in ricin sulfation after DGK and PLD inhibition 
in Caco-2, PC-3 and U-2 OS cells (Fig. 1d).

To visualize ricin transport to the Golgi, cells were 
treated with a 30 min ricin-sulf1-pulse and chased for 
60 min in the presence of 1 mM lactose to prevent reuptake 
of recycled toxin. We then looked at ricin colocalization 
with the TGN marker Golgin-97 by immunofluorescence 

confocal microscopy. As the Golgi morphology is highly 
variable in HEp-2 cells, we used U2-OS cells for this 
assay. After ricin-sulf1 pulse-chase, we could see a clear 
perinuclear staining partially overlapping with the TGN 
marker (Fig. 1e), and quantification of the ricin intensity/
area in the TGN (Golgin-97 positive structures) showed 
an increase after inhibitor treatment, in agreement with 
the sulfation data.

To further support the notion that retrograde transport 
of ricin is increased after DGK and PLD inhibition, we 
measured ricin transport to the ER and into the cytosol. ER 
transport was measured using a modified ricin molecule 
containing both sulfation and glycosylation sites (ricin-
sulf2). N-linked glycosylation occurs in the ER and controls 
proper folding of proteins, and in the presence of radioactive 
mannose, ricin-sulf2 will be radioactively labeled when it 
reaches the ER. As shown in Fig. S1a, ricin mannosylation 
was increased after treatment with DGK and PLD inhibitors, 
corroborating the idea that retrograde transport is increased. 
Since ricin-sulf2 also contains a sulfation site, this molecule 
can be used to investigate transport from the Golgi to the 
ER when incubated in the presence of radioactive sulfate. 
Ricin-sulf2 will then be radioactively labeled in the Golgi 
and upon reaching the ER, glycosylation will increase the 
size of ricin-sulf2 which can be visualized by autoradiog-
raphy. Comparison of the intensity of the two ricin-sulf2 
bands shows that DGK and PLD inhibition has no effect on 
transport between the Golgi and the ER (Fig. S1b). Ricin 
exerts its toxic action by removing an adenine from the 60S 
ribosomal subunit, thereby preventing protein synthesis. We 
found that in the presence of DGK and PLD inhibitors, less 
ricin is needed to inhibit protein synthesis, resulting in a 
two-fold sensitization towards ricin (Fig. S1c,d). Overall, 
these experiments clearly show that DGK and PLD inhibi-
tion significantly increase the retrograde transport of ricin 
to the Golgi, the ER and the cytosol.

The increase in retrograde transport can be caused by 
a change in endosomal sorting or by increased internali-
zation, and we therefore measured the endocytic uptake 
after DGK and PLD inhibition using 125I-labelled ricin. As 
shown in Fig. 2a, equal amounts of ricin were internalized, 
suggesting that DGK and PLD inhibition increases retro-
grade transport by altering endosomal sorting. We next 
investigated if sorting into the degradative and recycling 
pathways was also affected by DGK and PLD inhibition. 
We treated cells with a 20 min pulse of 125I-labelled ricin, 
followed by a 2 h chase in medium containing lactose to 
prevent reuptake of ricin and determined the amount of 
cell-associated, recycled and degraded ricin. There were 
no significant changes in ricin degradation or recycling 
after DGK or PLD inhibition (Fig. 2b). Thus, DGK and 
PLD inhibition seems to increase the endosomal sorting 
of ricin into the Golgi without affecting the recycling or 
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degradation of the toxin. We have previously shown that 
transport of ricin to the Golgi apparatus is dependent 
on Vps34 and formation of PI3P [32]. Thus, we tested 
whether the Vps34 inhibitor SAR405 could prevent RI- 
and CAY94-induced increase in ricin transport (Fig. S2). 
Indeed, SAR405 gave a significant reduction in ricin sulfa-
tion when added in combination with RI or CAY94, indi-
cating that the inhibitor-mediated increase in ricin sulfa-
tion is dependent on Vps34 activity.

Next, we investigated if the increase in retrograde trans-
port is specific for ricin or if other retrograde cargos are 
similarly affected. To this end, we studied the Golgi trans-
port of the bacterial toxin Shiga toxin. Shiga toxin binds 
to the glycosphingolipid Gb3 on the cell surface and is 
also transported retrogradely from endosomes to the Golgi 
and the ER [11, 13]. We used a modified Shiga toxin mol-
ecule containing sulfation sites (StxB-sulf2) to investigate 
transport to the Golgi and measured sulfation in a similar 
manner as described above for ricin. We found that treat-
ment with RI gave a clear increase in StxB-sulf2 sulfation, 
whereas treatment with CAY94 had a variable effect. In 
most experiments, CAY94 increased StxB-sulf2 sulfation, 
but generally had less effect than the DGK inhibitor (Fig. 
S3a). Colocalization studies between a non-toxic version 
of Shiga toxin (Stx1m) and the TGN marker Golgin-97 
showed a similar trend of increased transport, without 
reaching statistical significance (Fig. S3b,c). These data 
suggest that the increase in retrograde transport mediated 
by DGK and PLD inhibitors is not restricted to ricin, but 
that not all pathways are changed to the same extent.

Changes in the lipidome following inhibition of DGK 
and PLD

Inhibition of DGK is expected to increase DAG levels 
while decreasing PA levels, whereas PLD inhibition can be 
expected to decrease PA and perhaps also DAG (Fig. 1a). 
To test whether this was indeed the case, we treated cells 
with inhibitors for 1 or 3 h and measured the changes in the 
cellular lipidome by MS lipidomics. As expected, after both 
1 and 3 h, the DGK inhibitor RI gave a weak, but consistent, 
increase in DAG levels without affecting any of the other 
lipid classes measured (Fig. 3 and Supplementary material 
2). The PLD inhibitor CAY94, however, gave a surprising 
transient increase in PA that was reversed after 3 h and a 
persistent increase in DAG and PG (Fig. 3 and Supplemen-
tary material 2). The inhibitors increased the levels of sev-
eral DAG, PA and PG lipid species, with the most promi-
nent effect on 16:0–18:1 (Fig. 4). DAG 16:0–16:0 was also 
increased after 1 h treatment with the PLD inhibitor and PA 
was increased after 1 h treatment with the PLD inhibitor. 
The DAG, PA and PG species that were most affected by 
inhibitor treatment share the same fatty acyl composition as 
the most abundant PC species. There were no major changes 
in the 18:0–20:4 species of DAG, PA and PG, which is the 
most abundant PI species, suggesting that PC is the source 
of the increased DAG, PA and PG levels (Fig. 4).

It should be noted that after 3 h of inhibitor treatment, 
one of the major DAG species, 16:0–16:0, is completely lost 
from control and RI-treated samples. During inhibitor treat-
ment, cells are serum-starved. Our preliminary data show 
that incubations in the absence of serum reduced the cellular 
DAG levels in a time-dependent manner and that 1 h and 3 h 
in the absence of serum gave similar DAG levels as found 
in the cells treated with DMSO for 1 and 3 h (Fig. 3 and 
Supplementary material 2 and 3). Interestingly, treatment 
with the PLD inhibitor CAY94 gave similar DAG levels as 
in cells grown in complete medium. The DAG species most 
affected by removal of serum were 16:0–16:0 and 16:0–18:1 
(Supplementary material 3), the same species that were most 
changed by CAY94 treatment (Fig. 4).

The effects of different PLD inhibitors on PLD 
activity and ricin transport

Given the surprising effects of the PLD inhibitor on the cel-
lular PA level, we wanted to verify that the inhibitor actu-
ally inhibits PLD activity. To this end, we used a modified 
version of the recently described IMPACT (Imaging Phos-
pholipase D Activity with Clickable alcohols via Transpho-
sphatidylation) method to measure PLD activity in living 
cells [33]. Basal PLD activity depends both on PLD1 and 
PLD2, while phorbol ester PMA stimulates mainly PLD1 
[33]. We tested the inhibitor efficiency on both basal and 

Fig. 1  Ricin transport to the Golgi is strongly increased upon DGK 
and PLD inhibitor treatment. a Schematic presentation of the effect of 
DGK and PLD inhibitors on DAG and PA metabolism. b HEp-2 cells 
were subjected to sulfation assay with ricin-sulf1 (RS1) after treat-
ment with the 10 µM of the indicated inhibitors for 1 h. The upper 
figure shows an autoradiogram and the western blot against ricin 
for the same membrane from one representative experiment and the 
lower figure shows the quantification of RS1 sulfation expressed as 
percent of control, n ≥ 3. c RS1 sulfation was measured as described 
above after treatment with RS1 for the indicated time points. The 
upper figure shows an autoradiogram from one representative experi-
ment and the lower figure shows the quantification of RS1 sulfation, 
n = 3. d RS1 sulfation was measured as described above in CaCo-
2, PC-3 and U-2 OS cells, n = 3. e U-2 OS cells were treated with 
10 µM of the indicated inhibitors for 1 h, followed by a 30 min pulse 
with 4 µg/ml RS1 and a 1 h chase. Cells were fixed, permeabilized, 
stained with antibodies against ricin (red) and Golgin97 (green) 
and mounted in ProLong Diamond with DAPI (blue). Left: Repre-
sentative confocal images; scale bar, 10 µm. Right: To quantify RS1 
transport to the Golgi, at least 29 individual cells from 3–6 confocal 
images for each condition were manually marked and analyzed using 
Fiji for each experiment. The upper figure shows the mean intensity 
of ricin in the Golgin97 mask in individual cells from one representa-
tive experiment, the lower figure shows the summary of means from 
three independent experiments

