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ALDH1A inhibition sensitizes colon cancer
cells to chemotherapy
Z. Kozovska* , A. Patsalias, V. Bajzik, E. Durinikova, L. Demkova, S. Jargasova, B. Smolkova, J. Plava, L. Kucerova
and M. Matuskova

Abstract

Background: Recent evidence in cancer research, developed the notion that malignant tumors consist of different
subpopulations of cells, one of them, known as cancer stem cells, being attributed many important properties such
as enhanced tumorigenicity, proliferation potential and profound multidrug resistance to chemotherapy. Several
key stem cells markers were identified in colon cancer. In our study we focused on the aldehyde dehydrogenase
type 1 (ALDH1) expression in colon cancer-derived cell lines HT-29/eGFP, HCT-116/eGFP and LS-180/eGFP, and its
role in the chemoresistance and tumorigenic potential.

Methods: The effect of pharmacological inhibition of ALDH activity by diethylaminobenzaldehyde (DEAB) and also
effect of molecular inhibition by specific siRNA was evaluated in vitro in cultures of human colorectal cell lines. The
expression level of different isoenzymes of aldehyde dehydrogenase was determined using qPCR. Changes in cell
biology were evaluated by expression analysis, western blot and apoptosis assay. The efficiency of cytotoxic
treatment in the presence of different chemotherapeutic drugs was analyzed by fluorimetric assay. Tumorigenicity
of cells with specific ALDH1A1 siRNA was tested in xenograft model in vivo.

Results: Treatment by DEAB partially sensitized the tested cell lines to chemotherapeutics. Subsequently the molecular
inhibition of specific isoforms of ALDH by ALDH1A1 or ALDH1A3 siRNA led to sensitizing of cell lines HT-29/eGFP, HCT-
116/eGFP to capecitabine and 5-FU. On the model of athymic mice we observed the effect of molecular inhibition of
ALDH1A1 in HT-29/eGFP cells by siRNA. We observed inhibition of proliferation of subcutaneous xenografts in
comparison to control cells.

Conclusion: This research, verifies the significance of the ALDH1A isoforms in multidrug resistance of human colorectal
cancer cells and its potential as a cancer stem cell marker. This provides the basis for the development of new approaches
regarding the treatment of patients with colorectal adenocarcinoma and potentially the treatment of other tumor
malignancies.
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Background
Colorectal cancer (CRC) has been a serious public health
problem in developed countries for many years because
of its frequency despite the screening and preventive
strategies [1]. It remains the third most common cancer
in men and the second most common cancer in women
[2]. Chemotherapeutic regimens combining: Folinic acid,
Fluorouracil and Oxalipatin (FOLFOX), Folinic acid,
Fluorouracil and Irinotecan hydrochloride (FOLFIRI),

Folinic acid, Fluorouracil, Irinotecan hydrochloride and
Oxaliplatin (FOLFIRINOX) or Irinotecan, Fluorouracil and
Leucovorin (IFL) still remain key therapeutic modalities in
CRC [3–6]. Treatment failure or poor response to the
treatment arises either as a result of acquired or intrinsic
ability of tumor cells to become simultaneously resistant to a
wide range of antineoplastic agents with different structure
and mechanism of action. Multidrug resistance is primarily
caused by over-expression of ATP-binding cassette trans-
porters (ABCT), efflux pumps that decrease bioavailability
of the administered drug(s) [7]. Substantial heterogeneity
in tumor mass also contributes to drug resistance. It is

* Correspondence: zuzana.kozovska@savba.sk
Laboratory of Molecular Oncology, Cancer Research Institute, Biomedical
Research Center of SAS, Dubravska cesta 9, 845 05 Bratislava, Slovakia

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Kozovska et al. BMC Cancer  (2018) 18:656 
https://doi.org/10.1186/s12885-018-4572-6

http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-018-4572-6&domain=pdf
http://orcid.org/0000-0002-3508-0093
mailto:zuzana.kozovska@savba.sk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


widely accepted, that only a small subpopulation of tumor
cells drives tumor growth and form metastases. These cells
designated as cancer stem cells (CSC) possess capability of
self-renewal, differentiation properties and also inherent
drug resistance. CSC typically represent 0.1–10% of all
tumor cells and they can be identified based on their ex-
pression of specific surface markers (CSC makers) [8, 9]
such as LGR5 [10–12], CD44v6, [13, 14] CD133 [15] and
others.
Aldehyde dehydrogenase (ALDH) is an oxidoreductase,

which catalyzes a conversion of aldehydes to their corre-
sponding carboxylic acids [16]. The human genome con-
tains 19 ALDH genes with various cellular functions and
tissue distribution [17]. Several ALDH isoforms have been
identified as CSC markers in different type of cancer. It
was confirmed that there is a correlation between ALDH1
expression and bad prognosis for patients in embryonal
rhabdomyosarcoma [18], acute myeloid leukemia (AML)
[19], pancreatic adenocarcinoma [20], breast cancer [21],
lung cancer [22] and ovarian cancer [23, 24].
Acquired drug resistance in cancer cells is associated

with the transcriptional activation of ALDH1 expression.
The ALDH1A1 gene encodes a homotetramer that is
ubiquitously distributed in adult organs, such as brain,
testis, kidney, eye, lens, retina, liver, and lungs.
ALDH1A1 together with ALDH1A2 and ALDH1A3
takes its position among the three highly conserved
cytosolic isozymes, which catalyze the oxidation of
retinal (retinaldehyde), the retinol metabolite, to
retinoic acid (RA) [25]. Despite accumulating evidence
on the functional role of ALDH1A1 in normal stem
cell and CSC, the specific mechanisms involved in the
regulation of ALDH1A1 remain unclear [26]. The
ALDH1A1 provides drug protection and radiation
resistance to CSCs [26]. This effect was observed on
hematopoietic progenitor cells [27].
The present study aims to characterize relationship

between expression of ALDH isoforms and resistance
to chemotherapeutics used in the treatment of pa-
tients with colorectal carcinoma. The role of specific
ALDH isoforms in chemoresistance and stemness in
colon cancer has not been studied in detail, yet.
There is some information about ALDH1B1 isoform
which can be a diagnostic marker for colon cancer
[28]. For our experiments we explored the role of
ALDH1A1 and ALDH1A3 isoforms in human colo-
rectal cell lines HCT-116/eGFP, HT-29/eGFP and
LS-180/eGFP. We identified, that ALDH1A1 and
ALDH1A3 isoforms are differentially expressed in se-
lected cell lines along with other CSC markers. Silen-
cing the expression by siRNA interference method
altered sensitivity to the chemotherapeutics indicating
that the specific ALDH isoforms contribute to drug
resistance in CRC.

