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In some types of human cancer, aldehyde dehydrogenases represent stemness markers and their expression is
associated with advanced disease stages and poor prognosis. Although several biological functions are mediated
by their product Retinoid acid, the molecular mechanism is tissue-dependent and only partially understood.

In this review, we summarize the current knowledge about the role of ALDH in solid tumours, especially
ALDH1A1 and ALDH1AS3 isoforms, regarding the molecular mechanism of their transcription and regulation, and
their crosstalk with main molecular pathways resulting in the excessive proliferation, chemoresistance, stem cells
properties and invasiveness. The recent knowledge of the regulatory effect of InRNA on ALDH1A1 and ALDH1A3
is discussed too.

1. Characterization of ALDH

In human cells, 19 subtypes of aldehyde dehydrogenase (ALDH) -
encoded genes have been identified on different chromosomes, with
alternative splicing providing even more translational variability. ALDH
proteins are divided into eleven protein families and four subfamilies
that are localized in different cell compartments: in the cytoplasm, nu-
cleus or mitochondria [1]. In addition to their enzymatic activity, they

are necessary during embryogenesis and fetal development [2].

The ALDH family is characterized by engagement in a wide-range
spectrum of biological processes essential for cell survival along with
cell protection. It has a crucial role in the conversion of vitamin A to its
active metabolite, retinoic acid (RA). ALDHs are also upregulated in
mammals in response to both oxidative stress and lipid peroxidation [3].
They detoxicate potentially hazardous aldehydes [4,5]. They have
antioxidant and osmoregulatory functions and they are also engaged in

Abbreviations: ALDH1A13, aldehyde dehydrogenase 1 isoforms A1, A3; AR, androgen receptor; atRA, all trans retinoic acid; BAX, Bcl-2-like protein 4, apoptosis
regulator; Bcl-2, B-cell lymphoma 2, apoptosis regulator; BET, bromodomain and extraterminal protein family; BRD4, bromodomain-containing protein 4; C/EBPp,
CCAAT/enhancer-binding protein p; CD31, Platelet endothelial cell adhesion molecule 1; CD24, signal transducer 24, sialoglycoprotein; CD44, homing cell adhesion
molecule; CDK2, Cyclin- dependent kinase 2; CHOP, C/EBP homologous protein; cMET (HGFR), Hepatocyte growth factor receptor; CSC, cancer stem cell; DANCR
(KIAAO0114), Differentiation antagonizing non-protein coding RNA; DDIT3, DNA damage inducible transcript 3; DHT, Dihydrotestosterone; EMT, epithelial-
mesenchymal transition; ER, Estrogen receptor; ERK, Extracellular signal-regulated kinase; EZH2, Enhancer of zeste homolog 2; GADD153, Growth arrest and DNA
damage 153; HGF, Hepatocyte growth factor; HNSCC, Head and neck squamous Cancer; HOX, Homeobox protein; HPCs, hematopoietic progenitors; HSP27, heat
shock protein 27; IL-6, Interleukin 6; MDR, multidrug resistance; MEK, Mitogen-activated protein kinase; MMP, matrix metalloproteinase; mTOR, Mammalian target
of rapamycin; MUC1-C, Mucin 1 glycoprotein, subunit C; NANOG, homeobox protein, transcriptional factor; NFkB, Nuclear factor kappa-light-chain-enhancer of
activated B cells; NQO1, NAD(P)H dehydrogenase [quinone] 1; NRAD1 (LINC00284), Non-coding RNA in the aldehyde dehydrogenase 1A pathway; NRF2, Nuclear
respiratory factor 1,; NSPc1, Polycomb 1 of the nervous system; PCAF, acetyltransferase P300/CBP-associated factor; PI3K, Phosphatidylinositol 3-kinase; PPARf/S,
Peroxisome-proliferator-activated receptor /5; PTEN, Phosphatase and tensin homolog; RA, Retinoic acid; RAR, Retinoic acid receptor; RARE, RA responsive
element; RARRES], Retinoic acid receptor responder 1; RD16, retinol dehydrogenase 16; ROS, reactive oxygen species; RXR, Retinoid X receptor; S1P, Sphingosine-1-
phosphate; SIRT2, Sirtuin 2; SMAD4, Mothers against decapentaplegic homolog 4; SNAI1, (Snail) zinc finger protein 1; SNAI2, (Slug) zinc finger protein 2; SOX2, SRY
(sex determining region Y)-box 2; SRC, proto-oncogene tyrosine-protein kinase; STAT3, Signal transducer and activator of transcription 3; TCF4 (TCF7L2), Tran-
scription factor 7-like 2; TGF- B, Transforming growth factor beta; TNBC, triple negative breast cancer; TLX-1, T-cell leukemia homeobox protein 1.
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drug metabolism and cell differentiation [4].
2. ALDH expression in neoplasia

