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Abstract
AIM: To investigate the role of acyl-CoA synthetase 5 
(ACSL5) activity in Wnt signaling in intestinal surface 
epithelia. 

METHODS: Several cell lines were used to investi-
gate the ACSL5-dependent expression and synthesis 
of Wnt2B, a mitochondrially expressed protein of the 
Wnt signaling family. Wnt activity was functionally as-
sessed with a luciferase reporter assay. ACSL5-related 
biochemical Wnt2B modifications were investigated 

with a modified acyl-exchange assay. The findings from 
the cell culture models were verified using an Apcmin/+ 
mouse model as well as normal and neoplastic diseased 
human intestinal tissues. 

RESULTS: In the presence of ACSL5, Wnt2B was un-
able to translocate into the nucleus and was enriched 
in mitochondria, which was paralleled by a significant 
decrease in Wnt activity. ACSL5-dependent S-palmi-
toylation of Wnt2B was identified as a molecular reason 
for mitochondrial Wnt2B accumulation. In cell culture 
systems, a strong relation of ACSL5 expression, Wnt2B 
palmitoylation, and degree of malignancy were found. 
Using normal mucosa, the association of ACSL5 and 
Wnt2B was seen, but in intestinal neoplasias the mech-
anism was only rudimentarily observed. 

CONCLUSION: ACSL5 mediates antiproliferative ac-
tivities via  Wnt2B palmitoylation with diminished Wnt 
activity. The molecular pathway is probably relevant for 
intestinal homeostasis, overwhelmed by other pathways 
in carcinogenesis.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Acyl-CoA synthetase 5 (ACSL5) plays a key 
role in fatty acid metabolism. Besides its proapoptotic 
effects along the crypt-villus-axis ACSL5 also functions 
as an antiproliferative modifier of Wnt signaling activity. 
In the presence of ACSL5, Wnt2B was S-palmitoylated 
and thereby enriched in mitochondria, which was par-
alleled by a significant decrease in Wnt activity. The 
molecular pathway is probably of relevance for the ho-
meostasis of the intestinal barrier.
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INTRODUCTION
The intestinal barrier consists of  several highly special-
ized cellular types, which differentiate along the crypt-
villus axis (CVA) or crypt-plateau axis (CPA) assisted by 
lymphatic tissue[1]. One hallmark of  the intestinal surface 
epithelium is a continuous renewal within a few days 
from transit-amplifying cells and 4-6 undifferentiated epi-
thelial stem cells located at the crypt basis[2]. Cells migrate 
from the crypt to the villus tip. At the transition between 
crypt and villus, they differentiate into enterocytes, en-
teroendocrine cells and goblet cells[3,4]. At the villus tip 
the cells undergo apoptosis and are scaled off  in the 
lumen. Within the united cell structure, various signal-
ing cascades are responsible for the transfer of  informa-
tion[5]. Disruption of  these signal transductions is associ-
ated with cell degeneration and is of  relevance for tumor 
formation. Because of  this sensitive balance, proliferating 
signaling cascades and destruction events are interacting 
and regulate each other.

In the modifier concept of  intestinal homeostasis, 
long-chain fatty acid metabolism, mediated by mito-
chondrial acyl-CoA synthetase 5 (ACSL5) is suggested 
to play an important role. ACSL5 belongs to the acyl-
CoA synthetase family catalyzing activation of  long-
chain fatty acids by thioester formation with coenzyme 
A. ACSL5 is found in an ascending gradient along the 
crypt-villus axis and modifies apoptosis susceptibility of  
enterocytes towards TRAIL-derived apoptosis. ACSL5-
derived long chain acyl-CoAs are assumed to be respon-
sible for proapoptotic activities in enterocytes at the villus 
tip[6]. ACSL5 locates on chromosome 10q25.1-q25.2[7]. 
The functional protein is found in mitochondrial mem-
branes[8,9].

Canonical Wnt signaling is of  central relevance for 
the physiology of  crypt-villus axis (CVA) and 19 Wnt 
molecules have been identified so far[10-12]. Wnt activation 
starts with a ligand-receptor linking to the cysteine-rich 
domain of  transmembrane receptors from the Frizzled 
(Fzd) family and co-receptors from the low-density lipo-
protein receptor-related protein (LRP) family. Following 
Wnt activation, b-catenin accumulates in the cytoplasm, 
translocates into the nucleus, and then activates transcrip-
tion factors of  the T-cell factor/lymphoid enhancing 
factor (Tcf/Lef) family by displacing Groucho proteins 
and recruiting co-activating proteins like BCL9/PYG and 
CBP[13,14]. As a result, gene expression of  c-MYC, c-JUN, 
Cyclin D1 and others, involved in growth, differentia-
tion, cell cycle progression, migration, and cell survival 

is induced[15]. Aberrations in Wnt signaling are frequently 
associated with colorectal carcinogenesis[16,17]. Various 
factors are able to modify Wnt-activity, like the lipid me-
tabolism[18].