Methods
Chemicals
All chemicals were purchased from Sigma Aldrich (St Louis,
MO, USA), if not stated otherwise.

Cell lines
Human colorectal adenocarcinoma cell lines HT-29
(ATCC® Number HTB-38™), HCT-116 (ATCC® Number
CCL-247™ and, LS-180 (ATCC® -Number CL-187™) were
used in this study. Cells were retrovirally transduced by
enhanced Green fluorescent protein gene (eGFP) as de-
scribed previously in [29] and designed as follows:
HT-29/eGFP, HCT-116/eGFP and LS-180/eGFP.
Cells were cultured in high-glucose (4.5 g /L) Dulbecco’s

modified Eagle medium (DMEM, PAN Biotech, Germany)
supplemented with 5 or 10% fetal bovine serum (FBS, Bio-
chrom AG), 2 mM glutamine or glutamax and
antibiotic-antimycotic mix (GIBCO BRL, Gaithesburg, MD).

Aldefluor assay
To evaluate the ALDH activity, functional ALDE-
FLUOR™ assay (StemCell Technologies, USA) was per-
formed. The cell suspension was centrifuged for 5 min
at 250 x g, the supernatant was removed and the cells
were resuspended in 1 ml of ALDFLUOR Assay Buffer.
Finally, cell count was performed and the sample was
adjusted to a concentration 1 × 106 cells/ml with ALDE-
FLUOR Assay Buffer. We proceeded according to manu-
facturer’s protocol.
Before measurement DAPI was added to both control

and test tubes to distinguish dead cells.
Measurement was performed using BD FACSCanto™ II

flow cytometer (Becton Dickinson, USA) equipped with
FacsDiva program. Data were analyzed with FCS Express
program.

RNA isolation and cDNA synthesis
Total RNA was isolated from 1 to 2 × 106 tumor cells by
NucleoSpin® RNA II Mini Total RNA Isolation Kit
(Macherey Nagel, Germany) according to manufacturer’s
protocol. Extra genomic DNA digestion was performed by
RapidOut DNA Removal Kit (Thermo Scientific,
Germany). RNA was reverse transcribed with RevertAid™
H minus First Strand cDNA Synthesis Kit (Thermo
Scientific, Germany). One μg of cDNA was subjected
to standard PCR performed in 1× PCR Master Mix
(Thermo Scientific, Germany) with 35 cycles on Biorad
Thermal cycler T100 (Biorad, USA) and resolved in 2%
agarose or 4% MetaPhor® Agarose (Lonza, Rockland,
ME, USA).

Real time PCR
Quantitative PCR was performed in 1× GoTaq® qPCR
Master Mix (Promega) 0.16 μM primers and 1 μl of
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template cDNA on Bio-Rad CFX 96 (Biorad, USA). The
PCR run according to the protocol. Obtained data were
subsequently analyzed using CFX Manager™ Software
(Version 1.5). Gene expression was calculated using
delta cycle threshold values (ΔCt = CtTARGET GENE –
CtREFERENCE GENE). Expression of HPRT1 and GAPD
genes was set as endogenous reference gene. Analysis
was performed twice in triplicates and data were
expressed as means ± SD.
Primers used for PCR a qPCR are listed in the Table 1.

siRNA nucleofection and gene silencing by siRNA
interference
Suspension of 1–2 × 106 tumor cells was transfected
with small-interfering RNA (siRNA) oligonucleotide
according to the manufacturer’s instructions using the
Neon® transfection system (Invitrogen, USA). The pa-
rameters used for electroporation are specified in
Table 2.
We used 100 μl tips type. Cells were plated immedi-

ately after transfection on the 6 wells plate with pre-
warmed cultivation medium without antibiotics. After
cultivation for 24 H or 48 H cells were harvested and
used for sequential analyses.
The siRNA oligonucleotides were purchased from

Sigma – Aldrich for ALDH1A1 (EHU028501-50UG,
MISSION® esiRNA Human aldh1a1) for ALDH1A3
(MISSION® siRNA SASI_Hs01_00129096 and MISSION®
siRNA SASI_Hs01_00129097 mixed 1:1 to reach efficient

silencing of ALDH1A3 gene) and negative control
(SIC001-10NMOL, MISSION® siRNA Universal Negative
Control 1).

Fluorimetric assay
The analysis was performed in black 96-well plates (Grei-
ner cat number 655090). Depending on the particular cell
line 1.103–5.103 cells per well was seeded. Forty eight
hours later cells were exposed to various concentrations
of either chemotherapeutics alone or their combinations
with DEAB. Cytotoxic effect of chemotherapeutic agents
on HT-29/eGFP, HCT-116/eGFP and LS-180/eGFP cell
lines was measured by fluorimetric assay. Measurements
were performed after 5 days of cultivation. Tests were per-
formed in quadruplicates.

Western blotting
Western blot analysis was performed as described previ-
ously [30]. ALDH1–specific antibody (BD Biosciences
cat. 611,194) at 1:2000 dilution and anti β-actin antibody
(Cell Signaling Technologies, cat. 3700S) at 1:2000 dilu-
tion served as a loading control.

Apoptosis detection
Apoptotic cells were detected by Annexin V staining as
described previously [31].