Large study covering RNA sequencing data from The Cancer Genome
Atlas (TCGA) and the analysis of expression of 19 ALDH isoforms linked
this data with the patient’s prognosis in the most frequent cancer types.
Each ALDH isoform has a specific differential expression pattern, most of
them have individual functional roles in cancer prognosis [6]. Higher
ALDH activity was discovered in aggressive CSC cells and linked to their
stemness properties. Moreover, ALDHs expression is specific for each
tumour type, depending on organ and tissue [7]. Multiple ALDH iso-
forms can contribute to the ALDH activity detected by ALDEFLUOR™
method; ALDH1A1, 1A2, 1A3, 2, 7A1, 1B1, 3A1 and 8 [8].
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correlates with worse prognosis in patients and increased in vitro pro-
liferation, colony/sphere formation, resistance and/or motility and in
vivo tumorigenicity [10]. Human ALDH1A3 is located on chromosome
15 (15q26.3), with the length of 43,823 bp, and is involved in amino
acids metabolism pathways [11]. ALDHIA3 expression is tissue- and
cancer- specific and is usually associated with increased colony/sphere
formation, tumorigenesis and angiogenic activity [11]. Both ALDH1A1
and 1A3 are required for the biosynthesis of retinoic acid and have an
important role in the embryonic development of the eye & nose.
Preferred substrate for both enzymes is retinal. ALDH1A3 has high ac-
tivity with an all-trans retinal, and much lower in vitro activity with
acetaldehyde. ALDH1A1 oxidizes a wider spectrum of aldehydes in vivo,
but prefers 9-cis retinal [11]. Genetic homology of both proteins is 71%
according to NCBI BLAST.

ALDH1A1 and ALDH1A3 are largely studied in relation to CSCs [9]
and we focus on these isoforms in this review. ALDH1A1 is localized on
chromosome 9q21.13, with a length of 59,383 bp. The protein forms a
homotetramer and is widely distributed in human adult brain, eyes,
lungs, testes, liver and kidney. Increased ALDHIA1 expression mostly
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Fig. 1. Biological processes affected by ALDH1A1 or ALDH1A3 function.

A. Inhibition of ROS production. Chemotherapeutics and radiation produce elevated levels of oxidative stress in cancer cells as part of their treatment effect; the
“ROS scavenging” activity of ALDH could protect cancer cells against these therapeutic approaches by maintaining ROS at low levels. Attenuation of ALDH activity
has been shown to accumulate ROS in CSCs, leading to DNA damage and apoptosis [3].

B. Detoxification of reactive aldehydes to carboxylic acids is a natural trait of both enzymes. Oxidative stress damages DNA and proteins as long as it triggers
lipid peroxidation of cellular phospholipids yielding over 200 species of reactive aldehydes. ALDH1A1 and ALDH1A3 detoxify them and protect the cell, leading to
the detoxification of commonly used anticancer treatment regimens [3].

C. Retinoid acid production. Alcohol dehydrogenases control the reversible conversion of retinol to retinal. Retinal is subsequently metabolized irreversibly to
retinoic acid (RA) (all-trans, 9-cis, 13-cis) under control of ALDH1A1, ALDH1A2, ALDH1A3 and ALDH8A1 [4,20]. RA acts as a signalling molecule to regulate gene
transcription, leading to changes in cellular differentiation and proliferation [21].

D. Retinoid acid-mediated signalling. In the classic pathway (blue arrow) after entering the nucleus, RA is a ligand for heterodimer formed by nuclear retinoic acid
receptor (RARx) and retinoid X receptor (RXRs), which anneals to DNA via a conserved DNA-binding domain at two RA responsive element sites (RARE and RXRE)
[22]. These responsive elements are found in promoters of many retinoid-inducible genes, and transcriptional activation occurs upon binding the RAR/ RXR complex
to them [23]. The RARs do not bind DNA alone, but RXR can bind DNA as a homodimer. In the absence of ligands, the RAR/ RXR complex still acts as a tran-
scriptional repressor, thanks to bound corepressors, resulting in deacetylation of histones and thus repressing transcription of the target genes [24]. Conversely, after
RA binding, conformational changes and subsequent binding to coactivators (SRC or histone acetylases) lead to histone acetylation and transcriptional activation
[25]. In the non-classic pathway (red arrows), RA has multiple targets. It can bind to RXR and peroxisome-proliferator-activated receptor /5 (PPARB/8) hetero-
dimers or RXR and ERa heterodimers and trigger the expression of its downstream target genes like AKT or ¢-MYC, respectively. RA can also bind with the RARx
monomer (green arrow) outside of the nucleus and activate the PI3K/AKT pathway [9,26]. The activation of the AKT, c-MYC or PI3K/AKT pathway leads to marked
changes in cellular differentiation and proliferation, tumorigenesis, stemness and resistance to therapy [27].

Abbreviations: ER - estrogen receptor, PPARB/S - peroxisome-proliferator-activated receptor /5, RAR - retinoic acid receptor, RXR - retinoid X receptor, ROS -
reactive oxygen species. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Role of ALDH in tumour progression, chemoresistance and
stem-cell properties

3.1. ALDH can detoxify antineoplastic drugs

Oxidative stress damages DNA and proteins as long as it triggers lipid
peroxidation of cellular phospholipids yielding over 200 species of
reactive aldehydes. By metabolizing a wide range of aldehydes, ALDH
can attenuate oxidative stress (Fig. 1A). Downregulation of ALDH ac-
tivity has been shown to accumulate ROS in CSCs, leading to DNA
damage and apoptosis [3]. Elevated levels of ALDH enzyme in many
neoplastic cell lines as well as in patients led to the development of
resistance to both chemotherapy and radiotherapy [12].