Wnt2B (also: Wnt13) is a positive regulator of  the 
Wnt-b-catenin-Tcf-pathway[19-21]. The gene is located on 
human chromosome 1p13 and homologous to the proto-
oncogene Wnt2 on chromosome 7q31[22]. Varying mRNA 
isoforms are generated by alternative splicing, differing 
in N-terminus, protein processing and subcellular local-
ization. Katoh et al[23] identified in 2001 two splice vari-
ants, differing N-terminally, Wnt2B1 and Wnt2B2. They 
showed an increased level of  Wnt2B2 in gastrointestinal 
tumors and an activating role in b-catenin/Tcf  signaling 
cascade. Poulain et al[24] describe the interplay between 
Wnt2 and its isoform Wnt2bb during liver development. 
Struewing et al[25] identified three different isoforms, 
Wnt13A, Wnt13B and Wnt13C. While Wnt13A is glyco-
lyzed and secreted as a typical Wnt protein, Wnt13B and 
Wnt13C are found intracellularly with a mitochondrial 
and nuclear localization. Wnt13B exists in two forms, 
L-Wnt13B with an N-terminal mitochondrial target se-
quence and mitochondrially localized, and S-Wnt13B 
nuclear[25-27].

Palmitoylation increases protein hydrophobicity and 
membrane associations as well as protein/protein and 
protein/lipid interactions that are essential for efficient 
signal transduction[28]. Even proteins involved in canoni-
cal Wnt signaling are described as fatty-acid-modified 
which influences their secretion and activity[29,30]. 

The working hypothesis of  the present study was that 
modification of  Wnt activity by a molecular interaction 
between mitochondrial ACSL5 enzyme activity and mito-
chondrial localized Wnt2B could exist. 

MATERIALS AND METHODS
ACSL5 cloning and establishment of CaCo2 
transfectants
Cloning of  full-length human ACSL5 cDNA (GeneBank 
accession Nos. AB033899, AB033920) was performed as 
described previously[6]. Briefly, RNA was isolated from 
human intestinal mucosa, reverse transcribed, PCR-
based amplified, and cloned into the pENTRY vector 
of  the GATEWAY system (Invitrogen, Darmstadt, 
Germany). CMV-controlled expression constructs were 
generated by recombination into the pcDNA_DEST40 
vector. Full-length sequencing was performed to con-
trol cDNA correctness. The human intestinal epithe-
lial cell line CaCo2 was stable transfected with either 
ACSL5 expression constructs (clone 3/25) or the empty 
vector pcDNA_DEST40 (clone P14; control) using 
lipofectamine (Invitrogen) followed by subcloning. 
Transfection was controlled by PCR, Western blot, and 
immunostainings.

Cell lines and cell culture
For cell culture experiments, established cell lines were 
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used. CaCo2 cells (CaCo2; ATCC: HTB-37), stable clone 
P14 (CaCo2

VEC+; transfection control), and stable clone 
3/25 (CaCo2

ACSL5+; ACSL5 transfectant) were cultured 
as previously described[6]. HEK293 (ATCC: CRL-3022), 
HT29 (ATCC: HTB-38), SW480 (ATCC: CCL-228), and 
HCT116 (ATCC: CCL-247) were cultured as recom-
mended.

Treatment of cells with palmostatin B or Wnt3A
Palmostatin B is a substance with a molecular weight of  
376 kDa. Cells and tissue were incubated with 30 µmol/
L/50 µmol/L palmostatin B for 30 min. For the activa-
tion of  Wnt signaling, cells were treated with 200 ng/mL 
recombinant Wnt3A (R&D systems 5036-WN, Minne-
apolis, United States) and incubated for 1 h. 

