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Abstract: Recent studies have proven that Dimethylfumarate (DMF) has a marked anti-proliferative
impact on diverse cancer entities e.g., on malignant melanoma. To explore its anti-tumorigenic
potential, we examined the effects of DMF on human colon carcinoma cell lines and the underlying
mechanisms of action. Human colon cancer cell line HT-29 and human colorectal carcinoma cell
line T84 were treated with or without DMF. Effects of DMF on proliferation, cell cycle progression,
and apoptosis were analyzed mainly by Bromodeoxyuridine (BrdU)- and Lactatdehydrogenase
(LDH)-assays, caspase activation, flowcytometry, immunofluorescence, and immunoblotting. In
addition, combinational treatments with radiation and chemotherapy were performed. DMF inhibits
cell proliferation in both cell lines. It was shown that DMF induces a cell cycle arrest in GO/G1 phase,
which is accompanied by upregulation of p21 and downregulation of cyclin D1 and Cyclin dependent
kinase (CDK)4. Furthermore, upregulation of autophagy associated proteins suggests that autophagy
is involved. In addition, the activation of apoptotic markers provides evidence that apoptosis is
involved. Our results show that DMF supports the action of oxaliplatin in a synergetic manner
and failed synergy with radiation. We demonstrated that DMF has distinct anti-tumorigenic, cell
dependent effects on colon cancer cells by arresting cell cycle in GO/G1 phase as well as activating
both the autophagic and apoptotic pathways and synergizes with chemotherapy.

Keywords: dimethylfumarate; colorectal carcinoma; p21; cell cycle arrest; cyclin D1; p62; LC3 I/II;
caspase-8; autophagy

1. Introduction

Colorectal cancer is the second most common malignant neoplasm in women and the third
most common in men, thus forming the second most common cause of cancer death [1]. Despite
relevant improvements in therapies, the prognosis of metastatic colorectal cancer patients remains
poor. Treatment failure and serious side effects related to the available therapeutics demand therapies
that increase survival rate with significantly less toxicity [2].

Dimethylfumarate (DMF), a dimethyl ester of fumaric acid (Figure 1), has a low side effects
profile and has been proven to be effective for the systemic treatment of inflammatory diseases such as
psoriasis and multiple sclerosis.
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Figure 1. Chemical structure of Dimethylfumarate performed with Jmol (Jmol: an open-source Java
viewer for chemical structures in 3D. http://www.jmol.org/).

After oral administration, DMF is quickly converted to its active metabolite monomethylfumarate
(MMF) and the peak concentrations are detected 5-6 h later [3]. There is growing evidence that fumaric
acid esters have a pronounced anti-tumorigenic potential in diverse cancer entities in both in vitro
and in vivo trials. Recently, we reported on the inhibition of melanoma cell proliferation induced
by DMF [4]. Furthermore, Kirlin et al. demonstrated that DMF inhibits colon cancer cell growth by
inducing apoptosis [5]. This was complemented by Xie et al., who showed that DMF inhibits tumor
proliferation via activation of the autophagic pathway and generation of reactive oxygen species [6].
Autophagy is a multi-step lysosomal degradation process and can result in autophagic cell death.

Autophagy in cancer and cancer treatment has been a controversial issue regarding its positive or
negative role for tumor growth and seems dependent on the tumor entity as well as the compound
inducing autophagy [7]. Additionally, Begleiter et al. revealed that a DMF diet prevents colon cancer in
mice and rats by inducing phase II detoxifying enzymes [8]. Furthermore, it could be demonstrated that
MMF is a metabolite of DMF enhanced CD56" natural killer cell lysis of tumor cells by degranulation
and upregulation of NKp46 and CD107a [9]. In addition, our group could demonstrate that DMF
effectively inhibits angiogenesis and lymphangiogenesis in part by downregulation of a vascular
endothelial growth factor receptor (VEGFR)-2 [10,11]. All of these results illustrate that DMF seems to
have potential antitumorigenic effects. The underlying mechanisms of regulation are up to now not
completely clear. Various authors demonstrated that DMF suppresses the activation as well as the
nuclear translocation of Nuclear factor kappa B (NfkB) and therefore characterize p65 as a central target
of DMF [12-14]. In addition, p21 and the cell cycle seem to be important targets of DMF [4,10,15].