Xenotransplant growth and animal treatments in vivo
Six to eight weeks old athymic mice (Balb/c nu/nu) were
used in accordance to the institutional guidelines under

Table 1 Sequences of primers used for PCR and qPCR

Gene PCR product size sequence

ALDH1A1 182 bp S TTGGAATTTCCCGTTGGTTA 62 °C [19]

A CTGTAGGCCCATAACCAGGA

ALDH1A3 133 bp S GCCCTTTATCTCGGCTCTCT 60 °C [20]

A CGGTGAAGGCGATCTTGT

ALDH2 168 bp S ACCTGGTGGATTTGGACATGGTCC 60 °C [20]

A TCAGGAGCGGGAAATTCCACGGA

LGR5 101 bp S ACAGGAAATCATGCCTTACAGAGCTT 60 °C [21]

A ACTCCAAATGCACAGCACTGGT

CD133 162 bp S TTGTGGCAAATCACCAGGTA 60 °C

A TCAGATCTGTGAACGCCTTG

MDR1 169 bp S GCTATAGGTTCCAGGCTTGCT 60 °C

A GTGCTTGTCCAGACAACATTT

nanog 207 bp S GCAAATGTCTTCTGCTGAGATGC 60 °C

A AGCTGGGTGGAAGAGAACACAG

HPRT1 137 bp S TGACCAGTCAACAGGGGACA 62 °C [22]

A ACTGCCTGACCAAGGAAAGC

GAPDH 226 bp S GAAGGTGAAGGTCGGAGTC 58 °C [23]

A GAAGATGGTGATGGGATTTC
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the approved protocols. Tumors were induced by s.c. ad-
ministration of 2.5 x 105 HT-29/eGFP cells transfected
with ALDH1A1 siRNA or negative siRNA cells resus-
pended in 100 μl of serum-free DMEM. Animals (n = 8)
were evaluated for tumor growth and size regularly.
Tumor volume was calculated from caliper measure-
ments according to formula volume = length width2 /2.
Results were evaluated as mean tumor volume ± SD.

Statistical analysis
For the statistical analysis the animal models were
divided in two groups: female (n = 4) and male (n = 4).
The normality assumption hypothesis was tested using
Shapiro-Wilk test. Differences between two groups in
individual time points were assessed by Student’s-t test
or Mann-Whitney U test depending on normality of
the data. Multivariate analysis was performed using
General linear model for repeated measures with
Greenhouse-Geisser correction if violation of sphericity
was assumed. Effects of molecular inhibition and sex of
animal were analyzed. P values < 0.05 were considered to
indicate statistical significance.

Results
Molecular inhibition of ALDH by DEAB sensitizes HT-29/
eGFP cells to chemotherapeutic treatment
In order to find the link between the ALDH expression
and drug responses in CRC cell lines, first we determined
IC50 for capecitabine (CAP), raltitrexed (RAL),
5-fluorouracil (5-FU) and irinotecan (IRI). Cell lines
exhibited susceptibility to these agents with IC50 in similar
range (Table 3). DEAB is a non-specific inhibitor of the
aldehyde dehydrogenase enzyme activity. It is an
inhibitor of MORE than one isozymes of ALDH; and
has two pharmacodynamic actions: 1. direct inhibitor
for some of the isoforms and 2. slow or very slow
substrate for others [32]. We used it in combination with
chemotherapeutic treatment (sub-inhibitory concentration
of DEAB 20 μg/ml), in order to determine whether the
combinatory treatment is more effective. As shown in the
Table 4, combination chemotherapy with DEAB resulted
in altered chemo-sensitivity when compared to single
chemotherapy in HT-29/eGFP cells. In the case of CisPt,
DEAB decreased 1.6-fold the IC50, in case of RAL it
decreased 1.8 fold the IC50, in case of 5-FU it decreased
126.7-fold IC50 and in case of IRI it decreased 1086-fold
the IC50.

Subsequently we tested ALDH activity by ALDE-
FLUOR assay between untreated cells and cells treated
with DEAB. These samples were exposed to 40 μg/ml
DEAB 24 h prior measurement. As we expected, cells
cultivated with DEAB had decreased ALDH activity in
comparison with untreated cells Fig. 1. The sample
treated with 40 μg/ml DEAB had 1.9-fold lower ALDH
activity comparing to untreated sample.

ALDH isoforms are differentially expressed in tested CRC
cell lines
Based on the capability of the ALDH inhibition to
sensitize tumor cells to chemotherapy, we examined the
expression of specific ALDH isoforms in selected cell
lines by qPCR and Western blot. We observed differences
in expression of analyzed ALDH isoforms. Cell line
HT-29/eGFP dominantly expressed ALDH1A1 isoform,
cell line HCT-116/eGFP dominantly expressed ALDH1A3

Table 3 IC50 values calculated by Calcusyn for 3 CRC cell lines
treated by selected chemotherapeutic agents

Chemotherapeutic agent CRC cell line IC50 value (μg/ml)

CAP [μg/ml] HCT-116/eGFP 296.13 (r = 0.993)

HT-29/eGFP 309.50 (r = 0.921)

LS-180/eGFP 267.86 (r = 0.952)

RAL [μg/ml] HCT-116/eGFP 2.5 (r = 0.866)

HT-29/eGFP 0.69 (r = 0.849)

LS-180/eGFP 3.48 (r = 0.916)

5-FU [μg/ml] HCT-116/eGFP 0.48 (r = 0.959)

HT-29/eGFP 0.38 (r = 0.844)

LS-180/eGFP 0.27 (r = 0.992)

IRI [μg/ml] HCT-116/eGFP 1.30 (r = 0.989)

HT-29/eGFP 3.26 (r = 0.882)

LS-180/eGFP 0.37 (r = 0.943)

The results are from two independent experiments measured
in quadruplicates

Table 4 IC50 values calculated by Calcusyn for single
chemotherapy or chemotherapy in combination with DEAB
tested on HT-29/eGFP cancer cells

IC50 (μg/ml)

CisPt 0.36 (r = 0.985)

CisPt + DEAB (20 μg/ml) 0.22 (r = 0.993)

RAL 0.69 (r = 0.849)

RAL + DEAB (20 μg/ml) 0.37 (r = 0.977)

5-FU 0.38 (r = 0.844)

5-FU + DEAB (20 μg/ml) 0.003 (r = 0.508)

IRI 3.26 (r = 0.882)

IRI + DEAB (20 μg/ml) 0.003 (r = 0.750)

The results are from two or three independent experiments measured
in quadruplicates

Table 2 The parameters used for electroporation

Cell line Pulse voltage (V) Pulse width (ms) Pulse number

HCT-116/eGFP 1300 30 1

HT-29/eGFP 1400 20 2

LS-180/eGFP 1400 20 1
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isoform and cell line LS-180/eGFP expressed in the simi-
lar level ALDH1A1 and ALDH2 isoforms (Fig. 2). We de-
tected ALDH1 proteins by Western blot. As it is shown in
Fig. 3, this ALDH1 is mainly expressed in HT-29/eGFP
cells what is in accordance with qPCR results.