Isolation of mitochondria
Mitochondria were isolated and purified as described 
previously[6,31]. Briefly, cells were removed by trypsina-
tion, tissue was cut into small pieces and homogenized, 
washed with PBS at 4 ℃, and suspended in 250 mmol/L 
sucrose, 10 mmol/L HEPES, 1 mmol/L EDTA pH = 
7.4 followed by nitrogen cavitation (30 bar, 15 min). The 
cell or tissue lysates were cleared by an initial centrifuga-
tion step followed by pellet subfractionation (31000 × g 
for 5 min) in 30 mL of  a self-generating gradient of  30% 
percoll solution (250 mol/L sucrose, 5 mmol/L HEPES, 
0.2 mmol/L EDTA). Fractions of  2 mL each were col-
lected from the bottom of  the gradient. Accumulation of  
mitochondria was controlled with measurement of  succi-
nate dehydrogenase enzyme activity and immunolabeling 
of  cytochrome c oxidase Ⅳ subunit (CoxⅣ) in Western 
blotting. Fractions enriched with mitochondria were 
processed for protein preparation and analysis.

Immunoprecipitation
Protein G Sepharose beads (GE Healthcare 17-0618-01, 
Buckinghamshire, England) were washed in lyse buffer 
twice. The pellet from mitochondria isolation was resus-
pended with 500 µL lyses buffer and protease inhibitor, 
incubated at room temperature for 5 min and centrifuged 
20 min at 300 g. The supernatant was transferred to 
sepharose beads, 1 µg anti-Wnt2B (Abcam 50575, Cam-
bridge, England) was added. The samples were rotated 
for 2 h at 4 ℃, then washed in lyse buffer 3 times and 
centrifuged. The pellet was directly used for acyl-biotin 
exchange.

Acyl-biotin exchange
For the acyl-biotin exchange, the pellet of  isolated and 
immunoprecipitated mitochondria was resolved in 250 
µL 1 mol/L hydroxylamine(hydrochlorid) and incubated 
for 1 h at 900 rpm. The resulting pellet after centrifuga-
tion for 3000 g for 2 min was treated with 10 mL 320 
µmol/L Biotin-BMCC and rotated for 2 h at 4 ℃. After 
washing with PBS the pellet was charged with sample 
buffer for Western blot.

RNA isolation, cDNA synthesis, and RT-PCR
Total RNA isolated with the Chomczynski procedure[32] 
was used for cDNA synthesis with the Reverse Transcrip-
tion System Kit according to manufacturer’s protocol 
(Promega). The LightCycler (Roche) and the LightCycler 
Faststart DNA Master Plus SYBR Green I kit (Roche) 
were used to perform qRT-PCR measurements. Routine 
PCR runs consisted of  40 cycles with [95 ℃/15 s; 63 ℃
/15 s; 72 ℃/20 s]. Primer sequences: ACSL5: 5-TTT 
TTG TAC ACG GGG AGA GC-3; 5-ACA GGC TGT 
CAA TTT GGG TC-3; Wnt2B: 5-GTG TCC TGG 
CTG GTT CCT TA-3; 5-AGC TGG TGC AAA GGA 
AAG AA-3; b-catenin: 5-GCC GGC TAT TGT AGA 
AGC TG-3; 5-TGA TGT CTT CCC TGT CAC CA-3. 
The comparative cycle threshold method with cyclophilin 
or GAPDH as the house keeping gene was used to calcu-
late relative mRNA levels.

Protein isolation and Western blot
Following the Chomczynski procedure[32], proteins 
were extracted, separated with SDS-PAGE, and electro 
transferred to a PVDF Immobilon-P membrane (Mil-
lipore, Bedford, MA). For immunodetection, the follow-
ing primary antibodies were used as recommended by 
the manufacturers: anti-ACSL5 (Abnova 51703, Taipei, 
Taiwan, 1:500) anti-Wnt2B (Abcam 50575, Cambridge, 
England, 1:500), anti-Cox Ⅳ (Cell Signalling Technol-
ogy, 4850, Frankfurt, Germany, 1:500), and anti-b-actin 
(Sigma, A5441, Taufkirchen, Germany, 1:1000). HRP-
conjugated secondary antibodies were purchased from 
Santa Cruz Biotechnology (Santa Cruz, Heidelberg, 
Germany) (1:10000) and Pierce (High Sensitivity Strep-
tavidin HRP Conjugate, Pierce, Rockford, United States) 
and visualized with enhanced chemiluminescence (Pierce, 
Rockford, IL). For molecular weight estimation, the peq-
Gold prestained Protein Marker V (Peqlab, Erlangen, 
Germany) was used.