There are now various clinical studies evaluating the effects of DMF and/or standard of care
protocols in glioblastoma (NCT02337426 and NCT02490930) and refractory leukemia/lymphoma
(NCT02784834). Thus, the first evidence that DMF induces apoptosis and autophagy in colorectal
carcinoma cells has been provided. The underlying mechanisms of this action have yet to be determined.
In this study, we investigated the in vitro influence of DMF on colon carcinoma cell proliferation and
the underlying mechanisms of apoptosis, autophagy, and cell cycle regulation.

2. Material and Methods

2.1. Reagents

Dimethylfumarate, Triton X 100, chloroquine, propidium iodide and staurosporine were obtained
from Sigma-Aldrich (Hamburg, Germany). Oxaliplatin was purchased from Abcam (Cambridge,
UK) rapamycin from Merck’s Calbiochem (Darmstadt, Germany) and RNAse from Qiagen (Hilden,
Germany).

2.2. Cell Culture

Human colorectal adenocarcinoma cell lines (HT-29 and T84 derived from a lung metastasis) were
purchased from American type culture collection (ATCC) (Manassas, VA, USA).

HT-29 cells were grown in McCoy’s 5A medium (Sigma-Aldrich, Hamburg, Germany)
supplemented with 10% fetal calf serum (FCS, Greiner, Munich, Germany), 100 ug/mL streptomycin
and 100 U/mL penicillin (Gibco/BRL, Karlsruhe, Germany). T84 cells were cultured in Dulbecco’s
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Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Darmstadt, Germany) containing
same supplements and 2 mM L-glutamine (Gibco/BRL, Karlsruhe, Germany), additionally. Both cell
lines were maintained at 37 °C in a humidified atmosphere of 5% CO, in air. The cell lines were grown
to 60%—-80% confluence before each passage using 0.25% trypsin/EDTA solution (Invitrogen, Karlsruhe,
Germany).

Unless otherwise noted, in all experiments, cells were left to become adherent for 48 h after
seeding and subsequently treated for 24 h with DMF or indicated substances before performing assay
specific procedures and measurements.

2.3. Cell Proliferation and Cytotoxicity Assay

The effect of DMF on cell proliferation was measured by quantifying BrdU via a cell proliferation
immunoassay from Roche Diagnostics (Grenzach, Germany). Forty-eight hours after seeding (1 x 10*
cells per 96-well), cells were incubated with BrdU and DMF at the indicated concentrations for 24 h.
The cytotoxic potential of DMF was determined using an LDH-based cytotoxicity detection kit from
Roche. Forty-eight hours after seeding (1 x 10* cells per 96-well), the cells were incubated under
serum-reduced conditions (1% FCS) with DMF for 24 h at the indicated concentrations.

2.4. Apoptosis Assays

The effect of DMF on apoptosis was analyzed using a Cell Death Detection ELISA PLUS-Kit and
the Caspase 3/7 Assay from Roche Diagnostics (Grenzach, Germany). All assays were carried out
according to the manufacturers’ instructions and 1 x 10* cells were seeded per 96-well.

2.5. Fluorescence-Activated Cell Sorting Analysis (FACS)

For cell cycle distribution analysis, cells (2.5 x 10° cells) were incubated with 100 uM DMF and
solvent as a control for 24 h after blocking the S phase of the cell-cycle by treatment with serum
depleted medium for 24 h. The cells were fixed in ice-cold 70% ethanol. Cells were incubated in
phosphate buffered saline (PBS) containing 40 pug/mL RNase A for 30 min at 37 °C and resuspended in
PBS containing 50 pg/mL propidium iodide. Analysis of cell cycle was assessed by a BD FACScan
Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

2.6. Detection of Autophagy

The effect of DMF on autophagic activity was investigated using the CYTO-ID Autophagy
Detection Kit from ENZO Life Sciences (Lorrach, Germany). Cells were collected (2.5 x 10* per well)
and stained according to the manufacturer’s manual. Cells treated with rapamycin 500 nM and
chloroquine 10 M were taken as positive control.