CSC markers are differentially expressed in tested CRC
cell lines
We subjected tested cell lines HCT-116/eGFP, HT-29/
eGFP and LS-180/eGFP to qPCR for analysis of the
expression level of various CSC markers in order to
detect possible correlations between the expression of
ALDH isozymes and other CSC markers including
LGR5, CD133, MDR1 and Nanog. The CSC markers
expression verifies the existence of CSC subpopulation

in our cell lines and the clinical implications they
have. Also the differential expression profile analysis
shows that different CSC markers are expressed in
each cell line with CD133 and Nanog being expressed
mainly in HCT-116/eGFP and HT-29/eGFP cells while
LGR5 and MDR1 being expressed in HT-29/eGFP and
LS-180/eGFP cells, neither in HCT-166/eGFP (Fig. 4).
This fact could account partly, for the difference in
response to chemotherapy observed between the two
cell lines, since it indicated the differences between the
CSC subpopulations for different tumor types. We can
correlate the ALDH1 concomitant high expression with
the increased resistance in the respective colorectal
cancer cell subpopulation - i.e. colorectal cancer stem
cells.

ba

Fig. 1 ALDH activity in HT-29/eGFP cells measured by ALDEFLUOR assay by flow cytometry. Cells were treated with 40 μg/ml DEAB 24 h prior
measurement (a) and compared with untreated samples (b)

Fig. 2 Normalized fold expression of analyzed genes in tested cell lines. RNA was isolated from the tumor cells, reverse transcribed and PCR
amplified to detect the gene expression. Data were analyzed using CFX Manager™ Software, Version 1.5. Gene expression was calculated using
delta cycle threshold (ΔCt = CtTARGET GENE – CtREFERENCE GENE) values, where HPRT1 and GAPDH expressions were chosen as endogenous
reference genes. The cell line LS-180/eGFP was set as control. Analysis was performed in triplicates or quadruplicates in three independent
experiments and quantitative data were expressed as means ± SD
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Inhibition of ALDH1 isoforms sensitizes cancer cell lines
to chemotherapy
Based on the previous results, we performed siRNA si-
lencing of ALDH1A1 gene in HT-29/eGFP and LS-180/
eGFP, and ALDH1A3 gene in HCT-116/eGFP. We mea-
sured efficiency of silencing prior to performing subse-
quent tests. The efficiency of silencing was confirmed by
qPCR and it was different for each cell lines as de-
scribed: 17% for HT-29/eGFP, 42% for LS-180/eGFP and
99% for HCT-116/eGFP (Fig. 5).
Transfected cells were exposed to previously used che-

motherapeutics in order to see the alteration linked to
the specific inhibition. Sensitivity of specifically silenced

cells was compared to sensitivity of cells which were
transfected with negative siRNA only (Table 5). Silenced
cells HT-29/eGFP were 3.7-fold more sensitive to CAP
and 55-fold more sensitive to 5-FU. Silenced cells
LS-180/eGFP were 3.5 fold more resistant to CAP, 4.4
fold more resistant to 5-FU, 13.2-fold more resistant to
IRI and they were sensitive only 1.2 fold more to RAL.
In HCT-116/eGFP cell line, ALDH1A3 silencing resulted
in sensitization effect only in case of 5-FU. These cells
were 1.3-fold more sensitive to 5-FU and 3.3-fold more
resistant to IRI. The susceptibility of nucleofected cells
were measured after 5-day incubation with chemothera-
peutic agents, by fluorimetric assay. These results con-
firm the role of ALDH1 isoform group in the MDR of
CRC chemotherapy and further indicated its role as a
CSC marker.
In order to confirm the data from the viability assays,

we performed also Annexin V assay for detection of
apoptosis and necrosis in the cells transfected with spe-
cific siRNA influenced by different chemotherapeutics
(Fig. 6). Silencing of ALDH1A3 in HCT-116/eGFP in-
creased the proportion of apoptotic cells upon 5-FU
treatment from 21.46 to 34.21%, upon IRI treatment
from 36.61 to 41.02%. The proportion of necrotic cells
upon RAL treatment was increased from 32.9 to 37.82%
and decreased upon IRI treatment from 53.92 to 44.97%.
Silencing of ALDH1A1 in HT-29/eGFP increased the
proportion of apoptotic cells upon 5-FU treatment from
16.11 to 32.9%, upon RAL treatment from 10.26 to
15.22% and upon IRI treatment from 35.76 to 38.19%.
Silencing of ALDH1A1 in LS-180/eGFP increased the
proportion of apoptotic cells upon 5-FU treatment from
5.89 to 12.82% upon RAL treatment from 5.86 to 6.70%
and upon IRI treatment form 7.12 to 8.51%. The portion
of necrotic cells increased upon 5-FU treatment from

Fig. 3 Western blot of protein extracts. Whole protein extracts from
HT-29/eGFP, HCT-116/eGFP and LS-180/eGFP were used for Western
blot with specific antibodies anti-ALDH1A. Antibody anti-beta Actin
was used as loading control

Fig. 4 Normalized fold expression of various CSC markers in tested cell lines. RNA was isolated from the tumor cells, reverse transcribed and PCR
amplified to detect the gene expression. Data were analyzed using CFX Manager™ Software, Version 1.5. Gene expression was calculated using
delta cycle threshold (ΔCt = CtTARGET GENE – CtREFERENCE GENE) values, where HPRT1 and GAPDH expressions were chosen as endogenous
reference genes. The cell line HT-29/eGFP was set as control. Analysis was performed in triplicates or quadruplicates in three independent
experiments and quantitative data were expressed as means ± SD
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13.04 to 15.78% and upon RAL treatment the portion of
necrotic cells decreased from 26.86 to 21.73%. In case of
other chemotherapeutic there were only slight differences
in percentage of apoptotic and necrotic cells. We conclude
that inhibition of specific ALDH isoform in the cancer
cells substantially affected their responses to multiple
chemotherapeutic drugs.

ALDH1A1 silencing decreases tumorigenicity of the HT-
29/eGFP cells on athymic mice
In order to examine the role of ALDH1A1 in tumorigenesis,
ALDH1A1 silenced HT-29/eGFP cells and negative siRNA
transfected HT-29/eGFP cells were injected subcutaneously.
Tumor volume was measured regularly for subsequent
20 days. Animals were sacrificed, when the tumors exceeded
1 cm in one dimension. The results unraveled a decrease in
the tumor growth in the xenografts derived from
ALDH1A1-silenced cells in comparison to the respective
xenografts from cells nucleofected with negative siRNA.