Immunohistochemistry
For immunohistochemistry, sections of  paraffin-embed-
ded tissues were processed following routine procedures. 
Briefly, tissue sections were dewaxed, incubated in block-
ing solution followed by the first antibody or isotype-
matched immunoglobulin. The primary antibodies in-
cluded anti-ACSL5 (Abnova 51703; dilution 1:50), anti-
Wnt2B (Abcam 50575; dilution 1:500), anti-Ki67 (Medac 
RM-9106-R7; dilution 1:3), and anti-b-catenin (BD 
Transduction 610153; dilution 1:25). The antigens were 
uncovered by pre-treatment with Citrate buffer pH 6.0. 
Slides were scanned with Nano Zoomer 2.0 HT (Hama-
matsu, Japan) and analyzed with NDP.view (Hamamatsu, 
Japan).

ACSL5 gene silencing
RNA interference on ACSL5 transcripts was performed 
as described previously[33]. Briefly, 75 nmol/L double-
stranded small interfering RNAs Hs_ACSL5_6 HP and 
Hs_ACSL5_7 HP (Qiagen) were used for transfection 
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is an established cell line derived from human colon 
adenocarcinoma with mutated APC and disrupted Wnt 
signaling[35]. Besides wild-type cells we used a stable trans-
fected ACSL5 clone (clone 3/25) and a vector control 
(clone P14). 

To characterize the cellular compartment of  ACSL5 
and Wnt2B, CaCo2 cells were fractionated into mito-
chondria and cytoplasm, and protein expression was 
measured by Western blotting. As reference proteins, 
b-actin (cytoplasm) and CoxⅣ (mitochondria) were used. 
An overexpression of  ACSL5 caused significantly in-
creased Wnt2B levels in the mitochondrial fraction, while 
cytoplasmatic levels remained unchanged (Figure 1A). 
To evaluate changes in Wnt2B mRNA levels in depen-
dence on ACSL5, realtime PCR was performed. Samples 
were CaCo2 cells in which ACSL5 was knocked down by 
siRNA. In the absence of  ACSL5, Wnt2B showed sig-
nificantly increased mRNA expression (Figure 1B). 

ACSL5 as a modifier of Wnt activity
In contrast to CaCo2, where the functional analysis 
of  Wnt activity is hampered due to mutated APC[35], 
HEK293 cells are preferentially used for studies on 
Wnt, because the cascade activity is intact[36]. These cells 
derived from a human embryonic kidney cell line were 
transformed by DNA of  human adenovirus 5[37]. ACSL5 
is physiologically not detectable in these cells. Thus, con-
ditions were ideal to characterize the putative influence 
of  ACSL5 on Wnt signal transduction in HEK293 cells 
by on-/off  system (with transient ACSL5 expression). 
Both cell lines, CaCo2 and HEK293, were furthermore 
transiently transfected with Wnt2B and/or luciferase Tcf  
reporter pTOPflash and control construct pFOPflash. 
Wnt signaling was induced by adding recombinant Wn-
t3A and detected luminometry. 

Cells with intact Wnt signaling (HEK293) showed 
distinct reporter gene expression after activation with 
Wnt3A. CaCo2 control transfectants (clone P14) repro-
duced this observation in half  the expression intensity 
of  HEK293. In the presence of  increased ACSL5 ex-
pression, no statistically significant Wnt activation was 
detectable; reporter gene expression was significantly 
decreased (Figure 2A). To verify these results, ACSL5 was 
knocked down by siRNA in HEK293 and CaCo2, then 
pTOPflash and pFOPflash were transiently transfected 
and cells activated with Wnt3A. The luminometric detec-
tion showed a re-activation of  Wnt signaling in ACSL5 
transfected CaCo2 cells (Figure 2B). To characterize the 
role of  Wnt2B in canonical Wnt signaling (wild type), the 
experiment was modified by reducing Wnt2B expression. 
A Wnt2B knockdown showed a decreased reporter gene 
expression in HEK293 cells (Figure 2C). This observa-
tion indicates a decreased activation of  the canonical Wnt 
pathway in dependence on Wnt2B expression. In sum-
marize, Wnt2B was identified as an activator of  canonical 
Wnt signaling regulated by mitochondrial ACSL5.

Wnt2B is modified by ACSL5 via S-palmitoylation
In order to prove palmitoylation as molecular mechanism 

experiments as described by the manufacturer. In control 
experiments, non-silencing siRNAs were used. Knock-
down efficiency was evaluated by fluorescence micros-
copy, qRT-PCR, and anti-ACSL5 immunoblotting.