ALDHI1A1 and ALDH1AS3 are most likely to provide drug and radi-
ation resistance. ALDH1A1 upregulation was reported as the reason for
chemoresistance to cyclophosphamide [13] and doxorubicine and
paclitaxel [12] in breast cancer, to paclitaxel in lung cancer [14] and to
cisplatin in cervical cancer [15]. Other examples of ALDH connection to
resistance to temozolomide, irinotecan, paclitaxel, doxorubicin and
epirubicin have been reviewed in [16]. A cross-resistance to 5-fluoro-
uracil, oxaliplatin, cisplatin and irinotecan acquired by long-term pas-
sages in increasing 5-FU concentrations in colorectal cancer cells HT29
was associated with ALDH1A1 switch to ALDH1A3 isoform [17]. siRNA
inhibition of ALDH1A1 isoforms sensitizes HT-29 cells to capecitabine
and 5-fluorouracil [18]. Downregulation of ALDH1Al by si-RNA
increased the lung cancer cells sensitivity to cyclophosphamide [19].

3.2. ALDH participates in the regulation of tumour initiation and
progression through the production of RA

ALDH plays an important role in the tumour progression via pro-
duction of retinoic acid (RA) (all-trans, 9-cis, 13-cis) from retinal under
control of ALDH1A1, ALDH1A2, ALDH1A3 or ALDH8A1 and this pro-
cess is irreversible [4,20] (Fig. 1C). One of the most important activities
of intracellular retinoids is the ability to regulate gene transcription
resulting in the changes of cellular differentiation and proliferation [21].
RA acts as a signalling molecule involved in two pathways, classic and
non-classic, described in Fig. 1D.

Thus, RA enhances the expression of genes with RAREs in their
promoters. The human genome contains over 14,000 RAREs; most of
which are located in intragenic regions [28]. Initial studies concentrated
on direct induction of genes containing RARE sequences; however, RA-
mediated gene expression is more complex and regulated by other
cellular processes, including the interaction of co-repressors and co-
activators. Differential RA-regulated gene expression is cell-type spe-
cific and responsible for the diverse cellular effects induced by RA in
different tissues [29].

Study of Marcato group in 2017 suggested a novel mechanism of
RARE-independent RA-mediated gene regulation. They indicated that
PPARf/8-directed transcription is not a major regulator of the pro- or
anti-tumour effects of atRA. Instead, they claimed atRA-induced gene
expression was dictated by expression of additional atRA-inducible
transcription factors, specifically interferon regulatory factor 1 [30].

3.3. ALDH has functional role in stem cells

ALDH itself plays an important role in retinoid metabolism and in the
removal of toxic aldehydes and ROS from CSCs, thereby affecting their
essential properties, like stemness and cellular differentiation. RA in-
fluences the expression of CSCs markers such as Nestin and SOX2, which
are important for the maintenance of stem cell properties. The atRA
treatment of CSCs reduces the levels of some markers of these cells,
including SOX2 and ABC transporters [31,32]. Furthermore, retinoids
are involved in many regulatory and signalling pathways in CSCs like
Notch, Wingless (Wnt)/p-catenin or Sonic Hedgehog (in Section 4 and 6)
and affect the expression of Hox genes responsible for differentiation
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and self-renewal processes.

Due to its high concentration in CSCs, ALDH is an established marker
used for CSC identification and purification [33]. However, the
expression of certain ALDH isoforms can be used as a CSC marker only in
tissue types that do not normally express high levels of ALDH. As an
example, ALDH1A1 should be used as a CSC marker in breast, lung,
colon and stomach epithelium (none or low level in their normal tissue);
however not in liver and pancreas [20].

3.4. ALDH has impact on migratory ability, clonogenicity and metastatic
potential

Migratory and invasive abilities are considered as the main in vitro
characteristics of metastatic cells, whereas the capacity to form tumour
spheres in vitro reflects tumorigenic capability in vivo. Tumour cells with
high ALDEFLUOR™ activity displayed increased motility and invasive
capability through a 3D basement membrane in breast and ovarian
cancer, osteosarcoma, esophageal and prostate cancer. Moreover,
ALDH+ cells originated from breast, ovarian, prostate, colon, esopha-
geal and cervical cancer, brain tumours, head and neck squamous cell
carcinoma and non-squamous cell lung cancer showed higher capacity
to form tumour spheres (reviewed in [34]). These observations support
the model of enhanced metastatic capacity of ALDH+ cells.

A number of pathways that are known to regulate CSCs, including
Notch, Wnt, transforming growth factor-f (TGF-f), and nuclear factor
kappa-light-chain-enhancer of activated B cells (NFxB), are inter-
connected to ALDH1A1 or ALDH1A3 respectively, and also are capable
of inducing epithelial-mesenchymal transition (EMT) [34]. The molec-
ular interactions of these pathways with ALDH1A1 and ALDH1A3 will
be discussed in next sections.

However, there is some controversial data about the link between
ALDH and metastatic ability. For example, Croker and colleagues in
2009 reported that ALDH#"CD24-CD44+ cells were the only cancer
cell subpopulation able to form metastases beyond the lungs in a pattern
that mirrors the clinical behaviour of breast cancer [35]. Liu et al. in
2014 compared expression of EMT- and mesenchymal-epithelial tran-
sition (MET)-associated genes in CD24-CD44+ and ALDH+ tumour cells
isolated from primary human breast cancers. While CD24-CD44+ cells
exhibited EMT-associated genes, genes associated with the alternative
epithelial-like state, such as cadherin, occludin, claudins and desmo-
plakin, were elevated in the ALDH+ population. Next, they examined
the transition of breast CSCs between mesenchymal and epithelial states
and found that ALDH participates during the epithelial and more pro-
liferative phase of metastatic colonization in distant tissues. Interest-
ingly, this suggests that ALDH may not be a key marker expressed during
the intravascular and more mesenchymal phase of the metastatic
cascade, but rather a marker and potential mechanistic promoter of a
more proliferative/epithelial CSC phenotype via MET [36].