From day 8 of the study the measurement shows a decrease
of 23.86%, on day 11 the decrease in growth rate is 40.5%;
on day 13 it is 34.8% and on day 15 the difference in growth
rate is 15.83%. Finally, on day 20 the difference in the tumor
volume began to decrease with a percentage difference of
8.7%. For the statistical analysis the animals were
divided in two groups: female (n = 4) and male (n = 4).
Multivariate analysis of repeated measures showed no
differences in tumor size between tumors induced by
cell nucleofected with negative siRNA and ALDH1A1
siRNA, even when stratified by sex (P = 0.119). However,
for male mice only, P value reach borderline significance
P = 0.097 with significant difference in tumor size for days
11 and 13 (P = 0.047 and 0.019, respectively) Fig. 7.
In males RA production is dependent on both ALDH1A1

and ALDH1A3, however in females ALDH1A3 is the
predominant enzyme for RA production [33, 34]. The sex
hormones regulate tissue-specific pattern of ALDH1 enzyme
expression [35].

Fig. 5 Normalized fold expression of analyzed genes in nucleofected cell lines. RNA was isolated from the tumor cells, reverse transcribed and
PCR amplified to detect the gene expression. Data were analyzed using CFX Manager™ Software, Version 1.5. Gene expression was calculated
using delta cycle threshold (ΔCt = CtTARGET GENE – CtREFERENCE GENE) values, where HPRT1 and GAPDH expressions were chosen as
endogenous reference genes. Analysis was performed in triplicates or quadruplicates in three independent experiments and quantitative data
were expressed as means ± SD

Table 5 IC50 values for used chemotherapeutics calculated by Calcusyn for transfected cell lines

IC50 CAP (μg/ml) 5-FU (μg/ml) RAL (μg/ml) IRI (μg/ml)

HCT-116/eGFP

negat siRNA 296.13 (r = 0.993) 0.28 (r = 0.985) 1.88 (r = 1.000) 0.03 (r = 0.971)

ALDH1A3 siRNA 300.00 (r = 0.987) 0.21 (r = 0.992) 1.79 (r = 1.000) 0.10 (r = 0.924)

HT-29/eGFP

negat siRNA 240.34 (r = 1.00) 0.044 (r = 0.997) 0.83 (r = 0.998) 1.43 (r = 0.999)

ALDH1A1 siRNA 64.27 (r = 0.955) 0.0008 (r = 0.866) 0.81 (r = 0.998) 1.53 (r = 0.998)

LS-180/eGFP

negat siRNA 267.86 (r = 0.952) 0.70 (r = 0.454) 2.06 (r = 1.000) 0.262 (r = 0.893)

ALDH1A1 siRNA 927.74 (r = 0.999) 3.07 (r = 0.986) 1.76 (r = 1.000) 3.46 (r = 0.998)

The results are from one experiment measured in quadruplicates
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Fig. 6 Induced apoptosis and necrosis in cells transfected with specific siRNA measured by Annexin V assay. Concentrations of chemotherapeutics
used in this assay were as follow: 5-FU: 5 μg/ml for HCT-116/eGFP, 20 μg/ml for HT-29/eGFP and LS-180/eGFP; RAL: 20 nM for HCT-116/eGFP and HT-
29/eGFP, 50 nM for LS-180/eGFP; IRI: 20 μg/ml for HCT-116/eGFP and HT-29/eGFP, 25 μg/ml for LS-180/eGFP. a: HCT-116/eGFP, b: HT-29/eGFP,
c: LS-180/eGFP

Fig. 7 The tumor volume recordings from Balb/c nu/nu mice models for in vivo experiments. Tumors were induced by s.c. administration of 2.5
105 HT-29/eGFP cells transfected with ALDH1A1 siRNA or negative siRNA cells resuspended in 100 μl of serum-free DMEM. Animals (n = 8) were
divided into two groups females (n = 4) and males (n = 4). The tumor volume was measured, duly and carefully, from 4th day post inoculation.
The mice were screened for tumor growth and the tumor volume was calculated according to the formula: volume = length x width2/2
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Discussion
Chemotherapy remains one of the major pillars in treat-
ment of colorectal carcinoma. The drug regimens used
for the disease control comprise 5-fluorouracil, oxalipla-
tin, capecitabine, irinotecan and raltitrexed. Even though
these agents exert their cytotoxic effect by multiple
non-overlapping mechanisms, tumor often develops re-
sistance to these drugs which represents major clinical
problem. Better understanding of the drug resistance
mechanisms and development of the agents, which
could target these mechanisms, is still needed. It has
been postulated that there is a tight link between the
phenotype of cancer stem cells and chemoresistance.
The cytotoxic treatment targets mostly rapidly dividing
tumor cell subpopulations thereby leaving behind pre-
dominantly the quiescent dormant cells with high che-
moresistance often correlating with enrichment for the
cancer stem cell markers. Several surface markers were
associated with the CSC population in colorectal cancer,
such as CD133, CD44v6, Lgr5 [15]. However, CSC sur-
face markers identified so far are expressed also by nor-
mal SCs, preventing their potential use as therapeutic
targets. In contrast to these surface marker molecules,
the ALDH marker represents an intracellular protein
with an enzymatic function executing the oxidation of
both endogenously and exogenously produced aldehydes
to their respective carboxylic acids. High activity of alde-
hyde dehydrogenase interfere with several chemothera-
peutics used in the treatment of patients with colorectal
cancer. Detoxification and drug inactivation represents
one of the mechanisms contributing to chemoresistance.
Overexpression of ALDH1A1 and ALDH3A1 isoforms
have been shown to result in greater inactivation of
cyclophosphamide in breast cancer [36]. Proportion of
ALDH1-positive breast cancer cells was significantly
higher in patients after paclitaxel and epirubicin-based
chemotherapy [21]. It has been also postulated that the
tumor cell population with high ALDH activity is
enriched for the CSC, as the enzymatic detoxification
renders these cells more resistant to various agents. As
the ALDH enzymatic activity may increase survival of
CSC in colorectal carcinoma, it might be beneficial to
inhibit its activity in order to target the CSC population
that remains unaffected by standard chemotherapy.
Based on the wide biologic action of ALDH enzyme,

there were efforts to develop inhibitors for the clinical
use. Even though there are 14 different inhibitors of the
ALDH enzyme superfamily available so far with varying
specificities for the particular isoforms, pharmacological
inhibitors have been developed for only 3 of the 19
ALDH isozymes. These are the drugs used for the inhib-
ition of enzymes involved in the metabolism of alcohol
(ALDH2) and the anticancer oxazaphosphorine drugs
specific for the ALDH1A1 and ALDH3A1 isoforms [37].