◂
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PMA-stimulated PLD activity and found that at a concentra-
tion of 10 µM, CAY94 inhibited both the basal and PMA-
stimulated PLD activity, indicating that at this concentration, 
CAY94 inhibits both PLD1 and PLD2 (Fig. S4). Thus, the 
increase in PA seen in the lipidomics assay is not due to 
inefficient PLD inhibition. Based on our sulfation data, both 
CAY93 and CAY94 increased ricin transport (Fig. 1b). The 
IC50 values of CAY93 in cells are 11 nM for PLD1 and 
1.8 µM for PLD2, and for CAY94, the IC50 values are 1 µM 
for PLD1 and 110 nM for PLD2 [31]. The 10 µM concen-
tration of CAY93 and CAY94 should therefore inhibit both 

PLD1 and PLD2, while at 1 µM they should be isoform 
specific. In agreement with the reported IC50 values, 1 µM 
CAY93 efficiently blocked PMA-induced PLD activity, but 
had only a slight reduction in basal PLD activity, whereas 
1 µM CAY94 efficiently reduced basal PLD activity and 
had no effect on PMA-induced PLD activity (Fig. S4). At 
1 µM concentrations, CAY93 and CAY94 gave only a slight 
increase (15–40%) in ricin-sulf1 sulfation, suggesting that 
both PLD1 and PLD2 need to be inhibited to strongly stimu-
late ricin transport to the Golgi (Fig. S5). To investigate 
whether PLD1 and PLD2 need to be inhibited, we also tested 
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Fig. 2  DGK and PLD inhibition do not inhibit the endocytosis, deg-
radation or recycling of ricin. HEp-2 cells were treated with 0.1% 
DMSO, 10 µM RI and/or 10 µM CAY94 for 1 h followed by incuba-

tion with 125I-ricin for a 20 min to measure ricin endocytosis, n = 3 or 
b 20 min plus 2 h chase to measure the amount of ricin degradation 
and recycling, n = 3
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Fig. 3  Changes in lipid composition after inhibitor treatment. HEp-2 
cells were treated with 0.1% DMSO, 10  µM RI, 10  µM CAY94 or 
with the combination of the inhibitors for 1 h or 3 h, and whole-cell 
lysates were analyzed by MS. The figure shows the amount of differ-
ent lipid classes in the samples expressed as percentage of the total 
lipid for each sample. The error bars show mean deviation, n = 2. For 

detailed description of the calculations performed on MS data see 
section “Data analysis and post-processing” in the “Materials and 
methods” section and the abbreviations of all lipid classes are given 
under the section “Lipid extraction for MS lipidomics” in the Materi-
als and methods section
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Fig. 4  Species composition of DAG, PA, PG, PC and PI after inhibi-
tor treatment. HEp-2 cells were treated with 0.1% DMSO, 10 µM RI, 
10 µM CAY94 or with the combination of the inhibitors for 1 h (a) 
or 3 h (b), and whole-cell lysates were analyzed by MS. The figure 
shows relative amount of major DAG, PA and PG species and the 
equivalent PC and PI species. The error bars show mean deviation, 

n = 2. For detailed description of the calculations performed on MS 
data see section “Data analysis and post-processing” in the Materi-
als and methods section and the abbreviations of all lipid classes are 
given under the section “Lipid extraction for MS lipidomics” in the 
Materials and methods section
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the dual PLD1 and PLD2 inhibitor FIPI. At 1 µM concentra-
tion, FIPI strongly inhibited both basal and PMA-stimulated 
PLD activity (Fig. S4), in agreement with published IC50 
values in a nanomolar range for both PLD1 and PLD2 [31]. 
In ricin-sulf1 sulfation assays, FIPI gave similar results as 
CAY93 and CAY94 when used at 1 or 10 µM (Fig. S5). 
The CAY inhibitors and FIPI inhibits PLD via binding to 
its HKD domain. We also tested a new PLD inhibitor VU 
0364739 (VU036), which in addition to binding to the HKD 
domain, also interacts with an allosteric site of PLD and has 
IC50 values 1.5 µM for PLD1 and 20 nM for PLD2 in cells 
[34]. At 1 µM concentration, VU036 effectively inhibited 
basal PLD activity but had no effect on PMA-induced PLD 
activity, while at 10 µM concentration, VU036 blocked both 
basal and PMA-induced PLD activity (Fig. S6a,b) which is 
in agreement with the published IC50 values [34]. When 
tested in the ricin sulfation assay, VU036 gave very similar 
results as CAY94, with no or very little effect at 1 µM con-
centration and a high increase in ricin sulfation at 10 µM 
(Fig. S6c).

Several PLD and DGK isoforms are involved 
in regulating ricin transport

Based on The Human Protein Atlas, HeLa cells, which have 
a similar karyotype as HEp-2 cells [35], express four iso-
forms of PLD (PLD1, PLD2, PLD3 and PLD6), and seven 
isoforms of DGK (α, β, δ, ε, ζ, η and θ) [36, 37]. There-
fore, we chose to test the expression levels of three PLD 
isoforms, PLD1, PLD2 and PLD3 (we did not include the 

mitochondrial PLD6), and six DGK isoforms, α, δ, ε, ζ, η 
and θ (we did not include β, which is enhanced in brain tis-
sue [38] and has very low expression in HeLa cells [36]). 
Gene expression was analyzed by qPCR and we found that 
HEp-2 cells have high expression of PLD3 and lower expres-
sion of PLD1 and PLD2 (Fig S7), which is similar to the 
expression pattern of PLDs in HeLa cells. It should be men-
tioned that the primer efficiency for PLD2 was lower than 
for the other primers, leading to higher Cp values and under-
estimation of the expression level. For the DGK expression 
in HEp-2 cells, the highest mRNA level was observed for 
DGKδ (Fig S7), which is similar to HeLa cells. However, the 
expression of some DGK isoforms seems to differ between 
HEp-2 and HeLa cells: DGKθ is one of the abundant DGK 
isoforms in HeLa cells, while it was least expressed of all 
of the analyzed DGKs in HEp-2 cells (Fig. S7). On the con-
trary, we found DGKε to be the second most abundant of 
the six DGK isoforms tested in HEp-2 cells, while in HeLa 
cells, it has lowest expression of the six [36].

Based on the expression pattern of PLD and DGK iso-
forms in HEp-2 cells, we chose to knock down PLD1, PLD2, 
PLD3, DGKα, DGKδ, DGKε, DGKζ and DGKη by siRNA 
for 48 h and then analyzed ricin transport in these cells. 
Knockdown of PLD1 or PLD3 did not have a significant 
effect on ricin sulfation, while knockdown of PLD2 led to 
a significant reduction in the sulfation of ricin (Fig. 5a), 
without affecting its binding or uptake (Fig S8). The knock-
down efficiency was more than 90% for all three siRNAs, 
and the downregulation of one isoform also affected the 
mRNA levels of other isoforms but to a lower extent than 
the targeted isoform (Fig. 5b). Since our inhibitor data 
indicated that more than one PLD needs to be inhibited to 
increase ricin transport to the Golgi, we also tested double 
and triple knockdown of the PLDs. Similar to knockdown of 
PLD2 only, combined knockdown of PLD1 and PLD2 gave 
a significant reduction in ricin transport, while combined 
knockdown of PLD1 and PLD3 led to varying increase in 
ricin sulfation (Fig. 5c). Importantly, the increase in ricin 
sulfation after the double knockdown of PLD1 and PLD3 
correlates with the knockdown efficiency of PLD1 and 
PLD3: higher knockdown efficiency of PLD1 and PLD3 
led to higher increase in ricin sulfation (Fig. 5d,e), which, 
together with the lack of effect on ricin sulfation after single 
knockdown of PLDs, shows that both of these enzymes need 
to be efficiently knocked down to increase ricin transport to 
the Golgi.