Wnt-activity assay
Cells were transiently transfected with pGL4[luc2CP/
TCF-LEF RE/Hygro] (Firefly luciferase vector, Pro-
mega, Mannheim, Germany) and pGL4.70[hRluc] (Renilla 
luciferase vector, Promega, Mannheim, Germany). Wnt 
signaling was activated by the addition of  200 ng/mL 
recombinant Wnt3A (R&D Systems, Wiesbaden, Ger-
many) and incubated for 1 h at 37 ℃. The Dual luciferase 
Assay (Promega, Mannheim, Germany) was performed 
as recommended by manufacturer.

Apcmin/+ mice
Apcmin/+ mice, originating from the Jackson Laboratory[34], 
were maintained in temperature-controlled rooms with a 
12 h light/dark cycle in the animal facility of  the Univer-
sity Hospital of  Aachen. All studies were approved by the 
authority for environment conservation and consumer 
protection of  the state North Rhine-Westphalia (Ger-
many). Mice were sacrificed at the indicated time points, 
tissues were sampled for histological and RNA analysis. 
For each investigated time-point and condition at least 5 
mice were investigated.

Patients
The use of  human tissues was approved by the local eth-
ics committee at the University Hospital RWTH Aachen 
(EK 179/12). A total of  12 patients were included in this 
study. Neither neo-adjuvant chemotherapy nor radiation 
was applied prior to surgery for sporadic human colorec-
tal adenocarcinomas (all graded G2 or G3). Tissue speci-
mens were fixed in formalin and embedded in paraffin. 
For immunostainings against ACSL5, Wnt2B, Ki67, or 
b-catenin, tissues were sectioned and dewaxed. In each 
slide, the staining intensity of  normal mucosa and ad-
enocarcinoma was evaluated. The staining intensity of  a 
staining control was used as standard. 

Statistical analysis
Data demonstrate findings of  experiments reproduced at 
least three times. Excel-based algorithms and procedures 
were used in data processing. Standard deviations from 
the means are indicated by error bars. The t-test was ap-
plied to calculate differences between groups. P-values 
of  less than 0.05 were considered to be significant. Im-
munoblots were calculated with densitometry and data 
processing with the ImageJ Quant 5.1 software (National 
Institutes of  Health, United States; http://rsb.info.nih.
gov/ij).

RESULTS
Mitochondrial co-localization of ACSL5 and Wnt2B 
To prove the possibility of  molecular interaction between 
ACSL5 and Wnt signaling, CaCo2 cells were used. CaCo2 
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of  ACSL5-induced arrest of  Wnt2B in mitochondria, an 
acyl-biotin-exchange assay was used[38]. To conserve pal-
mitoylation of  Wnt2B for the subsequent measure, cells 
were treated with palmostatin B. Afterwards mitochon-
dria were isolated. Wnt2B was then immunoprecipitated 
in the mitochondrial fraction by sepharose beads by spe-
cific antibodies. The resulting samples were treated by ac-
yl-biotin exchange, SDS-PAGE and analyzed by Western 
blotting. Figure 2D shows the established palmitoylation 
assay, figure 2E palmitoylation in relation to Wnt2B 
protein expression, depending on ACSL5. Increased 
ACSL5 expression resulted in significantly increased 
palmitoylation of  Wnt2B in relation to Wnt2B protein 
expression, knocking down ACSL5 resulted in decreased 
palmitoylation of  Wnt2B. The functional data are in line 
with the descriptive findings in normal human intestinal 
mucosa. Both ACSL5 and Wnt2B were expressed in an 
increasing gradient along the CVA, whereas Wnt activity, 
shown by nuclear b-catenin expression, was inverse (Fig-
ure 3).

In vitro Wnt2B palmitoylation status is inverse to grade 
of malignity
The palmitoylation status of  Wnt2B, the main criterion 
of  ACSL5-Wnt interaction, was tested in several hu-
man colon carcinoma cell lines of  different malignancy 
statuses including HT29, CaCo2, SW480, and HCT116. 
Using the origin and power of  cellular differentiation, the 
cell lines were characterized as low (HT29, CaCo2), inter-
mediate (SW480), or high (HCT116) grade malignity[39]. 
In the palmitoylation exchange assay, cells with increasing 
malignity reveal significantly decreased palmitoylation 
of  Wnt2B in mitochondria (Figure 4A). According to 
the in vivo situation, the analysis of  ACSL5 showed that 
decreased palmitoylation correlates not immediate with 
a decreased ACSL5 expression. Expression studies in 
total cell lysates showed increased mRNA expression of  
ACSL5 with only marginally varying Wnt2B and b-catenin 
expression (Figure 4B).