In our study we investigated the potential role of ALDH
in chemosensitivity and tumorigenicity of these cells lines.
There was a substantial subpopulation exhibiting ALDH
activity as determined by functional Aldefluor assay
(Fig. 1), therefore we investigated its contribution to drug
responses in detail in three colorectal carcinoma cell
lines (HCT-116/eGFP, HT-29/eGFP, LS-180/eGFP).
Exposure to the chemotherapeutics used in treatment
of colorectal cancer such as 5-FU, CAP, RAL and IRI
unraveled differences in sensitivity to these drugs
attributable to many potential mechanisms of inherent
drug resistance [7]. We identified specific ALDH
isoform expression (ALDH1A1 and ALDH1A3) in
tested cells. ALDH1A3 isoform was most prominently
expressed in HCT-116/eGFP cell line. HT-29/eGFP
and LS-180/eGFP cells expressed ALDH1A1 isoform.
Since there were different ALDH1 isoforms expressed
in the tested cell lines, we decided to further evaluate
their role in chemoresistance using siRNA-mediated
gene silencing. We could not employ pharmacological
inhibition due to the fact, that there is not specific
inhibitor of the isoform ALDH1A3 available yet. A
similar experiment was performed on melanoma cells,
where ALDH1A silencing increased chemosensitivity
of these cells [38]. By silencing of ALDH1A1 or
ALDH1A3 in tested cells we were compared chemo-
sensitivity of these cells to unaffected ones. Samples
after silencing were exposed to 5-FU, CAP, RAL and
IRI. Silencing of these two ALDH1A isoforms led to
different effect on chemosensitivity to tested drugs.
Despite the low efficiency of silencing in cells HT-29/
eGFP, the transfection sensitized cells to CAP and
5-FU. Cell line LS-180/eGFP transfected with
ALDH1A1 siRNA was more resistant than cells trans-
fected only with negative siRNA. In contrast to this,
ALDH1A3 siRNA sensitized HCT-116/eGFP cell lines
to raltitrexed and 5-FU. Recent experiments indicate
that isoform ALDH1A3 significantly contributes to
Aldefluor-positivity in different types of cancer [39, 40].
ALDH1A3 siRNA silencing slightly increased chemosensi-
tivity of HCT-116/eGFP cells. These results confirm that
ALDH1A3 may contribute to chemoresistance of colorec-
tal carcinoma cells.
Our data indicate cell line-specific function and role of

ALDH isoforms, however it seems reasonable to look
for strategies how to specifically target these enzymes in
order to improve the cytotoxicity of standard clinical
regimens. More importantly, here we show the link be-
tween ALDH1A1 and tumorigenic potential of cancer
cells. We were able to demonstrate a decrease in tumori-
genicity upon ALDH1A1 silencing. Even though the
Aldefluor functional assay has shown, that less than 10%
of the cells are Aldefluor-positive thus exhibiting ALDH
activity, it is sufficient to inhibit this enzyme to alter
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tumorigenicity indicating its contribution to population
of tumor-initiating cells.
We demonstrated that overall ALDH activity in HT-29/

eGFP cells decreased after exposure to non-specific inhibi-
tor DEAB. Chemosensitivity test in the presence of subin-
hibitory concentration of DEAB (20 μg/ml) confirmed its
potential to increase the antiproliferative effect of 5-FU,
IRI, RAL and CisPt in colorectal carcinoma cells. The ef-
fect of specific siRNA (ALDH1A1 or ALDH1A3) is spe-
cific only to this isoform. The effect of DEAB is more
complex, it effects not only the activity of ALDH but also
it has its own cytotoxic effect. These data further support
the need for specific ALDH inhibitors to achieve higher
cytotoxic action of standard drugs in order to achieve
better control of the tumor growth patients. However,
further knowledge needs to be gained to thoroughly assess
efficacy and safety of this type of treatment.

Conclusion
Our results confirm the significance of ALDH1 as CSC
marker in colorectal carcinoma. We sensitized the cells
by pharmacological inhibition with DEAB and also by
gene silencing with siRNA. The silencing resulted also in
lower tumorigenicity in vivo. However, this effect
depends on cell line and each cell line has different
expression of ALDH1 isoforms. Taken together our data
support the rationale for the development of specific
ALDH inhibitors for anticancer therapy.

Abbreviations
5-FU: 5-fluorouracil; ABCT: ATP-binding cassette transporters; ALDH: Aldehyde
dehydrogenase; CAP: Capecitabine; CisPt: Cisplatin; CRC: Colorectal cancer;
CSC: Cancer stem cells; DEAB: Diethylaminobenzaldehyde; IRI: Irinotecan;
N: Diethylaminobenzaldehyde; RA: Retinoic acid; RAL: Raltitrexed;
siRNA: Small-interfering RNA

Acknowledgements
We thank Dr. L. Wsolova for statistical results consultation. For the excellent
technical assistance we thank R. Bohovic, M. Dubrovcakova and V. Frivalska.

Funding
This work was supported by the Slovak Research and Development Agency
under the contract No. APVV-0052-12 (M.M), APVV-16-0178 (L.K), VEGA grants
2/0087/15 (L.K.) 2/0124/17 (Z.K). The experiments on the CFX96™ Real-Time
PCR Detection System and the IncuCyte ZOOM™ were enabled with the kind
help and the financial support from the Cancer Research Foundation
RFL2009 and RFL2012. The funders of this project had no role in the design
of the study and collection, analysis, and interpretation of data and in writing
the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article in the form of graphs and tables. The raw data used and/or
analyzed during the current study are available from the corresponding
author on reasonable request.

Authors’ contributions
Concept, design and development of methodology: ZK, LK, MM, acquisition
of data ZK, MM, AP, VB, ED, LD, SJ, JP analysis and interpretation of data ZK,
AP, LK, MM, statistical analysis BS, writing of the manuscript and review: ZK,
AP, MM, LK. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Animal experiments were performed in the approved animal facility (license
number SK PC 14011) as approved by the institutional ethic committee and
by the national competence authority (State Veterinary and Food
Administration of the Slovak Republic, registration number Ro 3108/14–221)
in compliance with the Directive 2010/63/EU of the European Parliament
and the European Council and the Regulation 377/2012 on the protection of
animals used for scientific purposes.