The single knockdown of all tested DGK isoforms had 
a significant effect on ricin sulfation: the knockdown of 
DGKα, DGKδ and DGKε gave an increase in ricin sulfa-
tion, while the knockdown of DGKζ and DGKη led to a 
reduction in ricin sulfation (Fig. 6a). The knockdown of 
DGKα also gave a significant reduction in total protein sul-
fation (Fig. 6a) and also led to increased expression of all 

Fig. 5  Ricin transport to the Golgi after knockdown of different 
PLD isoforms. a, b HEp-2 cells were transfected with 10 nM siRNA 
against PLD1, PLD2 o PLD3, or with 10 nM control siRNA for 48 h 
and they were then subjected to sulfation assay with RS1 or analyzed 
for mRNA levels using qPCR. a The upper figure shows an autora-
diogram from one representative experiment, and the lower figure 
shows the quantification of RS1 sulfation and total protein sulfation 
expressed as percent of control (n = 3). b mRNA levels of different 
PLD isoforms normalized to reference gene (TBP) and expressed 
as percent of control. Red color indicates the isoform which was 
targeted by the siRNA used in the sample. c–e HEp-2 cells were 
transfected with combination of either two siRNAs against PLD1, 
PLD2 o PLD3 or all three siRNAs (10 nM each), or with 20 nM or 
30 nM control siRNA for 48 h and they were then subjected to sul-
fation assay with RS1 or analyzed for mRNA levels using qPCR. c 
The upper figure shows an autoradiogram from one experiment, and 
the lower figure shows the quantification of RS1 sulfation and total 
protein sulfation expressed as percent of control (n = 3 for double 
knockdown and n = 2 for triple knockdown). d mRNA levels of differ-
ent PLD isoforms normalized to reference gene (TBP) and expressed 
as percent of control. Red color indicates the isoforms which were 
targeted by the siRNAs used in the sample. e The figure shows the 
dependence between mRNA levels for PLD1 and PLD3 and RS1 
sulfation in the cells treated with the combination of siRNA against 
PLD1 and PLD3. As shown, the best knockdown of PLD1 and PLD3 
gives the highest RS1 sulfation
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other isoforms of the DGKs (Fig. 6b), making it difficult 
to say whether DGKα has a direct effect on ricin transport. 
Since DGKα and DGKε are the main targeted isoforms by 

RI [30], we also tested whether combined knockdown of the 
two could lead to an even higher increase in ricin transport 
to the Golgi. However, the combined knockdown of DGKα 
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(DGKH), DGKζ (DGKZ) or with 10 nM control siRNA for 48 h and 
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mRNA levels using qPCR. a The upper figure shows an autoradio-
gram from one experiment, and the lower figure shows the quantifica-
tion of RS1 sulfation and total protein sulfation expressed as percent 
of control (n = 3; except for DGKA: n = 5). b mRNA levels of differ-
ent DGK isoforms normalized to reference gene (TBP) and expressed 
as percent of control. Red color indicates the isoform which was tar-
geted by the siRNA used in the sample. c–e HEp-2 cells were trans-
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and DGKε did not give significantly higher increase in ricin 
sulfation than the knockdown of DGKε alone (Fig. 6c).

The DAG effectors PKC and PKD are not involved 
in upregulating retrograde transport after DGK 
and PLD inhibition

Both the DGK and the PLD inhibitor resulted in increased 
DAG levels, and thus we next investigated whether mem-
brane recruitment of DAG-binding proteins could play a role 
in increasing sorting into the retrograde pathway. PKC is the 
most characterized DAG-binding protein and it has previ-
ously been shown that downregulation of PKCδ strongly 
reduced the retrograde transport of Shiga toxin [39]. PKD, 
another DAG-binding protein, has been shown to be essen-
tial in the secretory pathway, where it activates PI4K in the 
Golgi apparatus and contributes to the generation of cell 

surface specific transport carriers [2, 40]. Activation of PKD 
was tested by Western blotting using an antibody that detects 
proteins containing phosphorylated Ser/Thr at the PKD con-
sensus sequence. Treatment with the DGK inhibitor gave 
an increase in phosphorylated proteins (Fig. 7a), suggesting 
an increase in PKD membrane translocation and activity, in 
agreement with the increase in DAG seen in the lipidomics 
assay. Although treatment with the PLD inhibitor gave a 
stronger relative increase in DAG levels, it gave only a small 
increase in phosphorylated PKD substrates (Fig. 7a). PKC 
can act as an upstream activator of PKD [41] and treatment 
with the PKC inhibitors bisindolylmaleimide I (BIM) and 
sotrastaurin (Sotra) strongly inhibited the RI-induced phos-
phorylation of PKD substrates (Fig. 7a). To check whether 
PKC activity was important for the increased retrograde 
transport of ricin after DGK or PLD inhibition, we measured 
ricin-sulf1 sulfation after treatment with RI or CAY94 in 
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the presence or absence of PKC inhibitors. The PKC inhibi-
tors did not affect the increase in ricin-sulf1 sulfation after 
DGK or PLD inhibition (Fig. 7b,c), indicating that it is not 
caused by increased PKC activity. Since the PKC inhibitors 
also prevented RI-mediated PKD activation, we reason that 
the DAG effectors PKC and PKD are dispensable for the 
up-regulation of ricin-sulf1-sulfation after DGK- and PLD 
inhibition.

DGK and PLD inhibitors alter the morphology 
of endosomes

By altering the DAG levels, the inhibitors may also change 
the biophysical properties of the membrane, and a local 
increase in the concentration of DAG has been shown to 
affect both fission- and fusion processes [2, 42]. We there-
fore studied how treatment with the DGK and PLD inhibitors 
affect endosomal morphology. HEp-2 cells were treated with 
inhibitors and stained with antibodies against the endoso-
mal marker EEA1 and investigated by immunofluorescence 
confocal microscopy. Both RI and CAY94 gave a significant 
increase in the size of EEA1-positive structures, and we also 
noticed a more irregular shape of the endosomes (Fig. 8a,b).

To investigate whether inhibitors affect biophysical prop-
erties of endosomal membranes, we used an environment-
sensitive probe NR12S, which has been proven useful in 
analyzing plasma membrane order in living cells [43, 44]. 
Recently, the NR12S probe has also been employed to probe 
the membrane packing in the endocytic recycling compart-
ment, as it is taken up by non-selective endocytosis and 
delivered to the endocytic recycling compartment [45]. Thus 
we employed NR12S to analyze whether PLD or DGK inhi-
bition affects membrane packing in the endosomes. HEp-2 
cells were incubated with Alexa647-labeled transferrin to 
mark early and recycling endosomes and then stained with 
the NR12S probe and imaged using a Zeiss LSM 780 confo-
cal microscope (Fig. S9a). The mean generalized polariza-
tion (GP) value was quantified within the plasma membrane 

and endosome (transferrin-positive) mask as described in the 
Supplementary material 1. The GP value in the transferrin-
positive endosomes was higher than the GP value in the 
plasma membrane (Fig. S9b), indicating higher lipid pack-
ing in the endosome membrane, which is in agreement with 
results in [45]. Since the NR12S probe has a slow flipping 
rate across the bilayer [43], it should mainly be localized at 
the outer leaflet of the plasma membrane and the luminal 
leaflet of the endosomes in the time frame of the experiment. 
As shown, inhibitor treatment did not affect the GP value at 
the plasma membrane (at least at the outer leaflet, which is 
probed by NR12S), but there seemed to be an increase in the 
GP value at the endosomes after PLD inhibition (Fig. S9b) 
possibly mediated via interaction of the two leaflets of the 
membrane and/or flipping of lipids, such as DAG, from the 
cytosolic to the luminal side of the endosomal membrane. 
The absolute value of GP depends on the imaging settings 
and cannot be compared between individual experiments 
without calibration; therefore we calculated the difference 
between the GP value at the endosomes and the GP value 
at the plasma membrane for each cell (delta GP). The delt-
aGP values represent the difference in membrane packing 
between the plasma membrane and the endosomes, and can 
be used to combine data from individual experiments. Using 
this approach, we saw a significant increase in deltaGP in the 
PLD inhibitor treated cells, but no significant change after 
DGK inhibitor treatment (Fig. S9c).