Also, Marcato et al. have reported that ALDH1A3 may have a dual
role in breast cancer metastasis promotion. Expression of ALDH1A3 and
RARRES1 (but not ALDH1A1) correlated with more aggressive triple-
negative breast cancers. Patient tumours with high ALDH1A3 levels
had significantly higher levels of RARRES1 and RAR, while tumours
with high ALDH1A1 showed higher levels of RARS and CYP26A. Over-
expression of ALDH1A3 (but not ALDH1A1l) induced significant
expression of RARE bearing genes RARP and RARRESL1. The effects of RA
and ALDH1A3 were opposing in the breast cancer cell lines: tumour-
promoting in MDA-MB-231 and MDA-MB-435 cells, but tumour-
suppressive in MDA-MB-468 cells. It seems like ALDH1A3 induces RA
signalling, but it does not determine the downstream effect of that RA
signalling (promoting in MDA-MB-231 and MDA-MB-435 cells, and
inhibiting in MDA-MB-468 cells). Downstream factors can determine
whether ALDH1A3/RA promotes tumour growth or suppresses it. The
DNA methylation inhibition experiments indicate that differential
methylation contributes to divergent gene expression induced by
ALDH1A3/RA in MDA-MB-468 and MDA-MB231 cells. Other
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transcription regulatory mechanisms (e.g. histone modifications) could
contribute to differential expression of ALDH1A3/RA inducible genes in
breast cancer [37].

4. Regulation of ALDH1A1 and ALDH1A3 expression
4.1. Transcriptional regulation of ALDH1A1 isoform

Functional analysis of ALDH1A1 promoter region revealed positive
regulatory region (—91 to —53 bp) with a CCAAT box as the major cis-
acting element that mediates basal ALDH1 promoter activity in human
hepatome Hep3B cells expressing ALDH1 but not in erythroleukemic
K562 cells or in fibroblast LTK-cells, which do not express ALDHI. The
results suggested that cell type-specific factors regulate ALDH1 gene
expression [38]. Next, Elizondo et al., in 2000 showed that RAR trans-
activates the ALDH1A1 promoter by binding to a RA response-like
element (RARE) located at positions —91 to —75 bp. In addition, C/
EBPB has been shown to transactivate the ALDH1Al promoter by
recognizing and binding to the CCAAT region residing at 75 to 71 bp
adjacent to the RARE [39].

To this day, several different transcriptional activation of ALDH1A1
have been identified (Fig. 2). It was proven that the Wnt pathway reg-
ulates ALDH1A1 through f-catenin and T-cell factor (TCF)-dependent
transcription in breast cancer. Analysis of the ALDHIA1 promoter region
displayed two main p-catenin/TCF binding sites 5'-A/T A/T CAAAG-3’
[41]. B-catenin can be triggered also by Wnt independent mechanism,
downstream of AKT activity [42].

Transforming growth factor p (TGF-p) negatively downregulates
ALDHI1A1 in a Smad4-dependent manner. Overexpression of Smad4

Wnt/
v i

K]
DANCR
IncRNA Akt
(B-catenin) /
¥ ( ERK )
DANCR
IncRNA
\4
v

NN\

v

ALDH1A1

Inhibition of
A ROS

Cellular Signalling 87 (2021) 110120

inhibits it and reduces both the ALDHM8" population and the tumour-
initiating activity of pancreatic cancer cells [40]. The inhibition of
TGF-B  signalling increased ALDH1M8" population in chol-
angiocarcinoma [44], breast cancer [45] and in uterine endometrioid
cancer [46]. TGF-p signal stimulator Nodal had a tumour suppressor
function in ALDH™®" cells via the activation of TGF- B pathway [46].

The oncogenic subunit of mucin 1 (MUC1-C), which is aberrantly
overexpressed in many human breast cancers, induces ERK-mediated
phosphorylation and activation of the C/EBPp transcription factor in
breast cancer cells. By forming a complex on the ALDHIAI promoter,
MUC1-C and C/EBPp activate ALDH1A1 transcription [43].

In murine HPCs, TLX1/HOX11, an oncogenic transcription factor
involved in human T-cell leukemia, transcriptionally regulates
ALDHIA1 expression. ALDHIAI gene was identified as a TLX1-
responsive gene and transcriptional target, its overexpression perturbs
murine haematopoiesis, favouring myeloid differentiation over lym-
phopoiesis [47].

4.2. Transcriptional regulation of ALDH1A3 isoform

ALDH1A3 expression level is tissue-specific. The abnormal expres-
sion of ALDHIA3 in tumours is regulated by several different signalling
pathways, including signal transducer and activator of transcription 3
(STAT3), promoter methylation, KRAS oncogene, Androgen receptor,
HGF/c-Met axis and by specific microRNAs [11] (summarized in Fig. 3).