2.7. Combination of Oxaliplatin and Radiation

To analyze the anti-tumorigenic potential of the combination of DMF and oxaliplatin, as well as
DMF and radiation concentrations of oxaliplatin and the Gy doses, were chosen cell lines specifically
according to preliminary tests (Supplementary Figures S1-54). In the combined treatment, oxaliplatin
was added to the cells (0.5 x 10* per well) 2 h after pre-incubation with BrdU and DMF or solvent,
respectively, at indicated concentrations for another 22 h. To determine the additional impact of
radiation, DMF pretreated cells (0.5 x 10* per well) for 3 h were exposed to 0 Gray (Gy) vs. 2 Gy and
incubated for additional 21 h for an overall treatment of 24 h. The anti-tumor effects were measured
as inhibition of proliferation by quantifying BrdU as mentioned above. Irradiation with single doses
of 2 Gy were carried out using a linear accelerator (SL-15, Elekta, Crawley, UK) with 6 MeV/100 cm
focus-surface distance and a dose rate of 4 Gy/min. To ensure constant conditions, untreated cells were
kept under equivalent surroundings in the irradiation control room.
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2.8. Western Blot Analysis

Protein extracts were prepared as described previously [4]. Following Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotting, membranes were incubated with
the following primary antibodies: anti-p21, anti-p27, anti-p16, CDK4, CDK®, cycline D1, cycline E,
cycline B1, Light Chain3 (LC)3 AB I/II, Atg4B, p62, Atg3, Atgb, Atg7, Atgl2, beclin-1, full length
and cleaved caspases 3, 7, 8, 9, (phospho-)p38, (phospho-)p44/42, (phospho-)rb, (phospho-)akt,
and anti-tubulin (Cell Signaling, Danvers, MA, USA). Primary antibody application was followed
by incubation with horseradish peroxidase-conjugated secondary antibodies (anti-mouse and
anti-rabbit IgG, Amersham, Uppsala, Sweden; anti-goat, Dako, Glostrup, Denmark). Blots were
developed using an enhanced chemiluminescence detection system (ECL) (Amersham) according to
the manufacturer’s instructions.

2.9. Statistical Analysis

The data are expressed as the mean + standard error of the mean (SEM) from at least three
independent experiments. Statistical analyses were performed using the one-Way ANOVA test. As a
statistical program, we used QtiPlot 0.9.9. * p < 0.05.

3. Results

3.1. DMF Has No Cytotoxic Effects and Inhibits Colon Carcinoma Cell Proliferation

We examined the effect of DMF on cell proliferation and investigated its cytotoxicity using two
colorectal adenocarcinoma cell lines, HT-29 and T84, revealing that it inhibited colorectal carcinoma

(CRC) proliferation in a concentration- and time-dependent manner, as determined by BrdU assay
(Figure 2a—d)
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Figure 2. DMF suppresses colon carcinoma cell proliferation but does not display cytotoxic effects.
(a,b) proliferation assay: HT-29 and T84 were treated for 24 h with the indicated concentrations of
DME. Dimethylsulfoxide (DMSO) 0.2% solvent served as control; (¢,d) proliferation assay: HT-29 and
T84 were treated with 100 uM DMF for the indicated time. DMSO 0.2% solvent served as control;
(e,f) cytotoxicity-assay: HT-29 and T84 were treated for 24 h with the indicated concentrations of DMF.
DMSO 0.2% solvent served as negative control, Triton X as a positive control. Mean values from at
least three independent experiments are shown as mean + SD. * p < 0.05: significant.

DMF significantly reduced proliferation up to 57% in HT-29 and up to 65% in T84 cells. In a
time-modified set-up, 100 uM DMF showed an inhibition of cell proliferation by 16% in HT-29 and
21% in T84 after only 3 h of treatment, followed by gradually progressive inhibition to 42% and 30%,
respectively, after 24 h.

These results were not conveyed through cytotoxic effects because DMF did not significantly
increase LDH (Figure 2e,f).