Aberrant expression of Wnt2B and ACSL5 in adenomas 
and adenocarcinomas
In a next step we aimed to characterize the molecular as-
sociation of  ACSL5 and Wnt2B in intestinal neoplasias, 
i.e., adenomas and adenocarcinomas. In adenomas of  the 
Apcmin/+ mouse model at 21 wk of  age, translocation of  
b-catenin from cytoplasm into the nucleus was found 
(Figure 5B). Adenomatous or rather tumorous areas with 
decreased ACSL5 expression showed a tendency towards 
decreased expression of  Wnt2B compared to surround-
ing normal tissue. These results suggest decoupling of  
ACSL5-Wnt interaction in adenomas.

In human sporadic adenocarcinoma of  the colon, a 
significant upregulation of  ACSL5 and Wnt2B in carci-
noma was shown (Figure 5C-F). Wnt2B was detectable 
both nuclearly and cytoplasmatically. In parallel an activa-
tion of  Wnt signaling was found, shown by the translo-
cation of  b-catenin into the nucleus (Figure 5E). In the 
tumors, palmitoylation of  Wnt2B was increased (Figure 
5G and H) reflecting the in vitro findings. 

DISCUSSION
Homeostasis of  intestinal barrier is amongst other things 
maintained by regulatory signaling pathways like Wnt, 
which are essential for physiologic cell reagibility and 
influence the throughput of  epithelial cells. Thus these 
signaling cascades are of  central relevance for navigating 
enterocytes towards proliferation, differentiation, and 
apoptosis.

By its distinct and preferential mitochondrial localiza-
tion on the inner and outer mitochondrial membrane, 
ACSL5 has a special ranking among acyl-CoA synthe-
tases. It is of  important relevance in mitochondrial fatty-
acid metabolism and energy homeostasis of  cells by the 
channeling of  acyl-coA and promotion of  ß-oxidation[8,40]. 
In addition, ACSL5 was identified as a functional regula-
tor in the cellular homeostasis of  apoptosis, survival, and 
differentiation. To analyze a putative link between ACSL5 
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Figure 1  Expression of acyl-coA synthetase 5 and Wnt2B in mitochondrion, cytoplasm, and nucleus. A: Western blot of mitochondrial and cytoplasmatic 
CaCo2 cell fractions, fraction specific reference antibodies were b-actin (cytoplasm) and CoxⅣ (mitochondria); B: Wnt2B mRNA expression in the presence or ab-
sence of acyl-CoA synthetase 5 (ACSL5) was analyzed by realtime PCR and normalized for the reference gene cyclophilin. aP < 0.05 vs control. 
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and Wnt signaling, a luciferase reporter assay to detect 
Wnt activity by Tcf  reporter[41] was established in two cell 
culture models. In HEK293 cells with intact Wnt signal-
ing, ACSL5 was not detectable. In CaCo2 cells, charac-
terized by a mutation in the APC, ACSL5 was strongly 
expressed. By means of  both cell culture models it was 
coherently shown that ACSL5 expression has an inhibi-
tory effect on Wnt activation. The findings with CaCo2 
indicate that the ACSL5-Wnt interaction could be down-
stream of  APC. 

Lipid modifications of  proteins are of  extreme physi-
ological and pathophysiological relevance. A function-
ally important variance of  lipid modification is protein 
palmitoylation, biochemically an O- or S-derived binding 
of  palmitate. Palmitoylation of  a protein alters its func-
tion and is an important regulator in various signaling 
pathways[38]. Inaccurate palmitoylation is involved in the 
pathogenesis of  several diseases including cancer[42]. It is 