The human ALDH1A3 gene promoter contains a CCAAT box (71 to
67 bp) as well as ALDHIA1 promoter that could be similarly activated by
C/EBPf. C/EBPP1 and C/EBPf2 are both activators of transcription
because they contain the N-terminal transactivation domain along with

Fig. 2. Transcriptional
ALDH1A1.

ALDH1A1 promoter can be activated by
several molecular pathways: 1) Wnt pathway
regulating ALDH1A1 through p-catenin and
T-cell factor (TCF)-dependent transcription;
2) Transforming growth factor § (TGF-f) -
downregulating ALDH1Al in Smad4-
dependent manner; 3) Mucin 1-C (MUC1-C)
inducing extracellular-signal-regulated ki-
nase (ERK) signalling and phosphorylating
CCAAT enhancer-binding protein (C/EBP),
which leads to induction of ALDHIAIl
expression.

TGF-p. Negative regulation of ALDHIAI by
TGF-B through Smad4 binding was shown in
pancreatic adenocarcinoma cells. Suppres-
sion of Smad4 by specific si-RNA upregu-
lated the expression of ALDHIAI, and
overexpression of Smad4 downregulated it,
leading to the decrease of the ALDH+ pop-
ulation and their tumour-initiating activity
[40].

Wnt/ B- catenin. Suppression of B-catenin
through specific siRNA resulted in a reduc-
tion of the ALDH+ cell population of pros-
tate cancer progenitors. It sensitized it to
radiation, proving that the Wnt pathway
directly regulates ALDH1A1 through p-cat-
enin/TCF dependent transcription [41].
Following study of ALDH+ cervical cancer
cells revealed that ALDH expression could be

regulation  of
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triggered by p-catenin through a Wnt/Frizzled-independent mechanism, and this effect is downstream of AKT activity. Pharmacological inhibition of AKT reduced the
active form of the p-catenin and inactive form of GSK3 in ALDH+ cells and reduced ALDH protein level and activity [42].
Mucin 1. In breast cancers, MUC1-C induced ERK-mediated phosphorylation and activation of the C/EBPf transcription factor, forming the complex on the

ALDH1A1 promoter and activating it. [43].
Long ncRNA. The effect of DANCR is described in Fig. 3.

Abbreviations: C/EBPp - CCAAT/enhancer-binding protein f, ERK - extracellular signal-regulated kinase, GSK3 - glycogen synthase kinase-3, TCF - T-cell factor, TGF-

B - Transforming growth factor p.
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> Fig. 3. Transcriptional
ALDH1A3.

The human ALDHIA3 gene promoter con-
tains a CCAAT box (71 to 67 bp) activated by
CCAAT/enhancer-binding protein beta (C/
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MEK/ERK/mTOR pathways, a crucial regu-
lator of cell proliferation, differentiation,
and apoptosis [49].

STAT3. Aberrant activation of STAT3 and
subsequent interactions with apoptosis-
related or angiogenic factors can promote
tumour progression. Activation of the STAT3
pathway significantly promoted ALDHI1A3
expression [50]. Without the activity of
STAT3-NFxB, C/EBPp forms a complex with
DDIT3/CHOP/GADD153. STAT3-NFxB ac-
tivity represses the formation of the complex
leading to C/EBPB-dependent ALDHIA3
promoter activation [51]. The inhibition of
STAT3-NF«B activity increases DDIT3 expression and DDIT3-C/EBPf complex formation, which reduces the occupancy of the ALDHIA3 promoter by C/EBPp and
suppresses ALDH1A3 expression [9,51].

Androgen Receptor (AR). ALDH1A3 expression is also directly regulated by AR signalling in androgen-dependent prostate cancer (PCa) cell line expressing
ALDHI1A3 only [52]. The UTR of the ALDHIA3 promoter contains potential DNA binding domains for AR and its transcription factors Spl and NF1 located upstream
of the transcription initiation site. The addition of androgen DHT to PCa cells significantly increased the expression and the activity of ALDHIA3. At the same time,
genetic and pharmacological inhibition of AR eliminated the ability of DHT to induce ALDHIA3 mRNA. DHT upregulated ALDH1A3 directly through the induction of
AR transcriptional activity and not via indirect involvement of ERK and Src kinase pathways [52]. A consecutive study identified ALDH1A3 as a miR187 target in
prostate cancer. ALDH1A3 expression was inversely correlated to miR-187 and significantly downregulated in PCa cell lines after transient transfection of miR-187
precursor [53].

HGF/c-MET. Genetic or pharmacological inhibition of c-MET in pancreatic cancer cells significantly decreased ALDH1A3 expression and activity. Activation of the
HGF/c-MET pathway significantly promoted ALDHI1A3 expression. However, the specific mechanism is unknown [54].

Long ncRNA. DANCR impacts ALDH1A3 by derepression of p-catenin, leading to an increase of the stemness traits of hepatocellular carcinoma [67] and elevation of
activated TGF-f and IL-6, NFkB and STAT3 production in TNBC [68]. In the same cancer model, DANCR regulates the promoter binding of EZH2 and stimulates the
expression of CSC markers, MDR and ALDH1 [64]. The expression of NRAD1 is regulated by ALDH1A3 and its product RA [62].