3.2. DMF Induces GO/G1 Cell Cycle Arrest in HT-29 and Augments Sub-G0/G1 Phase in T84

Using the FACS analysis with propidium iodide-stained HT-29 and T84 cells, we found that
DMF treatment significantly increased the GO/G1 phase distribution from 53% to 69% in HT-29 with
subsequent reduction of cells in S and G2/M phase, demonstrating G0/G1 cell cycle arrest (Figure 3a).
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Figure 3. DMF induces G0/G1 arrest in HT-29 and increases the sub-G0/G1 phase in T84. Analysis of
cell cycle distribution by FACS using propidium iodide-stained colon carcinoma cell lines (a) HT-29
treated with 100 uM DMEF for 24 h; (b) T84 were treated with 100 uM DMF for 24 h. Positive control:
Staurosporine 1 uM; Negative control: DMSO 0.2%. Data displayed are the mean values of at least
three independent experiments and results are shown as mean + SD. * p < 0.05: significant.

Surprisingly, this effect could not be seen in T84 cells despite similarly decreased proliferation
under DMF treatment. Instead, the FACS analysis revealed an augmentation of DMF treated T84 cells
in the sub-G0/G1 phase from 13% to 25%, indicating that cell death mechanisms were involved in the
anti-tumorigenic action of DMF (Figure 3b).

These data show that the specific cell cycle arrest phase was cell line dependent. To determine
the underlying mechanisms of cell cycle arrest, we examined the expression of important cell cycle
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regulators. P21 levels increased in a concentration-dependent manner in HT-29 cells, whereas p27
levels were not changed (Figure 4a). The inhibitory function of p21 to cell cycle could be further
illustrated. The increase in p21 expression was accompanied by p53 protein induction. The expression
of cyclin D1, an important driver of the G1/S phase transition and CDK4, one of its complex partners,
was suppressed in a dose-dependent manner (Figure 4b).
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Figure 4. DMF induces p21 in both cell lines and p53 in HT-29 and suppresses CDK4 and cyclin D1
protein expression only in HT-29 cells. Representative Western blot analyses of (a,b) HT-29 treated
for 24 h with DMF in the indicated concentrations and (c) T84 cells treated for 24 h with DMF in the
indicated concentrations. DMSO 0.2% served as a solvent control. Comparable results were obtained
from at least three independent experiments.

Expression of the cell cycle regulators p27, cyclin E and CDK6 did not change after DMF treatment
in HT-29. In T84, an increase in p21 expression under DMF could be demonstrated, whereas p27 and
p53 were not influenced by DMF (Figure 4c).

3.3. DMF Induces Cell Death-Related Mechanisms in T84

To rule out cell death-related mechanisms as pointed out by the cell cycle analysis in T84,
we investigated the DMF-induced release of cytoplasmic histone-associated DNA fragments and
caspase-3/7 activity. We found that DMF modestly but significantly induced apoptotic cell death and
increased caspase-3/7 activity in a concentration-dependent manner in T84 (Figure 5a—d), but not in
HT-29 cells.
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Figure 5. DMF induces apoptosis and caspase-3/7 activation in T84 but not HT-29 cells. Analysis of
apoptosis using the Cell Death Detection Kit. (a) HT-29 cells were treated for 24 h with DMF at the
indicated concentrations; (b) T84 cells were treated for 24 h with DMF at the indicated concentrations.
Analysis of caspase-3/7 activity; (c¢) HT-29 cells were treated for 24 h with DMF at the indicated
concentrations; and (d) T84 cells were treated for 24 h with DMF at the indicated concentrations.
Mean values from at least three independent experiments are shown as mean + SD. * p < 0.05: significant.
As a positive control, staurosporine (SSP) 1 uM was used. DMSO 0.2% served as a solvent control.

3.4. DMF Induces Autophagy and Decreases Activity of Cellular Senescence

To reveal further potential mechanisms of proliferation inhibition induced by DMF, we next
explored autophagic and senescent activities. Visualization of the autophagic vacuoles was performed
by immunofluorescence. We found that DMF increased autophagic activity in both HT-29 and T84
cells (Figure 6a).