Competing interests
The authors declare that they have no competing interests.

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

Received: 26 December 2017 Accepted: 31 May 2018

References
1. Bouvier AM, Launoy G, Bouvier V, Rollot F, Manfredi S, Faivre J, Cottet V,

Jooste V. Incidence and patterns of late recurrences in colon cancer
patients. Int J Cancer. 2015;137(9):2133–8.

2. Deen KI, Silva H, Deen R, Chandrasinghe PC. Colorectal cancer in the young,
many questions, few answers. World J Gastrointest Oncol. 2016;8(6):481–8.

3. Kwon Y, Park M, Jang M, Yun S, Kim WK, Kim S, Paik S, Lee HJ, Hong S, Kim
TI, et al. Prognosis of stage III colorectal carcinomas with FOLFOX adjuvant
chemotherapy can be predicted by molecular subtype. Oncotarget. 2017;
8(24):39367–81.

4. Emami AH, Sadighi S, Shirkoohi R, Mohagheghi MA. Prediction of response
to irinotecan and drug toxicity based on pharmacogenomics test: a
prospective case study in advanced colorectal Cancer. Asian Pac J Cancer
Prev. 2017;18(10):2803–7.

5. Rouanet P, Rullier E, Lelong B, Maingon P, Tuech JJ, Pezet D, Castan F,
Nougaret S. Tailored treatment strategy for locally advanced rectal
carcinoma based on the tumor response to induction chemotherapy:
preliminary results of the French phase II multicenter GRECCAR4 trial. Dis
Colon Rectum. 2017;60(7):653–63.

6. Aparo S, Goel S. Evolvement of the treatment paradigm for metastatic
colon cancer. From chemotherapy to targeted therapy. Crit Rev Oncol
Hematol. 2012;83(1):47–58.

7. Kozovska Z, Gabrisova V, Kucerova L. Colon cancer: cancer stem cells markers,
drug resistance and treatment. Biomed Pharmacother. 2014;68(8):911–6.

8. Ward RJ, Dirks PB. Cancer stem cells: at the headwaters of tumor
development. Annu Rev Pathol. 2007;2:175–89.

9. Garza-Trevino EN, Said-Fernandez SL, Martinez-Rodriguez HG.
Understanding the colon cancer stem cells and perspectives on treatment.
Cancer Cell Int. 2015;15(1):2.

10. Asfaha S, Hayakawa Y, Muley A, Stokes S, Graham TA, Ericksen RE,
Westphalen CB, von Burstin J, Mastracci TL, Worthley DL, et al. Krt19(+
)/Lgr5(−) cells are Radioresistant Cancer-initiating stem cells in the Colon
and Intestine. Cell Stem Cell. 2015;16(6):627–38.

11. Kemper K, Prasetyanti PR, De Lau W, Rodermond H, Clevers H, Medema JP.
Monoclonal antibodies against Lgr5 identify human colorectal cancer stem
cells. Stem Cells. 2012;30(11):2378–86.

12. Hirsch D, Barker N, McNeil N, Hu Y, Camps J, McKinnon K, Clevers H, Ried T,
Gaiser T. LGR5 positivity defines stem-like cells in colorectal cancer.
Carcinogenesis. 2014;35(4):849–58.

13. Yan Y, Zuo X, Wei D. Concise review: emerging role of CD44 in Cancer stem
cells: a promising biomarker and therapeutic target. Stem Cells Transl Med.
2015;4(9):1033–43.

14. Todaro M, Gaggianesi M, Catalano V, Benfante A, Iovino F, Biffoni M, Apuzzo
T, Sperduti I, Volpe S, Cocorullo G, et al. CD44v6 is a marker of constitutive
and reprogrammed cancer stem cells driving colon cancer metastasis. Cell
Stem Cell. 2014;14(3):342–56.

15. Wilson BJ, Schatton T, Frank MH, Frank NY. Colorectal Cancer stem cells: biology
and therapeutic implications. Curr Colorectal Cancer Rep. 2011;7(2):128–35.

16. Moreb JS, Ucar D, Han S, Amory JK, Goldstein AS, Ostmark B, Chang LJ. The
enzymatic activity of human aldehyde dehydrogenases 1A2 and 2
(ALDH1A2 and ALDH2) is detected by Aldefluor, inhibited by

Kozovska et al. BMC Cancer  (2018) 18:656 Page 10 of 11



diethylaminobenzaldehyde and has significant effects on cell proliferation
and drug resistance. Chem Biol Interact. 2012;195(1):52–60.

17. Jackson B, Brocker C, Thompson DC, Black W, Vasiliou K, Nebert DW, Vasiliou
V. Update on the aldehyde dehydrogenase gene (ALDH) superfamily. Hum
Genomics. 2011;5(4):283–303.

18. Nakahata K, Uehara S, Nishikawa S, Kawatsu M, Zenitani M, Oue T, Okuyama
H. Aldehyde dehydrogenase 1 (ALDH1) is a potential marker for Cancer
stem cells in embryonal rhabdomyosarcoma. PLoS One. 2015;10(4):
e0125454.

19. Rollins-Raval MA, Fuhrer K, Marafioti T, Roth CG. ALDH, CA I, and CD2AP:
novel, diagnostically useful immunohistochemical markers to identify
erythroid precursors in bone marrow biopsy specimens. Am J Clin Pathol.
2012;137(1):30–8.

20. Rasheed ZA, Yang J, Wang Q, Kowalski J, Freed I, Murter C, Hong SM,
Koorstra JB, Rajeshkumar NV, He X, et al. Prognostic significance of
tumorigenic cells with mesenchymal features in pancreatic
adenocarcinoma. J Natl Cancer Inst. 2010;102(5):340–51.

21. Tanei T, Morimoto K, Shimazu K, Kim SJ, Tanji Y, Taguchi T, Tamaki Y,
Noguchi S. Association of breast cancer stem cells identified by aldehyde
dehydrogenase 1 expression with resistance to sequential paclitaxel and
epirubicin-based chemotherapy for breast cancers. Clin Cancer Res. 2009;
15(12):4234–41.

22. Serrano D, Bleau AM, Fernandez-Garcia I, Fernandez-Marcelo T, Iniesta P,
Ortiz-de-Solorzano C, Calvo A. Inhibition of telomerase activity preferentially
targets aldehyde dehydrogenase-positive cancer stem-like cells in lung
cancer. Mol Cancer. 2011;10:96.