To study the endosomal morphology in more detail, we 
used an RPE1 cell line stably expressing GFP-WDFY2. 
WDFY2, which interacts with VAMP3, was recently 
described as an endosomal protein localizing to endosomal 
tubules and found to regulate endosomal sorting [22]. Under 
conditions of mild overexpression, WDFY2 also labels 
the limiting membrane of the endosome, allowing us to 
study endosomal morphology. After treatment with RI and 
CAY94, we saw an increase in endosome size and clustering 
(Fig. 8c). To quantify this increase, Ilastik software [24] was 
used for automated pixel and object classification, allowing 
us to quantify the number of small, medium, large/clustered 
and giant/clustered endosomes, as shown in Fig. 8d. The 
number of small endosomes was similar in control- and 
CAY94-treated cells, but was reduced after RI treatment 
(Fig. 8e), whereas the number of endosomes with visible 
lumens was strongly increased after both RI and CAY94 
treatment (Fig. 8e). The distribution of medium, large and 
giant endosomes within the subpopulation of endosomes 
with visible lumens was also changed after RI and CAY94 
treatment. CAY94-treatment gave a larger proportion of 
giant endosomes than RI and control treatment, whereas 
both RI and CAY94-treatment increased the proportion 
of large endosomes (Fig. 8f). Interestingly, cells treated 
with the combination of RI and CAY94 seem to have the 
combination of the morphological changes induced by the 

Fig. 8  Treatment with DGK and PLD inhibitors alters endosome 
morphology. a, b HEp-2 cells were treated with 10 µM RI or 10 µM 
CAY94 for 1 h and stained with antibodies against EEA1. a Repre-
sentative images of EEA1-positive endosomes in fixed cells from 
confocal microscopy; scale bar, 10 µm. b Quantification of endosome 
size from three independent experiments. c–f RPE GFP-WDFY2 cells 
were treated with 10 µM RI, 10 µM CAY94 or with a combination 
of 10  µM RI and 10  µM CAY94 for 1  h. c Representative images 
of GFP-WDFY2 positive endosomes in fixed cells from confocal 
microscopy; scale bar, 10 µm. d The pipeline used for image analysis. 
e The number of small endosomes (classified as small in the object 
classification of GFP-positive pixels) and the number of endosomes 
with detected lumen (total number of objects in the object classifica-
tion of luminal pixels) per cell area. f Distribution of medium, large 
and giant endosomes within the subpopulation of endosomes with 
detected lumen; mean values ± STD, n = 5 for DMSO 0.1%, RI and 
CAY94, n = 2 for DMSO 0.2% and RI + CAY94
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inhibitors individually: many large endosomes that are more 
clustered than in cells treatment with CAY94 alone (Fig. 8c).

To test whether there is a possible link between changes 
in the endosome morphology and the increase in ricin trans-
port, we analyzed WDFY2-positive endosome size in the 
cells treated with two different concentrations (1 µM and 
10 µM) of CAY94 and FIPI. As shown in Fig. S10, at 1 µM 
concentration, PLD inhibitors did neither affect the number 
of endosomes with detected lumen, nor the endosomes size 
distribution, while at 10 µM concentration, both CAY94 and 
FIPI gave a clear increase in the number of endosomes with 
lumen as well as an increase in their size. It seems that the 
changes in the endosomal size correlate with the increase in 
ricin sulfation, as 10 µM is required to give a strong increase 
in the ricin transport (Fig. S10).

Retrograde cargo is sorted towards the Golgi from tubular 
endosomal structures, therefore we also investigated whether 
the inhibitors increased endosomal tubulation. To this end, 
we looked at tubule dynamics by live-cell imaging of RPE 
GFP-WDFY2 cells. Tubulation events were more frequent 
in RI and CAY94-treated cells than in control-treated cells 
and we could observe long tubular carriers being released 
from endosomes travelling through the cytosol (Fig. 9a and 
Supplementary material 4). For quantification, we fixed cells 
and performed 3D scans of the cells to capture all visible 
tubules (Fig. 9b). First, we determined the proportion of 
cells with visible tubular structures by manual inspection. 
After CAY94 treatment, all cells were positive for tubular 
structures, and these cells also had a higher number of long 
tubular structures (> 0.7 µm) and a higher mean length of 
the tubules, while treatment with RI increased only the num-
ber of long tubular structures per cell without affecting the 
mean length (Fig. 9c). The combined treatment of RI and 
CAY94 resembled treatment with CAY94 alone, but induced 

more clustered endosomes and thus slightly shorter tubules 
(Fig. 9c). Treatment with DGK and PLD inhibitors increases 
endosome size and tubulation, but to a different extent and 
lead to different morphology, indicating that these inhibitors 
affect the endosome morphology via different pathways.

Retrograde cargo destined to the Golgi can be segre-
gated into tubular structures by retromer and the SNX-BAR 
complexes [46]. To analyze whether ricin is transported 
via WDFY2-positive endosomes and/or tubules, we treated 
RPE-GFP-WDFY2 cells with the inhibitors and then added 
ricin-Alexa555 prior to cell fixation. The cells were immu-
nolabeled for the retromer component Vps35 and the SNX-
BAR component SNX2 and imaged using fluorescence 
super-resolution imaging. Indeed, we clearly saw ricin 
inside the WDFY2-positive endosomes in control and in 
inhibitor treated cells. In addition, some of the WDFY2-
positive tubules were also positive for ricin, although the 
signal for ricin was always strongest within the endosomal 
lumen (Fig. 10). Interestingly, CAY94 treatment often led 
to endosomes with thick tubular tails positive for WDFY2. 
Based on the 3D reconstruction, these structures look as 
multiple tubular structures extending from the endosome. 
Worth noticing, ricin was often accumulated at the base 
of such thick tubular structures (Fig. 10). Finally, both 
Vps35 and SNX2 decorated WDFY2-positive endosomes 
and tubules and they were often found located at the same 
position or close to the ricin signal within the endosome 
(Fig. 10).

Discussion

One important finding in the present study is that retrograde 
transport from endosomes to the Golgi apparatus of the pro-
tein toxin ricin can be strongly upregulated in HEp-2 cells 
by affecting lipid composition with inhibitors of DGK and 
PLD. A similar regulation of ricin transport was seen also in 
other cell lines, demonstrating that this is a general phenom-
enon. DGK depletion showed that different DGK isoforms 
affect ricin transport differently. Knockdown of the α, δ and 
ε isoforms increased retrograde ricin transport, whereas η 
and ζ knockdown led to a reduction. This is line with the 
results obtained with the DGK inhibitors, which mainly tar-
gets the α isoform. The data obtained with the different PLD 
inhibitors together with the siRNA knockdown of different 
PLD isoforms indicate that it is not sufficient to inhibit a sin-
gle PLD isoform to get the increase in ricin transport. Like 
PLD1 and PLD2, PLD3 also has an HKD domain [8] and 
we speculate that it could potentially be targeted by all of 
the PLD inhibitors used. It is not known yet whether PLD3 
has enzymatic activity, but data based on siRNA knockdown 
of PLD3 indicate that it plays a role in intracellular sorting 
and might have enzymatic activity [9]. However, the IC50 

Fig. 9  Treatment with DGK and PLD inhibitors increases endosome 
tubulation. a RPE GFP-WDFY2 cells were treated with 10  µM RI 
or 10 µM CAY94 for 1 h and imaged each 2  s for 2 min. Example 
still images are shown with zoomed-in time series underneath; the 
arrow heads indicate forming WDFY2-positive tubules; scale bars, 
10  µm (main images) and 2  µm (zoomed-in images). Example vid-
eos are given in Supplementary file 4. b, c RPE GFP-WDFY2 cells 
were treated with 10 µM RI, 10 µM CAY94 or with a combination 
of 10 µM RI and 10 µM CAY94 for 1 h, fixed, mounted and imaged 
using 3D scanning. b Representative maximum intensity projections 
from the 3D scans are shown with zoomed-in example images; the 
arrow heads indicate WDFY2-positive tubules; the star (*) indicates 
clustered tubules (thick WDFY-2 positive tubules) characteristic for 
the CAY94 treated cells. c All visible tubules were measured and 
classified as long if were of at least 0.7 µm. The figures show the per-
centage of cells with visible long tubules, the number of long tubules 
per cell and the mean length of the long tubules. The empty shapes 
show the means for each independent experiment (n = 4 for DMSO 
0.1%, RI and CAY, n = 2 for DMSO 0.2% and RI + CAY94); the box 
plots show pulled data of all independent experiments (at least 25 
cells were analyzed for each condition in each experiment)
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value for PLD3 might be higher than PLD1 or PLD2, thus 
requiring a higher inhibitor concentration.

The combination of inhibitors of DGK and PLD had an 
even stronger effect than either one added alone, suggesting 
that different mechanisms are regulated by interfering with 
these lipid processing enzymes. The transport to the Golgi 
was monitored both by sulfation of genetically modified ricin 
and by immunofluorescence microscopy, and as expected 
the increase in retrograde transport was associated with an 
increased toxicity. Remarkably, the transport from the TGN 
to the ER did not seem to be affected by the inhibitors as the 
fraction of sulfated ricin that was mannosylated in the ER 
was unchanged. Since endocytosis, recycling and degrada-
tion of ricin were essentially unaffected, it seems that there is 
a selective effect on ricin transport between endosomes and 
the Golgi apparatus. We also investigated whether we could 
see a similar regulation on Golgi transport of Shiga toxin 
which binds to the glycosphingolipid Gb3, and interfering 
with DGK did have a significant effect on Golgi transport of 
Shiga toxin (about twofold), whereas there was essentially 
no change in transport after PLD inhibition. Thus, there is 
clearly selectivity in which pathway(s) that are changed. We 
have here chosen to focus on ricin transport not only because 
of the large change upon treatment with the different inhibi-
tors, but also since ricin, in contrast to Shiga toxin, does not 
seem to induce signaling in cells [47]. Shiga toxin, which 
crosslinks glycolipids at the cell surface, is able to induce 
signaling that in itself can change intracellular sorting [47].