These results were confirmed by significantly elevated protein levels of LC3 A/B, a major
constituent of the autophagosome in immunofluoroscence and Western blot (Figure 6a,b). Furthermore,
we demonstrated an increase of p62 (SQSTM1) in both cell lines, which functions as an autophagosome
cargo protein via binding to LC3 B and target proteins for degradation (Figure 6¢).

In addition, we could show a suppression of the activated form of caspase-8 in HT-29 cells,
whereas, in T84, caspase-8 stayed unchanged. Other autophagy-related proteins Atg3, Atg4B, Atg5,
Atg7, Atgl2, and beclin-1 remained unchanged in our setting.
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Figure 6. DMF induces autophagy in HT-29 and T84 colon carcinoma cell lines. (a) representative
immunofluorosecence of autophagy using Cyto-ID® assay. Cells were treated with DMF (100 uM)
or solvent for 24 h. As a positive control Rapamycin (500 nM) + Chloroquine (10 uM) were used;
(b) representative Western blot analyzes of LC3 A/B. Cells were treated for 24 h with vehicle or DMF
for the indicated concentrations. The two arrows mark the type I (upper arrow) and type II (lower
arrow) LC3A/B; (c) representative Western blot analysis from different autophagy associated proteins.
Cells were treated for 24 h with vehicle or DMF for the indicated concentrations. Comparable results
were obtained from at least three independent experiments.
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3.5. DMF Shows Synergetic Effect in Combination with Oxaliplatin but Does Not Potentiate Radiation
Response

To determine whether radiation ameliorates DMF-induced anti-tumor effects, simultaneous
treatment with radiation and DMF was performed. Additional impact of radiation on colon carcinoma
proliferation was only slight and not significant in both cell lines (Figure 7a,b).
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Figure 7. Combinational treatment with DMF and radiation or oxaliplatin. Proliferation assay for the
DMF/radiation treatment (a) HT-29 and (b) T84 cell lines. DMF pretreated cells (3 h) were exposed to 0
Gy vs. 2 Gy and incubated for additional 21 h for an overall treatment timed of 24 h. Proliferation
assay for DMF/oxaliplatin treatment in (c¢) HT-29 and (d) T84 cell lines. Oxaliplatin was added 2 h
after pre-incubation with DMF or solvent, respectively, at indicated concentrations for another 22
h. Mean values from at least three independent experiments are shown as mean + SD. p < 0.05:

significant. * significant compared to untreated control. ** significant compared to single treatments
and untreated control.

Furthermore, we explored the anti-proliferative effect of DMF in combination with oxaliplatin,
which is used as an antineoplastic drug in colorectal cancer chemotherapy (Figure 7c,d). Our results
show that DMF significantly fortifies the action of oxaliplatin in a synergetic manner. While DMF and

oxaliplatin reduced proliferation by approximately a quarter, the combinational treatment reduced
proliferation up to two-thirds.

4. Discussion

Different authors have provided the first evidence that DMF treatment in vitro leads to growth
inhibition of colon cancer of human and animal origin [5,6,16]. Furthermore, in vivo experiments with
mouse models also suggest a colon cancer protective effect [8,17]. The underlying mechanisms are
only partly clarified.

In this study, we revealed that DMF inhibited the proliferation of two human colon carcinoma
cell lines via a cell line-dependent induction of G0/G1 cell cycle arrest, apoptosis, and autophagy in
a concentration- and time-dependent manner. We also showed increased expression of the tumor
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suppressor p21 in both cell lines and suppressed expression of the cell cycle inductor cyclin D1 and its
complex partner CDK4 in HT-29 cells as the likely underlying mechanism of G0/G1 arrest. In addition,
we demonstrated that DMF induced apoptosis in T84 cells. Furthermore, we showed a DMF-induced
autophagic activity in both HT-29 and T84 cells. This was substantiated by elevated protein levels
of LC3 A/B and p62 in both cell lines and reduced caspase-8 activity in HT-29. Moreover, we could
demonstrate that the combinational treatment with DMF and chemotherapy acts synergistic, whereas
the combination of radiotherapy and DMF has no synergistic effects.