known that various molecules of  canonical Wnt signal-
ing are modified by palmitoylation, possibly influencing 
their activity and localization[29]. To date, ACSL5 as pro-
moter of  Wnt palmitoylation has not been not character-
ized. However it has been shown that ACSL5-derived 
lipid modification of  proteins regulating intestinal cell 
properties functions by palmitate addition as well[43]. 
This characteristic is presumably important in different 
signaling cascades and receptor structures[44]. Both in cell 
culture models and in murine and human tissue it was 
shown that overexpressed or downregulated ACSL5 al-
ters expression and synthesis of  Wnt2B in mitochondria 
and cytoplasm. This observation argues for an ACSL5-
derived change in localization of  Wnt2B. At high expres-
sion of  mitochondrial ACSL5, Wnt2B is also increased 
in the mitochondrion; after ACSL5 knockout, Wnt2B 
expression is shifted into the cytoplasm. As an underlying 
mechanism palmitoylation was identified here, because 
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Figure 2  Wnt activation dependent on acyl-CoA synthetase 5 expression. A: Luciferase reporter assay in HEK293 and CaCo2 cells stably or transiently trans-
fected with acyl-CoA synthetase 5 (ACSL5) and transiently transfected with pTOPflash or pFOPflash. After activation with Wnt3A, Tcf reporter-derived luciferase 
activity was detected luminometric; B: Luciferase reporter assay after knockdown of ACSL5 by siRNA in HEK293 and CaCo2 cells; C: Luciferase reporter assay after 
knockdown of Wnt2B by siRNA in HEK293 cells; D: Palmitoylation of Wnt2B dependent on ACSL5 expression. Isolated mitochondria from HEK293 cells, transiently 
transfected and immunoprecipitated with Wnt2B, with or without treatment with palmostatin B, Hydroxylamine (hydrochloride), and BMCC. As a reference, Wnt2B 
protein expression was determined; E: Isolated mitochondria from CaCo2 cells, transiently transfected with Wnt2B and ACSL5, immunoprecipitated with Wnt2B, after 
treatment with palmostatin B, hydroxylamine (hydrochloride), and BMCC. aP < 0.05 vs control. 
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the palmitoylation pattern of  Wnt2B changed with vary-
ing ACSL5. This observation suggests an ACSL5-derived 
localization change of  Wnt2B by palmitoylation, indi-
rectly influencing activation of  Wnt signaling. 

Regarding a potential uncoupling of  ACSL5-Wnt in-
teraction in intestinal carcinogenesis, the relevance of  this 
newly identified pathway was analyzed in different intes-
tinal tumor cell lines dependent on their potential malig-
nity. HT29 is the lowest-maligned cell line, increasing via 
CaCo2 and SW480 to HCT116 with the highest malignity 
grade[39]. With potentially increasing malignity, palmi-
toylation of  Wnt2B in mitochondria was downregulated, 
with increasing ACSL5 mRNA expression and constant 
mRNA expression of  Wnt2B and b-catenin as indicators 

for Wnt activation in whole lysates. Colon carcinoma cell 
lines of  different origin and malignity status showed a 
broad range in Wnt2B palmitoylation. It is assumed from 
these data that our observed mechanism differs in its ex-
pressivity, maybe caused by other Wnt-regulatory factors 
or locoregional reasons. Maybe the localization of  Wnt2B 
shifts towards the cytoplasm with increasing malignity 
and ACSL5 is no longer able to palmitoylate and arrest 
Wnt2B to mitochondrion. Other studies also describe a 
loss of  palmitoylation in molecules with antineoplastic 
properties[45]. 

Following the cell-culture-based experiments, murine 
and human intestinal normal or diseased tissues were 
investigated. Both molecules, ACSL5 and Wnt2B, were 
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Figure 3  Expression of acyl-CoA synthetase 5, Wnt2B, and b-catenin in normal human intestinal mucosa. Immunohistological staining of acyl-CoA synthetase 5 
(A), Wnt2B (B), and b-catenin (C) on paraffin sections of normal human intestinal mucosa. For general view staining with hematoxylin and eosin (D), staining control (E). 

Figure 4  Palmitoylation of Wnt2B and expression levels of acyl-CoA synthetase 5, Wnt2B, and b-catenin in colon carcinoma cell lines of different malig-
nancy statuses. A: HT29, CaCo2, SW480, and HCT116 were treated with palmostatin B, mitochondria isolated, Wnt2B immunoprecipitated and palmitoylation was 
detected via streptavidin antibody in Western blot; B: mRNA expression of acyl-CoA synthetase 5 (ACSL5), Wnt2B, and b-catenin. Realtime PCR with cyclophilin as 
reference gene. aP < 0.05 vs control. 
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downregulated in highly proliferating tissue and Wnt2B 
palmitoylation was decreased. In a direct comparison 
to tumor-surrounding normal tissues, the carcinoma 
showed significantly increased expression of  ACSL5 and 
Wnt2B. Wnt2B was found cytoplasmatically and nucle-
arly. Mitochondria isolated from carcinoma showed sig-
nificant increased palmitoylation of  Wnt2B. Because of  
the mitochondrial localization of  both target molecules, 
the observed expression changes, and in particular the 
mitochondrial palmitoylation of  Wnt2B, ACSL5 seems 
to play a central role. Other ACSL isoforms, in particular 
ACSL1b and -6, were described in correlation with pal-
mitoylation[43]: palmitoylation of  G-Alpha S is essential 
for its function. It was inhibited by blocking of  the ACSL 
activity by Triacsin C. As a result, the G-Alpha S signaling 

pathway in oocytes was inhibited and resulted in a mis-
maturation in the human reproduction cycle. 