There are a number of pathways leading from endosomes 
to the Golgi apparatus, and several factors involved in sort-
ing have been characterized [48, 49]. For many years there 
has been a discussion about whether Golgi transport has 
to go via recycling endosomes or whether it can occur by 
direct transport from early endosomes, and to which extent 
this might be cargo- and cell type- dependent [50]. It has 
previously been reported that two proteins localized to the 
tubular recycling endosomes, EHD1 and EHD3, are involved 
in Shiga transport to the Golgi. These proteins interact 
with the PA-binding protein MICAL-L1, and it has been 
shown that both PLD inhibitors and knockdown of DGKα 
destroy these structures [50, 51]. The strong increase seen in 

Golgi transport of ricin after treatment with DGK and PLD 
inhibitors suggests that ricin does not depend on recycling 
endosomes for retrograde transport, and supports the idea 
that there is a regulation of transport from early endosomes 
[52].

The lipid PI3P, which can be formed by the action of 
the kinase Vps34, is central for recruitment of several pro-
teins to endosomes, including sorting nexins, such as SNX2 
and SNX4. Transport of ricin to the Golgi is reduced after 
inhibition of Vps34 with inhibitors such as wortmannin 
and LY294002, by expression of Vps34 mutants and after 
knockdown of SNX2 and SNX4 [32], but it should be noted 
that in all these cases retrograde transport is not completely 
inhibited, a finding which may be due to the multiple path-
ways which ricin can utilize. Importantly, the upregulated 
transport of ricin after incubation with RI and CAY94 is to a 
large extent also inhibited by blocking PI3 kinase, indicating 
that PI3P is involved also in facilitating the strong increase 
in toxin going to the Golgi.

Since PI3 kinase is important also for upregulated Golgi 
transport, we decided to study cells which express fluores-
cently labeled WDFY2, a PI3P binding protein that was 
recently shown to restrain matrix metalloproteinase secre-
tion in RPE1 cells and to be enriched in actin-stabilized 
endosomal tubules. Such tubules are certainly candidates 
for mediating Golgi transport, since WDFY2 was also 
shown to interact with VAMP3 [22], a v-SNARE that has 
been implicated in Shiga toxin transport to the Golgi [53]. 
By microscopy we could show that the inhibitors of DGK 
and PLD may affect both endosome size and tubulation, and 
ricin was found to be present in endosomal tubules with 
Vps35, a component of the retromer, as well as with SNX2, 
which is involved in Golgi transport of ricin [32].

It has been suggested that actin-stabilization of tubules is 
required for efficient retrieval of slow-diffusing cargo from 
endosomes by allowing sufficient time for cargo accumu-
lation in the tubules before they are pinched off [54]. We 
observed more and longer tubules after inhibitor treatments, 
especially after PLD inhibition, which may give ricin more 
time to enter the tubules. Interestingly, it has been shown 
that cargo destined for the Golgi apparatus accumulate 
in retromer-positive subdomains of the early endosomes, 
whereas recycling cargo labeled the entire limiting mem-
brane. Enrichment to these domains did not affect cargo 
itinerary, but instead increased the rate of endosome exit 
and subsequent delivery to the appropriate destination [55]. 
We observed strong ricin staining at the base of WDFY2 
tubules, which is in agreement with a large fraction of ricin 
being recycled. Ricin was also seen in the WDFY2-positive 
tubules, and since DGK and PLD inhibition increased the 
number of tubules, more ricin is likely to associate with 
retromer endosome subdomains, which may improve trans-
port kinetics. It has been published that ligands destined 

Fig. 10  Ricin is in WDFY2-positive structures in close proxim-
ity to Vps35 and SNX2. RPE GFP-WDFY2 cells were treated with 
10 µM RI or 10 µM CAY94 for 1 h followed by 20 min pulse with 
1 µg/ml ricin-Alexa555. Then, lactose was added (final conc. 0.1 M) 
to remove surface bound ricin-Alexa555 and the cells were fixed, 
permeabilized, stained with antibodies against a Vps35 or b SNX2 
and mounted in ProLong Diamond with DAPI. High resolution 3D 
images were acquired using Zeiss LMS 880 Airyscan microscope. 
Left: Representative 2D images after super-resolution processing; 
scale bar, 10  µm. Middle: Zoom in on endosomal structures; scale 
bar, 1 µm. Right: 3D visualization of the endosomal structures shown 
in the first row for each condition. Colors: green: WDFY2, red: ricin-
Alexa555, blue: Vps35/SNX2, white: DAPI
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for different locations can exit the endosome in the same 
tubule [55], and we cannot exclude that sorting at a later 
stage than tubule formation is also affected. In addition, the 
detailed mechanism for scission of tubules destined for the 
Golgi is still unknown and alterations in lipid composition 
may change scission kinetics and have different impact on 
Golgi-retrieval pathways.

To investigate whether the inhibitors of DGK and PLD 
actually had an effect on the lipid composition of the 
cells, we analyzed the lipidome after similar incubations 
as when we studied toxin transport. It should be noted 
that our lipidomic studies both in earlier articles and as 
here shown, reveal that one cannot necessarily predict 
the changes that occur in cells upon a given treatment. 
We have previously by performing lipidomics discovered 
that lipid synthesis is regulated in ways that have still not 
been characterized. For instance, by adding a precursor 
to plasmalogens, the cells responded by also changing 
synthesis of glycosphingolipids [56]. The data obtained 
here show that whereas the DGK inhibitor RI as expected 
gave a small increase in DAG levels without affecting any 
of the other lipid classes measured, surprising effects on 
the lipidome were obtained when using the PLD inhibitor 
CAY94: DAG was strongly increased after CAY94 treat-
ment, and the PLD product PA, as well as PG, were also 
increased. DAG, PA and PG all had a similar lipid spe-
cies distribution as PC, suggesting that PC is more likely 
than PI to be the source of these lipids. Importantly, both 
inhibitors increased the levels of DAG, which has a coni-
cal shape and thus might promote tubulation. The reason 
for the observed increase in PA after the treatment with 
CAY94 is not known, but we speculate that it is important 
for the cell to keep PA as constant as possible and that the 
cells compensate by increasing the activity of PC-PLC, 
thus generating more DAG which in turn in transferred 
to PA. An increase from 0.81 to 1.57% DAG is associated 
with an increase in PA from 0.20 to 0.33% during the first 
hour, but the PA level is normalized within the next two 
hours. PG increases from 0.44 to 0.83% during the first 
hour and increases further to 1.15% during the next two 
hours. PG is synthesized from PA via CDP-DAG (CDP: 
cytidine diphosphate) to PGP (phosphorylated PG) to PG 
[7]. Thus, we speculate that the cell compensates for the 
inhibition of PLD by making PA via DAG and then trans-
fers the extra PA formed to make PG to normalize the 
level of PA after 3 h. The combination of CAY94 and RI 
gives similar increase in PA as CAY94 alone, however, the 
speculations about the effects of CAY94 above may still 
be correct since RI is not targeting all DGK isoforms [30]. 
If DGK inhibition is not complete, it seems likely that one 
can obtain data such as those described above, i.e. that an 
increase from 0.75 to 1.5% DAG can give an increase of 
PA from 0.15 to 0.30%. To test whether the increase in 

DAG, PA and PG upon CAY94 treatment comes from PC, 
one should specifically block PC-PLC activity in combina-
tion with CAY94. Although the PC-PLC activity has been 
known for years, the mammalian PC-PLC has not been 
purified and the gene sequence has not yet been resolved 
[57]. The only commercially available pharmacological 
inhibitor of PC-PLC (D609) has several off-target effects 
[58], including inhibition of sphingomyelin synthase at 
similar concentrations as used to inhibit PC-PLC [59], 
thus at this point, we are not able to test our hypothesis. 
It should be noted that a challenge of using lipidomics to 
study endosomal sorting is that we get the sum of lipids 
in all cellular compartments. Lipids are sorted along the 
endosomal pathway and the lipid composition in different 
organelles may be different from the overall cellular com-
position. Lipid-modulating enzymes may also have subcel-
lular specificity, and local changes in the lipid composition 
of endosomes may not be detectable at the cellular level.

As discussed above, one role of the various membrane 
lipids is to recruit proteins, and there may be a change 
in membrane association of sorting nexins, the WASH 
complex and actin. We have previously described how 
inhibition of glycosphingolipid synthesis may change the 
localization of SNX1 and SNX2 [60]. However, also the 
lipids themselves have been shown to be important for 
fusion; that is lipids that are prone to non-bilayer structure 
such as DAG [61]. One common effect of RI and CAY94 
treatment is that there is an increase in DAG 16:0–18:1. 
However, with the limited knowledge about the role of 
different lipid species in cells, more lipidomics has to be 
included in future studies to understand the complexity of 
membrane lipids in cell physiology.

Acknowledgements Open Access funding provided by University of 
Oslo (incl Oslo University Hospital). We thank Anne Grethe Myrann 
for expert technical assistance and Anne Engen for maintaining cell 
cultures. This work was supported by the South Eastern Norway 
Regional Health Authority (project number 2015023) and The Nor-
wegian Cancer Society (project number 418889).