Recently, we reported that DMF inhibits the proliferation of melanoma cell lines via a
concentration-dependent induction of GO/G1 and G2/M arrest in a p21-dependent manner [4]. Our data
bolster this finding in colon carcinoma cells, since we revealed a concentration-dependent increase in p21
expressions in both cell lines. Furthermore, we observed a G0/G1 cell cycle arrest in HT-29 cells, which
is in line with the results in vascular smooth muscle cells, pre-adipocytes and lymphendothelial cells
where DMF was shown to induce G0/G1 arrest via induction of p21 [4,10,15,18]. Thus, the induction of
a p21 dependent GO/G1 arrest seems to be an important way of DMF dependent regulation in various
cell and tumor entities. In colon carcinoma, the induction of p21 is an important way of cell cycle arrest.
Singh et al. demonstrated that the heparanase inhibitor PG545 effectively inhibits colon carcinoma cell
proliferation via p21 induction and G0/G1 arrest [19]. Afrin et al. showed in HCT-116 cells that manuka
honey, which seems to have a cancer preventive effect, induces p21 and G2/M cell cycle arrest [20].

Besides the induction of p21, we could demonstrate a suppressed expression of the cell cycle
regulators cyclin D1 and its complex partner CDK4 in HT-29 cells. The downregulation of cyclin
D1 and CDK4 is an important and effective way of cell cycle arrest. Singh et al. demonstrated that
resveratrol inhibits cyclin D1 and CDK4 expression in human colon carcinoma cells inducing G0/G1
arrest [21]. Rezaei et al. showed comparable results in breast cancer cells for pericarp extract [22].
In addition, in HT-29 cells, we could demonstrate the induction of p53. P53 is an important regulator
of the cell cycle and is known to regulate p21. Hence, the p53 induction in HT-29 is in line with the p21
induction and cell cycle arrest. In T84 cells, p53 was not induced by DMF and therefore p21 might be
regulated p53 independently. Comparable results could be demonstrated by us in melanoma cells,
where the knockdown of p53 did not influence the G0/G1 cell cycle arrest [4].