Abbreviations: AR - Androgen Receptor, C/EBPpB - CCAAT/enhancer binding protein §, CHOP - C/EBP homologous protein, DDIT3 - DNA damage inducible transcript
3, DHT - dihydrotestosterone, ERK - extracellular signal-regulated kinase, EZH2 - enhancer of zeste homolog 2, GADD153 - growth arrest and DNA damage 153, HGF
- hepatocyte growth factor, MDR - multidrug resistance, MEK - mitogen-activated protein kinase, mTOR - mammalian target of rapamycin, RA - retinoic acid.
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the C-terminal DNA binding/dimerization domain. C/EBPf2 is a key
regulator in the proliferation and plays a role in cell growth, survival and
transformation. C/EBPf1 is the isoform responsible for oncogene-
induced senescence and is degraded by the proteasome during RAS
transformation [48].

One of the key regulators of ALDH1A3 expression is K-RAS oncogene.
The mutation and transformation of K-RAS is essential for the activation
of transcription factor C/EBPf and in transformed tumour cells leads to
the anchorage independence, the ability to form colonies in soft agar and
increased invasive potential [47]. ALDH1A3 transcription was associ-
ated with the mutated KRAS/MEK/mTOR signalling while ALDH1A1
was linked to PI3K/Akt /mTOR signature [11,49], which are key regu-
latory cascades that control cell proliferation, differentiation and
apoptosis.

The aberrant activation of STAT3 and subsequent interactions with
apoptosis related or angiogenic factors can promote tumour progression.
Transcriptional regulation of ALDHIA3 has showed the connection be-
tween ALDH1A3 and STAT3 (Fig. 3). Activation of the STAT3 pathway
significantly promoted ALDHIA3 expression [50]. Without the activity
of STAT3-NFxB, C/EBPp forms a complex with DNA damage inducible

transcript 3 (DDIT3), C/EBP homologous protein (CHOP) and growth
arrest and DNA damage 153 (GADD153). STAT3-NF«B activity represses
forming the complex leading to C/EBPp-dependent ALDH1A3 promoter
activation [51].

Study of Trasino et al. [51] showed that ALDH1A3 promoter contains
potential AR binding sites and that ALDH1A3 expression is directly
regulated by the Androgen receptor (AR) pathway in androgen-
dependent prostate cancer cell. Addition of androgen dihydrotestoster-
one (DHT) upregulated ALDH1A3 directly through the induction of AR
transcriptional activity and not by ERK and Src kinase pathway [52,53].

The abnormal activation of the HGF/c-MET axis is associated with
the progression of many tumours. Kim et al., showed a connection of
HGF/c-MET signalling to the ALDHIA3 expression. Fibulin-3 inhibited
c-MET activation and gene expression leading to negative regulation of
cellular levels of ALDH1 isoforms, both ALDH1A1 and ALDH1A3. In-
hibition of c-MET expression in AsPC-1 pancreatic cancer cells signifi-
cantly decreased ALDHIA3 expression and its activity. However, the
specific HGF/c-MET- dependent mechanism of ALDH1A3 regulation is
unknown [54].



M. Poturnajova et al.
4.3. Regulation of ALDH1A1 by post-translational modification

The amount of ALDH produced in cells is regulated at several levels.
Retinoids (most often atRA) affect the production of ALDH1A1l and
ALDH1A3 through post-translational modifications at the protein level
[19]. A549 lung cancer cells treatment with retinoids decreased both
protein levels and enzyme activity of ALDH1 isoforms, but not the cor-
responding mRNAs. The accumulation of RA regulates ALDH levels
through ubiquitin-proteasome system [19].

The most common regulatory mechanisms include acetylation or
deacetylation of already finished proteins (Fig. 4A). ALDH1A1 is also
subjected to an epigenetic regulation via BRD4 protein through regu-
lation of its superenhancer [56] and the associated RNA in ovarian
cancer cells treated with cisplatin in vitro and in vivo [57] (Fig. 4B).

4.4. Regulation of ALDH1A3 by post-translation modification

Activity of ALDH1A3 promoter is regulated by methylation; it is
hypermethylated in glioma, bladder cancer, lung cancer, colon cancer,
breast cancer, stomach, bladder cancer, and prostate cancer. High levels
of methylation of ALDHIA3 promoter results in a corresponding
decrease in gene expression [58]. For example, 20% of glioblastoma
(GBM) patients have a glioma CpG island methylation phenotype (G-
CIMP1). The ALDHIA3 promoter is hypermethylated in 32.4% of G-
CIMP negative GBM patients leading to a low level of ALDH1A3 protein
production [59]. The DNA demethylation in AGS gastric cancer cells by
methylation inhibitor 5-Aza-dC activated the ALDHIA3 gene, indicating
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that ALDH1A3 was silenced in AGS cells via promoter methylation [60].

Post-transcriptional regulation of ALDH1A3 by proteasomal degra-
dation was reported in glioblastoma cell lines. ALDH1A3 was regulated
by autophagy during high concentration- temozolomide treatment
(described in Fig. 4C) [61].

5. Interaction of long non-coding RNA with ALDH1A1 and
ALDH1A3

Recent evidence showed that two IncRNAs molecules — NRAD1
(previously LINC00284) and DANCR (differentiation antagonizing non-
protein coding RNA, previously KIAA0114) were connected to
ALDH1A1 or ALDH1A3 overexpression in CSC in breast cancer [62].