Author contributions ABDL: Planned, performed and analyzed some 
of the cell and microscopy studies, prepared figures and wrote part 
of the manuscript. SK: Planned, performed and analyzed part of 
the microscopic studies and analyzed the MS data, prepared figures 
and wrote part of the manuscript. RH: Contributed with some of the 
microscopy studies. TIK: Contributed with some of the early studies in 
this project. MS and CK performed the lipidomic analyses. TS: Con-
tributed to the planning of the project, supervised the lipidomic studies 
and contributed to the writing of the final manuscript. KS: Planned and 
supervised the study; contributed to the writing of the final manuscript. 
All authors read and approved the final manuscript.

Compliance with ethical standards 

Conflict of interest The authors declare the following competing in-
terests: CK and MS are shareholders of Lipotype GmbH and CK is an 
employee of Lipotype GmbH.



Diacylglycerol kinase and phospholipase D inhibitors alter the cellular lipidome and endosomal…

1 3

Ethical approval The experiments comply with the current laws of 
Norway.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Harayama T, Riezman H (2018) Understanding the diversity of 
membrane lipid composition. Nat Rev Mol Cell Biol 19(5):281–
296. https ://doi.org/10.1038/nrm.2017.138

 2. Malhotra V, Campelo F (2011) PKD regulates membrane fission 
to generate TGN to cell surface transport carriers. Cold Spring 
Harbor Perspect Biol. https ://doi.org/10.1101/cshpe rspec t.a0052 
80

 3. Toker A (2005) The biology and biochemistry of diacylglycerol 
signalling. EMBO Rep 6(4):310–314. https ://doi.org/10.1038/
sj.embor .74003 78

 4. Stace CL, Ktistakis NT (2006) Phosphatidic acid- and phosphati-
dylserine-binding proteins. Biochem Biophys Acta 1761(8):913–
926. https ://doi.org/10.1016/j.bbali p.2006.03.006

 5. Raghu P, Manifava M, Coadwell J, Ktistakis NT (2009) Emerg-
ing findings from studies of phospholipase D in model organ-
isms (and a short update on phosphatidic acid effectors). Biochem 
Biophys Acta 1791(9):889–897. https ://doi.org/10.1016/j.bbali 
p.2009.03.013

 6. Tanguy E, Kassas N, Vitale N (2018) Protein⁻phospholipid inter-
action motifs: a focus on phosphatidic acid. Biomolecules. https 
://doi.org/10.3390/biom8 02002 0

 7. Hanada K (2018) Lipid transfer proteins rectify inter-organelle 
flux and accurately deliver lipids at membrane contact sites. J 
Lipid Res 59(8):1341–1366. https ://doi.org/10.1194/jlr.R0853 24

 8. McDermott MI, Wang Y, Wakelam MJO, Bankaitis VA (2019) 
Mammalian phospholipase D: function, and therapeutics. 
Prog Lipid Res 78:101018. https ://doi.org/10.1016/j.plipr 
es.2019.10101 8

 9. Mukadam AS, Breusegem SY, Seaman MNJ (2018) Analysis of 
novel endosome-to-Golgi retrieval genes reveals a role for PLD3 
in regulating endosomal protein sorting and amyloid precursor 
protein processing. Cell Mol Life Sci 75(14):2613–2625. https ://
doi.org/10.1007/s0001 8-018-2752-9

 10. Xie S, Naslavsky N, Caplan S (2015) Diacylglycerol kinases in 
membrane trafficking. Cell Logist 5(2):e1078431. https ://doi.
org/10.1080/21592 799.2015.10784 31

 11. Sandvig K, Bergan J, Kavaliauskiene S, Skotland T (2014) Lipid 
requirements for entry of protein toxins into cells. Prog Lipid Res 
54:1–13. https ://doi.org/10.1016/j.plipr es.2014.01.001

 12. Sandvig K, Kavaliauskiene S, Skotland T (2018) Clathrin-inde-
pendent endocytosis: an increasing degree of complexity. His-
tochem Cell Biol 150(2):107–118. https ://doi.org/10.1007/s0041 
8-018-1678-5

 13. Johannes L, Romer W (2010) Shiga toxins–from cell biology to 
biomedical applications. Nat Rev Microbiol 8(2):105–116. https 
://doi.org/10.1038/nrmic ro227 9

 14. Sandvig K, Olsnes S (1979) Effect of temperature on the uptake, 
excretion and degradation of abrin and ricin by HeLa cells. 
Exp Cell Res 121(1):15–25. https ://doi.org/10.1016/0014-
4827(79)90439 -7

 15. Moya M, Dautry-Varsat A, Goud B, Louvard D, Boquet P (1985) 
Inhibition of coated pit formation in Hep2 cells blocks the cyto-
toxicity of diphtheria toxin but not that of ricin toxin. J Cell Biol 
101(2):548–559. https ://doi.org/10.1083/jcb.101.2.548

 16. Sandvig K, Olsnes S, Petersen OW, van Deurs B (1987) Acidifica-
tion of the cytosol inhibits endocytosis from coated pits. J Cell 
Biol 105(2):679–689. https ://doi.org/10.1083/jcb.105.2.679

 17. Sandvig K, Skotland T, van Deurs B, Klokk TI (2013) Retro-
grade transport of protein toxins through the Golgi apparatus. 
Histochem Cell Biol 140(3):317–326. https ://doi.org/10.1007/
s0041 8-013-1111-z

 18. Dugail I, Kayser BD, Lhomme M (2017) Specific roles of phos-
phatidylglycerols in hosts and microbes. Biochimie 141:47–53. 
https ://doi.org/10.1016/j.bioch i.2017.05.005

 19. Rapak A, Falnes PO, Olsnes S (1997) Retrograde trans-
port of mutant ricin to the endoplasmic reticulum with sub-
sequent translocation to cytosol. Proc Natl Acad Sci USA 
94(8):3783–3788

 20. Dyve Lingelem AB, Hjelseth IA, Simm R, Torgersen ML, Sand-
vig K (2015) Geldanamycin enhances retrograde transport of 
shiga toxin in HEp-2 cells. PLoS ONE 10(5):e0129214. https ://
doi.org/10.1371/journ al.pone.01292 14

 21. Kavaliauskiene S, Nymark C-M, Bergan J, Simm R, Sylvänne 
T, Simolin H, Ekroos K, Skotland T, Sandvig K (2014) Cell 
density-induced changes in lipid composition and intracellular 
trafficking. Cell Mol Life Sci CMLS 71(6):1097–1116. https ://
doi.org/10.1007/s0001 8-013-1441-y

 22. Sneeggen M, Pedersen NM, Campsteijn C, Haugsten EM, Sten-
mark H, Schink KO (2019) WDFY2 restrains matrix metallopro-
teinase secretion and cell invasion by controlling VAMP3-depend-
ent recycling. Nat Commun 10(1):1–20. https ://doi.org/10.1038/
s4146 7-019-10794 -w

 23. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, 
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez 
J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A 
(2012) Fiji: an open-source platform for biological-image analysis. 
Nat Methods 9(7):676–682. https ://doi.org/10.1038/nmeth .2019

 24. Sommer C, Straehle C, Köthe U, Hamprecht FA Ilastik (2011) 
Interactive learning and segmentation toolkit. In: 2011 IEEE inter-
national symposium on biomedical imaging: from nano to macro, 
March 2011 2011. pp 230–233. doi:10.1109/ISBI.2011.5872394

 25. Sampaio JL, Gerl MJ, Klose C, Ejsing CS, Beug H, Simons K, 
Shevchenko A (2011) Membrane lipidome of an epithelial cell 
line. Proc Natl Acad Sci USA 108(5):1903–1907. https ://doi.
org/10.1073/pnas.10192 67108 

 26. Ejsing CS, Sampaio JL, Surendranath V, Duchoslav E, Ekroos 
K, Klemm RW, Simons K, Shevchenko A (2009) Global analysis 
of the yeast lipidome by quantitative shotgun mass spectrom-
etry. Proc Natl Acad Sci USA 106(7):2136–2141. https ://doi.
org/10.1073/pnas.08117 00106 

 27. Surma MA, Herzog R, Vasilj A, Klose C, Christinat N, Morin-
Rivron D, Simons K, Masoodi M, Sampaio JL (2015) An auto-
mated shotgun lipidomics platform for high throughput, compre-
hensive, and quantitative analysis of blood plasma intact lipids. 
Eur J Lipid Sci Technol EJLST 117(10):1540–1549. https ://doi.
org/10.1002/ejlt.20150 0145