Our data reveal that in addition to ACSL5 as a modi-
fier of  apoptosis, the enzyme is able to regulate Wnt 
signaling/activity. Its functionality is mediated by palmi-
toylation and results in Wnt signaling inhibition, which 
could antagonize early carcinogenesis. Based on the 
manifold cross-linking of  different pathways particularly 
in intestinal epithelia, a key role of  ACSL5 and other 
ACSL isoforms in other proliferation- and differentia-
tion-associated pathways or apoptosis could be possible. 
The ACSL5 influence seems to be circumvented by other 
mechanisms with increasing malignity and disproportion-
ate Wnt activation. The palmitoylation pattern changes 
independently and seems to underlie other regulatory 
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Figure 5  Proliferation and Wnt activation in adenoma of APCmin/+ mice and human familial adenomatous polyposis. A: b-catenin staining on adenoma of hu-
man familial adenomatous polyposis and in APCmin/+ mice; B: Expression of acyl-CoA synthetase 5 (ACSL5), Wnt2B and b-catenin and palmitoylation of Wnt2B in 
human sporadic adenocarcinoma; C: General view staining with HE; D-F: Immunohistochemical staining with ACSL5, b-catenin, Wnt2B; G: Palmitoylation of Wnt2B 
in isolated mitochondria of human tissue, immunoprecipitated with Wnt2B, after treatment with palmostatin B, hydroxylamine (hydrochloride), and BMCC. Wnt2B as 
reference; H: Densitometry calculation of (G) with ImageJ. aP < 0.05 vs control. 
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mechanisms as only ACSL5-based expression. Electro-
static interactions could play an important role and lead 
to an association of  Wnt2B and b-catenin instead of  mi-
tochondria and ACSL5. 

In conclusion, experimental evidence exists for an 
inhibitory ACSL5 activity on Wnt signaling via palmi-
toylation of  Wnt2B with mitochondrial Wnt2B arrest. 
The molecular pathway could be of  relevance in carcino-
genesis.

COMMENTS
Background
The intestinal surface epithelium is characterized by a continuous cellular re-
newal along the crypt-villus axis (CVA) or crypt-plateau axis. Cells migrate from 
the crypt to the villus tip and differentiate by this time. At the villus tip the cells 
undergo apoptosis and are scaled off in the lumen. Various signaling cascades 
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thetase 5 (ACSL5) is expressed in an ascending gradient along the CVA and 
promotes enterocytic apoptosis at the villus tip. Canonical Wnt signaling is a 
proliferating signaling pathway. An interaction of ACSL5 with members of Wnt 
signaling pathway could be of central relevance for intestinal homeostasis. 
Research frontiers
ACSL5 is involved in fatty acid metabolism, its main function is the activation of 
long-chain fatty acids. In the area of prevention of intestinal diseases and tumor 
formation, the research hotspot is how ACSL5 modulates canonical Wnt signal-
ing and regulates proliferation along the CVA.
Innovations and breakthroughs
Earlier studies showed the ascending expression of ACSL5 along the crypt-vil-
lus axis and a functional influence on the apoptosis susceptibility of enterocytes. 
The modifying properties on canonical Wnt signaling were so far unknown. 
Palmitoylation was identified as the fundamental mechanism for the molecular 
interaction between mitochondrial ACSL5 enzyme activity and mitochondrial 
localized Wnt2B.
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The study results suggest that in addition to ACSL5 as a modifier of apoptosis, 
the enzyme is able to regulate Wnt signaling/activity. Its functionality is medi-
ated by palmitoylation and results in Wnt signaling inhibition, which could an-
tagonize early carcinogenesis.
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Palmitoylation: palmitoylation is a reversible posttranslational protein-modi-
fication, consisting of a covalent thioester-bond between palmitoyl-CoA and 
cysteine. Cellular effects of palmitoylation are increased hydrophobicity, trans-
formational change, interaction with membranes, or integration in membranes.
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