NRAD1 has been enriched in the ALDH+ CSC populations in breast
cancer with worse patients’ outcomes. Expression of NRAD1 is regulated
by ALDH1A3 and its product retinoic acid (Fig. 3). It is localized in the
nucleus; it regulates genes of differentiation and catabolic process. The
pro-tumorigenic NRAD1 increases mammosphere formation and con-
tributes to gene expression regulation by ALDH1A3 through chromatin
interactions. Induction of NRAD1 is a novel mechanism through which
ALDH1A3 regulates gene expression [63]. Si-NRAD1 or si-NFxB1
knockout led to the reduction in cell proliferation, migration, invasion,
tube formation, angiogenesis, tumorigenic ability and promoted
apoptosis in ovarian cancer by down-regulating MMP-2, MMP-9, Bcl-2,
VEGF, and CD31 and up-regulating Bax [64].

Sha et al. [65] showed that DANCR was up-regulated in triple
negative breast cancer (TNBC) patient tissues with worse TNM stages

Fig. 4. Epigenetic and post-transcriptional
regulation of ALDH1A1 and ALDH1A3.
Regulation of ALDH1A1 activity by acet-
ylation. ALDH1A1 activity is reduced by the
acetylation of lysine 353, activated by ace-
tyltransferase P300/CBP-associated factor
(PCAF) and eliminated by deacetylase sirtuin
2 (SIRT2). ALDH1+ human breast cancer
cells with low levels of ALDH1A1 acetylation
display self-renewal characteristics. On the
other hand, high levels of ALDH1A1l acety-
lation are associated with depletion of the
stem cell population and decreased self-
renewal [55].
Epigenetic regulation of ALDH1A1l via
BRD4 protein. BRD4 belongs to the bro-
modomain and extraterminal family of pro-
teins (BET). It recognizes acetylated lysine
on histones through their bromodomains and
o © controls transcription of the target gene,
either directly or indirectly by enhancer el-
ements. Genes hypersensitive to inhibition
by BET proteins typically exhibit BRD4 oc-
cupancy at super-enhancer elements [56].
1 C3 BRD4 binds to acetylated lysines (Ac) in
super-enhancer and transcription factors
(TF), bringing them together and mediating
transcriptional co-activation and elongation
via RNA polymerase II (RNA pol II) and
mediator (Med). The enhancer and promoter
interaction allows the formation of chro-

ALDH1A1

LC3

matin looping. Direct examination of chromatin looping between the super-enhancer and ALDH1A1 gene promoter in cells with or without treatment with the BET
inhibitor revealed that the BET inhibitor abrogates the chromatin looping between the super-enhancer and the promoter of the ALDHIA1 gene. The data support
BRD4 role in the transcriptional control of the ALDHIA1 gene through regulation of its super-enhancer and the associated RNA. The BET inhibitor suppresses the

outgrowth of ovarian cancer cells treated with cisplatin in vitro and in vivo [9,57].

Post-transcriptional regulation of ALDH1A3 by autophagy induced by high concentration-temozolomide treatment was reported in glioblastoma cell lines.
Proximity ligation assay and co-immunoprecipitation showed direct interaction between ALDH1A3 and the autophagy adaptor protein p62. When autophagy is
activated, LC3 protein is recruited to the autophagosome, and ALDH1A3 protein binds to autophagic substrate p62. ALDH1A3-p62 complex along with the attached
ubiquitin cargo binds to the LC3 protein. Then, LC3 dissociates from the autolysosome while p62 and ALDH1A3 are degraded with ubiquitin [61].

Abbreviations: PCAF - acetyltransferase P300/CBP-associated factor, SIRT2 - sirtuin 2, BRD4 - Bromodomain-containing protein 4, Ac - acetylated lysine, BET -
bromodomain and extraterminal protein family, TF - transcription factor, Med - mediator, LC3 - microtubule-associated protein 1A/1B-light chain 3, Ub - ubiquitin.
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and overall survival. It contributes to tumour cell growth and metastasis
by regulating the promoter binding of enhancer of zeste homolog 2
(EZH2) and stimulating the expressions of CSC markers, MDR and
ALDH1 [65]. DANCR knockdown in breast cell lines reduced EMT,
stemness, inflammation and production of stemness factors CD44,
ABCG2, and ALDH1 [62]. In colorectal tissue samples and cell lines,
DANCR knockdown significantly inhibits the proliferation, invasion and
metastasis. DANCR promoted HSP27 expression and its mediation of
proliferation/metastasis via miR-577 sponging [66] (Fig. 3).

Consistent with Sha et al. [65] and Brown et al.” [62] findings, recent
study showed that DANCR expression potently activated NFxB and
STAT3 in TNBC. Their data suggest that elevation of TGF-p and IL-6
production is a mechanism by which DANCR promotes EMT and can-
cer stemness. Genetic attenuation of DANCR resulted in strong reduction
of NFkB and STAT3 at protein level [68]. TGF-p and NFkB are an
important part of pathways leading to transcriptional regulation of
ADH1A1 (Fig. 2) and STAT3/NFkB also plays a role in transcriptional
activation of ALDH1A3 (Fig. 3). It seems this might be one potential
connection between DANCR and ALDH1.