 28. Herzog R, Schwudke D, Schuhmann K, Sampaio JL, Bornstein 
SR, Schroeder M, Shevchenko A (2011) A novel informatics 
concept for high-throughput shotgun lipidomics based on the 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrm.2017.138
https://doi.org/10.1101/cshperspect.a005280
https://doi.org/10.1101/cshperspect.a005280
https://doi.org/10.1038/sj.embor.7400378
https://doi.org/10.1038/sj.embor.7400378
https://doi.org/10.1016/j.bbalip.2006.03.006
https://doi.org/10.1016/j.bbalip.2009.03.013
https://doi.org/10.1016/j.bbalip.2009.03.013
https://doi.org/10.3390/biom8020020
https://doi.org/10.3390/biom8020020
https://doi.org/10.1194/jlr.R085324
https://doi.org/10.1016/j.plipres.2019.101018
https://doi.org/10.1016/j.plipres.2019.101018
https://doi.org/10.1007/s00018-018-2752-9
https://doi.org/10.1007/s00018-018-2752-9
https://doi.org/10.1080/21592799.2015.1078431
https://doi.org/10.1080/21592799.2015.1078431
https://doi.org/10.1016/j.plipres.2014.01.001
https://doi.org/10.1007/s00418-018-1678-5
https://doi.org/10.1007/s00418-018-1678-5
https://doi.org/10.1038/nrmicro2279
https://doi.org/10.1038/nrmicro2279
https://doi.org/10.1016/0014-4827(79)90439-7
https://doi.org/10.1016/0014-4827(79)90439-7
https://doi.org/10.1083/jcb.101.2.548
https://doi.org/10.1083/jcb.105.2.679
https://doi.org/10.1007/s00418-013-1111-z
https://doi.org/10.1007/s00418-013-1111-z
https://doi.org/10.1016/j.biochi.2017.05.005
https://doi.org/10.1371/journal.pone.0129214
https://doi.org/10.1371/journal.pone.0129214
https://doi.org/10.1007/s00018-013-1441-y
https://doi.org/10.1007/s00018-013-1441-y
https://doi.org/10.1038/s41467-019-10794-w
https://doi.org/10.1038/s41467-019-10794-w
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1073/pnas.1019267108
https://doi.org/10.1073/pnas.1019267108
https://doi.org/10.1073/pnas.0811700106
https://doi.org/10.1073/pnas.0811700106
https://doi.org/10.1002/ejlt.201500145
https://doi.org/10.1002/ejlt.201500145


 A. B. D. Lingelem et al.

1 3

molecular fragmentation query language. Genome Biol 12(1):R8. 
https ://doi.org/10.1186/gb-2011-12-1-r8

 29. Herzog R, Schuhmann K, Schwudke D, Sampaio JL, Born-
stein SR, Schroeder M, Shevchenko A (2012) LipidXplorer: a 
software for consensual cross-platform lipidomics. PLoS ONE 
7(1):e29851. https ://doi.org/10.1371/journ al.pone.00298 51

 30. Sato M, Liu K, Sasaki S, Kunii N, Sakai H, Mizuno H, Saga H, 
Sakane F (2013) Evaluations of the selectivities of the diacylglyc-
erol kinase inhibitors R59022 and R59949 among diacylglycerol 
kinase isozymes using a new non-radioactive assay method. Phar-
macology 92(1–2):99–107. https ://doi.org/10.1159/00035 1849

 31. Scott SA, Selvy PE, Buck JR, Cho HP, Criswell TL, Thomas 
AL, Armstrong MD, Arteaga CL, Lindsley CW, Brown HA 
(2009) Design of isoform-selective phospholipase D inhibi-
tors that modulate cancer cell invasiveness. Nat Chem Biol 
5(2):108–117. https ://doi.org/10.1038/nchem bio.140

 32. Skånland SS, Wälchli S, Utskarpen A, Wandinger-Ness A, 
Sandvig K (2007) Phosphoinositide-regulated retrograde trans-
port of ricin: crosstalk between hVps34 and sorting nexins. 
Traffic (Copenhagen, Denmark) 8(3):297–309. https ://doi.org
/10.1111/j.1600-0854.2006.00527 .x

 33. Bumpus TW, Baskin JM (2017) Clickable substrate mimics 
enable imaging of phospholipase D Activity. ACS Central Sci 
3(10):1070–1077. https ://doi.org/10.1021/acsce ntsci .7b002 22

 34. Lavieri RR, Scott SA, Selvy PE, Kim K, Jadhav S, Morrison 
RD, Daniels JS, Brown HA, Lindsley CW (2010) Design, syn-
thesis, and biological evaluation of halogenated N-(2-(4-oxo-
1-phenyl-1,3,8-triazaspiro[4.5]decan-8-yl)ethyl)benzamides: 
discovery of an isoform-selective small molecule phospholi-
pase D2 inhibitor. J Med Chem 53(18):6706–6719. https ://doi.
org/10.1021/jm100 814g

 35. Chen TR (1988) Re-evaluation of HeLa, HeLa S3, and HEp-2 
karyotypes. Cytogenet Cell Genet 48(1):19–24. https ://doi.
org/10.1159/00013 2579

 36. Human Protein Atlas. https ://www.prote inatl as.org. Accessed 
18 Apr 2020

 37. Thul PJ, Akesson L, Wiking M, Mahdessian D, Geladaki A, Ait 
Blal H, Alm T, Asplund A, Bjork L, Breckels LM, Backstrom 
A, Danielsson F, Fagerberg L, Fall J, Gatto L, Gnann C, Hober 
S, Hjelmare M, Johansson F, Lee S, Lindskog C, Mulder J, 
Mulvey CM, Nilsson P, Oksvold P, Rockberg J, Schutten R, 
Schwenk JM, Sivertsson A, Sjostedt E, Skogs M, Stadler C, 
Sullivan DP, Tegel H, Winsnes C, Zhang C, Zwahlen M, Mar-
dinoglu A, Ponten F, von Feilitzen K, Lilley KS, Uhlen M, 
Lundberg E (2017) A subcellular map of the human proteome. 
Science. https ://doi.org/10.1126/scien ce.aal33 21

 38. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold 
P, Mardinoglu A, Sivertsson A, Kampf C, Sjostedt E, Asplund 
A, Olsson I, Edlund K, Lundberg E, Navani S, Szigyarto CA, 
Odeberg J, Djureinovic D, Takanen JO, Hober S, Alm T, 
Edqvist PH, Berling H, Tegel H, Mulder J, Rockberg J, Nils-
son P, Schwenk JM, Hamsten M, von Feilitzen K, Forsberg M, 
Persson L, Johansson F, Zwahlen M, von Heijne G, Nielsen J, 
Ponten F (2015) Proteomics. Tissue-based map of the human 
proteome. Science 347(6220):1260419. https ://doi.org/10.1126/
scien ce.12604 19

 39. Torgersen ML, Wälchli S, Grimmer S, Skånland SS, Sandvig 
K (2007) Protein kinase Cdelta is activated by Shiga toxin and 
regulates its transport. J Biol Chem 282(22):16317–16328. https 
://doi.org/10.1074/jbc.M6108 86200 

 40. Hausser A, Storz P, Märtens S, Link G, Toker A, Pfizenmaier K 
(2005) Protein kinase D regulates vesicular transport by phos-
phorylating and activating phosphatidylinositol-4 kinase IIIbeta 
at the Golgi complex. Nat Cell Biol 7(9):880–886. https ://doi.
org/10.1038/ncb12 89

 41. Waldron RT, Iglesias T, Rozengurt E (1999) Phosphoryla-
tion-dependent protein kinase D activation. Electrophoresis 
20(2):382–390. https ://doi.org/10.1002/(SICI)1522-2683(19990 
201)20:2%3c382 :AID-ELPS3 82%3e3.0.CO;2-N

 42. Carrasco S, Mérida I (2007) Diacylglycerol, when simplicity 
becomes complex. Trends Biochem Sci 32(1):27–36. https ://
doi.org/10.1016/j.tibs.2006.11.004

 43. Kucherak OA, Oncul S, Darwich Z, Yushchenko DA, Arntz Y, 
Didier P, Mely Y, Klymchenko AS (2010) Switchable nile red-
based probe for cholesterol and lipid order at the outer leaflet 
of biomembranes. J Am Chem Soc 132(13):4907–4916. https 
://doi.org/10.1021/ja100 351w

 44. Ailte I, Lingelem AB, Kavaliauskiene S, Bergan J, Kvalvaag 
AS, Myrann AG, Skotland T, Sandvig K (2016) Addition of 
lysophospholipids with large head groups to cells inhibits Shiga 
toxin binding. Sci Rep 6:30336. https ://doi.org/10.1038/srep3 
0336

 45. Iaea DB, Maxfield FR (2017) Membrane order in the plasma 
membrane and endocytic recycling compartment. PLoS ONE 
12(11):e0188041. https ://doi.org/10.1371/journ al.pone.01880 
41

 46. Simonetti B, Cullen PJ (2019) Actin-dependent endosomal 
receptor recycling. Curr Opin Cell Biol 56:22–33. https ://doi.
org/10.1016/j.ceb.2018.08.006