In T84 cells, blocked cell cycle boundaries could not be demonstrated. Instead, DMF treatment
almost doubled the sub-G0/G1 phase distribution from 13% to 25%, indicating apoptotic mechanisms.
This result was corroborated by further apoptosis-related findings, such as DMF-induced increase of
apoptotic nucleosomes and caspase-3/7 activity in T84. The induction of apoptosis by DMF has been
demonstrated in several cancer entities before, as for example in melanoma cells [4,23], and hematopoetic
tumor cells [24]. The differences in the underlying mechanisms of proliferation suppression in HT-29
and T84 might, in addition, depend on the fact that HT-29 is a primary site tumor and T84 is derived
from a metastasis and therefore are differently affected by DMEF. In prospective analysis, a set of primary
and metastatic tumors should be evaluated concerning the differences of regulation by DMF treatment.
Contrary to our results, Kirlin et al. reported in HT-29 cells DMF-induced apoptosis, which was
measured by loss of adherence, nuclear fragmentation, and increased caspase-3-like activity in response
to DMF treatment [6]. We could not reproduce these results. In our experiments with three different
ways of apoptosis analysis, neither the release of cytoplasmic histone associated DNA-fragments nor
a DMF induced caspase-3/7 activity nor a subGO phase increase in the cell cycle analysis could be
demonstrated. Kirlin et al. combined in part DMF treatment with the differentiation agent sodium
butyrate, which might explain the different results. In addition, the investigators themselves remarked
a relatively slow and probably incomplete DMF-prompted development of apoptosis even at 24 h.
Different culture conditions might also add to different effects. Moreover, Xie et al. did not exclude
the possibility of DMF-induced cell apoptosis in HCT116 (human) and CT26 (murine) colon cancer
cells, but found DMF not to significantly affect apoptotic parameters, such as the expression of bcl-2,
bax, and cleaved caspase-3 protein [6]. In addition, Xie et al. demonstrated that DMF is able to
increase autophagy in colon cancer cells. This specific effect could be reversed in the murine CT26
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cells by treatment with the inhibitor of autophagy DMHI, but, interestingly, it did not affect the
DMF-induced decrease in cell viability, which might indicate that autophagy is not the exclusive way of
regulation. We received an analogue outcome of enhanced autophagic activity under DMF treatment
in both HT-29 and T84 cell lines detecting an increased amount of autophagic vacuoles and LC3A/B
by immunofluorescence analysis. These findings were accompanied by significantly elevated protein
levels of LC3 A/B and p62 and reduced expression of activated caspase-8. The role of autophagy in
cancer and cancer treatment has been a controversial issue regarding its positive or negative role for
tumor growth. It has been recognized that the effect depends on the tissue, developmental stage of
the tumor, and degree of autophagic activity. Ma et al. could illustrate the double-edged effects of
Tanshinone-induced autophagy on osteosarcoma cells [25]. With low dosing and shorter treatment
periods autophagic signaling activated damage repair mechanisms, whereas, on high-dose treatment
over longer periods, autophagy contributed to apoptosis. Recently, Chen et al. showed that Apigenin
effectively inhibits tumorigenesis in vivo and in vitro by the combination of apoptosis and autophagy
in colon carcinoma [26]. Comparable results were demonstrated by Son et al. or Gao et al. in colon
carcinoma cell lines [27,28]. Interestingly, Li et al. demonstrated in prostate cancer cells that the
induction of autophagy induces p21 [29]. Comparable results were demonstrated by Wang et al. in
pancreatic cancer cells [30]. Fan et al. as well as Di Giacomo et al. contrarily demonstrated that the
induction of p21 induces autophagy [31,32]. Thus, it seems there is a close regulatory relation between
p21 and autophagy which might be cell entity specific. The possible DMF dependent regulatory
pathway is depicted in Figure 8.

Dimethylfumarate

|

P211

l

Autophagy/Autophagic Go/G1 arrest
cell death

Figure 8. Possible DMF dependent way of regulation in colon carcinoma cell lines.

These findings suggest that the anti-tumor effects of DMF in T84 cells are induced by apoptosis as
well as autophagy. Hanot et al. and Boivin et al. demonstrated that the treatment of head and neck
cancer cells with DMF sensitizes them to radiation and induces cell death [33,34]. Comparable results
were shown by Booth et al. in glioblastoma [35]. To prove whether this effect can be transferred to
colon carcinoma, we performed combinational treatments with DMF and radiation for 24 h. Here,
we could demonstrate no synergistic effects. Of course, on the one hand, it might be possible that
longer post radiation times demonstrate further effects, but, on the other hand, the effects of DMF on
proliferation appear as early as after 3 h. Future in vivo experiments might include longer treatment
times. In contrast, the combination of chemotherapy (oxaliplatin) and DMF displayed a profound and
significant synergism concerning proliferation inhibition. In future experiments, it might be interesting
to analyze whether the synergism is based more on cytotoxicity, apoptosis, or cell cycle inhibition.
Booth et al. could demonstrate comparable results in freshly isolated glioblastoma patient cells where
the combination of proteasome inhibitors and DMF significantly increased tumor cell death, in part
by inducing autophagy [35]. There are now various clinical studies evaluating the effects of DMF
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and/or standard of care protocols in glioblastoma (NCT02337426 and NCT02490930) and refractory
leukemia/lymphoma (NCT02784834).

5. Conclusions

In summary, we have elucidated the underlying mechanisms of DMF-induced apoptosis,
autophagy, and cell cycle inhibition in colon carcinoma cell lines. We demonstrated in particular the
activation of caspase-8 and upregulation of p21, LC3 A/B and p62. In addition, in HT-29 cells, we
could show the suppression of cyclin D1 and CDK4, which, in part, explains the G0/G1 cell cycle arrest.
These data now explain, in part, the anti-tumorigenic action of DMF in colorectal cancer and might be
the foundation for further in vivo analysis.
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the proliferation of T84 cells.
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