23. Landen CN Jr, Goodman B, Katre AA, Steg AD, Nick AM, Stone RL, Miller LD,
Mejia PV, Jennings NB, Gershenson DM, et al. Targeting aldehyde
dehydrogenase cancer stem cells in ovarian cancer. Mol Cancer Ther. 2010;
9(12):3186–99.

24. Penumatsa K, Edassery SL, Barua A, Bradaric MJ, Luborsky JL. Differential
expression of aldehyde dehydrogenase 1a1 (ALDH1) in normal ovary and
serous ovarian tumors. J Ovarian Res. 2010;3:28.

25. Kiefer FW, Orasanu G, Nallamshetty S, Brown JD, Wang H, Luger P, Qi NR,
Burant CF, Duester G, Plutzky J. Retinaldehyde dehydrogenase 1 coordinates
hepatic gluconeogenesis and lipid metabolism. Endocrinology. 2012;153(7):
3089–99.

26. Tomita H, Tanaka K, Tanaka T, Hara A. Aldehyde dehydrogenase 1A1 in
stem cells and cancer. Oncotarget. 2016;7(10):11018–32.

27. Moreb J, Zucali JR, Zhang Y, Colvin MO, Gross MA. Role of aldehyde
dehydrogenase in the protection of hematopoietic progenitor cells from 4-
hydroperoxycyclophosphamide by interleukin 1 beta and tumor necrosis
factor. Cancer Res. 1992;52(7):1770–4.

28. Chen Y, Orlicky DJ, Matsumoto A, Singh S, Thompson DC, Vasiliou V.
Aldehyde dehydrogenase 1B1 (ALDH1B1) is a potential biomarker for
human colon cancer. Biochem Biophys Res Commun. 2011;405(2):173–9.

29. Matuskova M, Baranovicova L, Kozovska Z, Durinikova E, Pastorakova A,
Hunakova L, Waczulikova I, Nencka R, Kucerova L. Intrinsic properties of tumour
cells have a key impact on the bystander effect mediated by genetically
engineered mesenchymal stromal cells. J Gene Med. 2012;14(12):776–87.

30. Buliakova B, Mesarosova M, Babelova A, Selc M, Nemethova V, Sebova L, Razga F,
Ursinyova M, Chalupa I, Gabelova A. Surface-modified magnetite nanoparticles
act as aneugen-like spindle poison. Nanomedicine. 2017;13(1):69–80.

31. Kucerova L, Skolekova S, Matuskova M, Bohac M, Kozovska Z. Altered
features and increased chemosensitivity of human breast cancer cells
mediated by adipose tissue-derived mesenchymal stromal cells. BMC
Cancer. 2013;13:535.

32. Morgan CA, Parajuli B, Buchman CD, Dria K, Hurley TD. N,N-
diethylaminobenzaldehyde (DEAB) as a substrate and mechanism-based
inhibitor for human ALDH isoenzymes. Chem Biol Interact. 2015;234:18–28.

33. Reichert B, Yasmeen R, Jeyakumar SM, Yang F, Thomou T, Alder H, Duester
G, Maiseyeu A, Mihai G, Harrison EH, et al. Concerted action of aldehyde
dehydrogenases influences depot-specific fat formation. Mol Endocrinol.
2011;25(5):799–809.

34. Yasmeen R, Reichert B, Deiuliis J, Yang F, Lynch A, Meyers J, Sharlach M,
Shin S, Volz KS, Green KB, et al. Autocrine function of aldehyde
dehydrogenase 1 as a determinant of diet- and sex-specific differences in
visceral adiposity. Diabetes. 2013;62(1):124–36.

35. Petrosino JM, Disilvestro D, Ziouzenkova O. Aldehyde dehydrogenase 1A1:
friend or foe to female metabolism? Nutrients. 2014;6(3):950–73.

36. Sladek NE, Kollander R, Sreerama L, Kiang DT. Cellular levels of aldehyde
dehydrogenases (ALDH1A1 and ALDH3A1) as predictors of therapeutic
responses to cyclophosphamide-based chemotherapy of breast cancer: a
retrospective study. Rational individualization of oxazaphosphorine-based
cancer chemotherapeutic regimens. Cancer Chemother Pharmacol. 2002;
49(4):309–21.

37. Koppaka V, Thompson DC, Chen Y, Ellermann M, Nicolaou KC, Juvonen RO,
Petersen D, Deitrich RA, Hurley TD, Vasiliou V. Aldehyde dehydrogenase
inhibitors: a comprehensive review of the pharmacology, mechanism of
action, substrate specificity, and clinical application. Pharmacol Rev. 2012;
64(3):520–39.

38. Luo Y, Dallaglio K, Chen Y, Robinson WA, Robinson SE, McCarter MD, Wang
J, Gonzalez R, Thompson DC, Norris DA, et al. ALDH1A isozymes are markers
of human melanoma stem cells and potential therapeutic targets. Stem
Cells. 2012;30(10):2100–13.

39. Marcato P, Dean CA, Giacomantonio CA, Lee PW. Aldehyde dehydrogenase:
its role as a cancer stem cell marker comes down to the specific isoform.
Cell Cycle. 2011;10(9):1378–84.

40. Marcato P, Dean CA, Pan D, Araslanova R, Gillis M, Joshi M, Helyer L, Pan L,
Leidal A, Gujar S, et al. Aldehyde dehydrogenase activity of breast cancer
stem cells is primarily due to isoform ALDH1A3 and its expression is
predictive of metastasis. Stem Cells. 2011;29(1):32–45.

Kozovska et al. BMC Cancer  (2018) 18:656 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Chemicals
	Cell lines
	Aldefluor assay
	RNA isolation and cDNA synthesis
	Real time PCR
	siRNA nucleofection and gene silencing by siRNA interference
	Fluorimetric assay
	Western blotting
	Apoptosis detection
	Xenotransplant growth and animal treatments in vivo
	Statistical analysis

	Results
	Molecular inhibition of ALDH by DEAB sensitizes HT-29/eGFP cells to chemotherapeutic treatment
	ALDH isoforms are differentially expressed in tested CRC cell lines
	CSC markers are differentially expressed in tested CRC cell lines
	Inhibition of ALDH1 isoforms sensitizes cancer cell lines to chemotherapy
	ALDH1A1 silencing decreases tumorigenicity of the HT-29/eGFP cells on athymic mice

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	References