 47. Klokk TI, Kavaliauskiene S, Sandvig K (2016) Cross-linking of 
glycosphingolipids at the plasma membrane: consequences for 
intracellular signaling and traffic. Cell Mol Life Sci 73(6):1301–
1316. https ://doi.org/10.1007/s0001 8-015-2049-1

 48. Cullen PJ, Steinberg F (2018) To degrade or not to degrade: 
mechanisms and significance of endocytic recycling. Nat Rev 
Mol Cell Biol 19(11):679–696. https ://doi.org/10.1038/s4158 
0-018-0053-7

 49. Chen KE, Healy MD, Collins BM (2019) Towards a molecu-
lar understanding of endosomal trafficking by Retromer and 
Retriever. Traffic 20(7):465–478. https ://doi.org/10.1111/
tra.12649 

 50. McKenzie JE, Raisley B, Zhou X, Naslavsky N, Taguchi T, 
Caplan S, Sheff D (2012) Retromer guides STxB and CD8-
M6PR from early to recycling endosomes, EHD1 guides STxB 
from recycling endosome to Golgi. Traffic 13(8):1140–1159. 
https ://doi.org/10.1111/j.1600-0854.2012.01374 .x

 51. Naslavsky N, McKenzie J, Altan-Bonnet N, Sheff D, Caplan 
S (2009) EHD3 regulates early-endosome-to-Golgi transport 
and preserves Golgi morphology. J Cell Sci 122(Pt 3):389–400. 
https ://doi.org/10.1242/jcs.03705 1

 52. Iversen TG, Skretting G, Llorente A, Nicoziani P, van Deurs 
B, Sandvig K (2001) Endosome to Golgi transport of ricin is 
independent of clathrin and of the Rab9- and Rab11-GTPases. 
Mol Biol Cell 12(7):2099–2107. https ://doi.org/10.1091/
mbc.12.7.2099

 53. Mallard F, Tang BL, Galli T, Tenza D, Saint-Pol A, Yue X, 
Antony C, Hong W, Goud B, Johannes L (2002) Early/recycling 
endosomes-to-TGN transport involves two SNARE complexes 
and a Rab6 isoform. J Cell Biol 156(4):653–664. https ://doi.
org/10.1083/jcb.20011 0081

 54. Puthenveedu MA, Lauffer B, Temkin P, Vistein R, Carlton P, 
Thorn K, Taunton J, Weiner OD, Parton RG, von Zastrow M 
(2010) Sequence-dependent sorting of recycling proteins by 
actin-stabilized endosomal microdomains. Cell 143(5):761–
773. https ://doi.org/10.1016/j.cell.2010.10.003

 55. Varandas KC, Irannejad R, von Zastrow M (2016) Retromer 
endosome exit domains serve multiple trafficking destina-
tions and regulate local G protein activation by GPCRs. 
Curr Biol: CB 26(23):3129–3142. https ://doi.org/10.1016/j.
cub.2016.09.052

https://doi.org/10.1186/gb-2011-12-1-r8
https://doi.org/10.1371/journal.pone.0029851
https://doi.org/10.1159/000351849
https://doi.org/10.1038/nchembio.140
https://doi.org/10.1111/j.1600-0854.2006.00527.x
https://doi.org/10.1111/j.1600-0854.2006.00527.x
https://doi.org/10.1021/acscentsci.7b00222
https://doi.org/10.1021/jm100814g
https://doi.org/10.1021/jm100814g
https://doi.org/10.1159/000132579
https://doi.org/10.1159/000132579
http://www.proteinatlas.org
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1074/jbc.M610886200
https://doi.org/10.1074/jbc.M610886200
https://doi.org/10.1038/ncb1289
https://doi.org/10.1038/ncb1289
https://doi.org/10.1002/(SICI)1522-2683(19990201)20:2%3c382:AID-ELPS382%3e3.0.CO;2-N
https://doi.org/10.1002/(SICI)1522-2683(19990201)20:2%3c382:AID-ELPS382%3e3.0.CO;2-N
https://doi.org/10.1016/j.tibs.2006.11.004
https://doi.org/10.1016/j.tibs.2006.11.004
https://doi.org/10.1021/ja100351w
https://doi.org/10.1021/ja100351w
https://doi.org/10.1038/srep30336
https://doi.org/10.1038/srep30336
https://doi.org/10.1371/journal.pone.0188041
https://doi.org/10.1371/journal.pone.0188041
https://doi.org/10.1016/j.ceb.2018.08.006
https://doi.org/10.1016/j.ceb.2018.08.006
https://doi.org/10.1007/s00018-015-2049-1
https://doi.org/10.1038/s41580-018-0053-7
https://doi.org/10.1038/s41580-018-0053-7
https://doi.org/10.1111/tra.12649
https://doi.org/10.1111/tra.12649
https://doi.org/10.1111/j.1600-0854.2012.01374.x
https://doi.org/10.1242/jcs.037051
https://doi.org/10.1091/mbc.12.7.2099
https://doi.org/10.1091/mbc.12.7.2099
https://doi.org/10.1083/jcb.200110081
https://doi.org/10.1083/jcb.200110081
https://doi.org/10.1016/j.cell.2010.10.003
https://doi.org/10.1016/j.cub.2016.09.052
https://doi.org/10.1016/j.cub.2016.09.052


Diacylglycerol kinase and phospholipase D inhibitors alter the cellular lipidome and endosomal…

1 3

 56. Bergan J, Skotland T, Sylvanne T, Simolin H, Ekroos K, Sand-
vig K (2013) The ether lipid precursor hexadecylglycerol causes 
major changes in the lipidome of HEp-2 cells. PLoS ONE 
8(9):e75904. https ://doi.org/10.1371/journ al.pone.00759 04

 57. Zhao Y, Su L, Li K, Zhao B (2020) Discovery of novel PC-PLC 
activity inhibitors. Chem Biol Drug Des 95(3):380–387. https 
://doi.org/10.1111/cbdd.13606 

 58. Adibhatla RM, Hatcher JF, Gusain A (2012) Tricyclodecan-
9-yl-xanthogenate (D609) mechanism of actions: a mini-review 
of literature. Neurochem Res 37(4):671–679. https ://doi.
org/10.1007/s1106 4-011-0659-z

 59. Luberto C, Hannun YA (1998) Sphingomyelin synthase, a 
potential regulator of intracellular levels of ceramide and dia-
cylglycerol during SV40 transformation. Does sphingomyelin 
synthase account for the putative phosphatidylcholine-specific 
phospholipase C? J Biol Chem 273(23):14550–14559. https ://
doi.org/10.1074/jbc.273.23.14550 

 60. Raa H, Grimmer S, Schwudke D, Bergan J, Walchli S, 
Skotland T, Shevchenko A, Sandvig K (2009) Glycosphin-
golipid requirements for endosome-to-Golgi transport of 
Shiga toxin. Traffic 10(7):868–882. https ://doi.org/10.111
1/j.1600-0854.2009.00919 .x

 61. Zick M, Stroupe C, Orr A, Douville D, Wickner WT (2014) Mem-
branes linked by trans-SNARE complexes require lipids prone to 
non-bilayer structure for progression to fusion. Elife 3:e01879. 
https ://doi.org/10.7554/eLife .01879 

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0075904
https://doi.org/10.1111/cbdd.13606
https://doi.org/10.1111/cbdd.13606
https://doi.org/10.1007/s11064-011-0659-z
https://doi.org/10.1007/s11064-011-0659-z
https://doi.org/10.1074/jbc.273.23.14550
https://doi.org/10.1074/jbc.273.23.14550
https://doi.org/10.1111/j.1600-0854.2009.00919.x
https://doi.org/10.1111/j.1600-0854.2009.00919.x
https://doi.org/10.7554/eLife.01879

	Diacylglycerol kinase and phospholipase D inhibitors alter the cellular lipidome and endosomal sorting towards the Golgi apparatus
	Abstract
	Introduction
	Materials and methods
	Reagents, antibodies and plasmids
	Cell culture
	siRNA protein knockdown
	RNA isolation, cDNA synthesis and qPCR
	Sulfation experiments
	Ricin endocytosis
	Ricin degradation and recycling
	Immunofluorescence and live cell imaging
	Microscopes
	Endosome size analysis
	Tubule length analysis
	Live cell imaging
	Immuno staining

	Western blot
	Mass spectrometry lipidomics
	Sample preparation
	Lipid extraction for MS lipidomics
	MS data acquisition
	Data analysis and post-processing

	Statistical data analysis

	Results
	Inhibition of DGK and PLD increases retrograde transport to the Golgi
	Changes in the lipidome following inhibition of DGK and PLD
	The effects of different PLD inhibitors on PLD activity and ricin transport
	Several PLD and DGK isoforms are involved in regulating ricin transport
	The DAG effectors PKC and PKD are not involved in upregulating retrograde transport after DGK and PLD inhibition
	DGK and PLD inhibitors alter the morphology of endosomes

	Discussion
	Acknowledgements 
	References