Long ncRNA H19 belongs to IncRNA, which increases the intracel-
lular ALDH activity in colorectal tumours. H19 activates Wnt- f-catenin
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pathway by sequestering miR-141, contributing to tumour development
and chemoresistance in colorectal cancer tumours [69]. It promotes
oncogenesis and drug resistance in colorectal, breast, and ovarian cancer
cells. LncRNA H19 also interacts with SAHH to regulate the DNMT3B
-dependent DNA methylation at different genetic loci [70].

6. Interaction of ALDH to main oncogenic pathways

Functional studies demonstrated the correlation and association
between several genes/ signalling pathways and ALDH1Al. Its in-
teractions contribute to the excessive proliferation, tumorigenesis,
chemoresistance, stemness, and invasiveness of cancer cells (Fig. 5).

6.1. Interaction with Notch

Notch pathway is a downstream target of retinoids, which induce cell
differentiation and decrease proliferation. Constitutive activation of the
Notch signalling pathway supported the differentiation of glioblastoma
neurospheres in an RA-dependent process in a glioblastoma stem cell-
like cellular model [70]. The data that atRA reduces the expression of
some Notch receptors and ligands were reported in the breast cancer

Fig. 5. Interactions of ALDH1A1 with other
molecules.

Interaction with Notch. In the non-small
lung cancer model, ALDH is regulated
through the Notch pathway [74]. In breast
cancer xenograft models, ALDH1Al is
controlled at a post-translational level by the
Notch signalling pathway. Notch induces
ALDHI1A1 Lys-353 deacetylation and acti-
vation via SIRT2 induction and supporting
ALDH1Al1 to promote tumorigenesis and
tumour growth [55]. Notch stimulation with
sphingosine-1-phosphate (S1P) expands the
breast cancer cells ALDH1+ subpopulation
with CSC properties. Overexpression of
sphingosine kinase 1 induces an increase in
the levels of S1P and an expansion of the CSC
subpopulation [72]. ALDH1A1 is involved in
lung CSC activity via suppression of the
Notch/Cyclin-dependent kinase 2 (CDK2)/
CyclinEl  pathway.  Upregulation  of

Tumorigenesis &
tumour growth

Expansion of CSC
subpopulation

Redox balance &
Chemoresistance

Clonogenic &
migration ability

Tumorigenesis
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sphere forming
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ALDH1AL1 in lung cancer A549 cells signifi
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N Stemness NOTCH3, CDK2, and CyclinE1 [75].

cMYC — properties Interaction with NRF2. The levels of

Miz1 ALDH1A1, NRF2, and NQO1 (both control-

c-MYC rd ling redox balance) are higher in ALDH-+

ALDH+ cells [78].

HCT116 colorectal cells and doxorubicin-
resistant ovarian cancer cells compared to
ALDH-. The increase in ALDH1A1 and p62
was associated with NRF2 upregulation,
indicating NRF2 signalling activation in

Interaction with Polycomb genes Bmi-1 and NSPcl. Silencing of Bmi-1 expression in HNSCC- ALDH1 ™ cells resulted in the downregulation of Snail and ALDH1
expression. Bmi-1 modulates the tumorigenic traits of ALDH1™ cells by regulating Snail, but the mechanism is unknown [85] (dotted arrow). Polycomb 1 of the
nervous system (NSPc1) in glioma CSCs causes the reduction of endogenous RA by inhibition of retinol dehydrogenase 16 (RD16). Suppression of NSPcl expression
reduced self-renewal and sphere-forming abilities in glioma CSCs and expression of Nestin and CD133 [32].

Interactions with MDR. RAR« regulates MDR activity in human leukemic cells [86]. Retinol, retinyl acetate, and 13-cis-RA (but not atRA) reduce the activity of
MDR1 by non-competitive inhibition and raising the membrane viscosity [87]. In the ovarian cancer model, the silencing of ALDH1A1 reduced the level of its
downstream target NEK2. The downregulation of ABC transporters was detected due to ALDH1A1 or NEK2 silencing. They assume that ALDH1A1 can be involved in
cisplatin resistance through the upregulation of NEK2 in ovarian cancer [88].

Interaction with HOX. There is reciprocal feedback between HOXA5 and Wnt signalling [90]. The Wnt pathway suppresses HOXAS5 but activates ALDH1A1
transcription leading to c-MYC expression. C-MYC reacts with the Mizl protein as a transcriptional repressor and prevents the transcription of HOXA5, thereby
maintaining the properties of stem cells [91].

Abbreviations: atRA - all-trans retinoic acid, Bmi-1 - CDK2 - cyclin-dependent kinase 2, HNSCC - Head and Neck Squamous Cancer, HOX - Homeobox protein, MDR -
multidrug resistance, MDR1, ABCG2, and MRP1 - receptors of MDR, drug transporters, Miz1 -Msx-interacting-zinc finger, NRF2 - Nuclear respiratory factor 1, NQO1 -
NAD(P)H dehydrogenase [quinone] 1, NSPcl - Polycomb 1 of the nervous system, RD16 - retinol dehydrogenase 16, SIRT2 - sirtuin 2, S1P - sphingosine-1-phosphate.
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model [71], thereby regulating tumour cell invasiveness.

In breast cancer xenograft models, ALDH1AL1 is regulated at a post-
translational level by the NOTCH signalling pathway. Notch induces
ALDHIA1 Lys-353 acetylation via induction of SIRT2 expression
(Fig. 4A), promoting tumorigenesis and tumour growth. Replacement of
endogenous ALDH1A1 with an acetylation mimetic mutant inhibited
tumorigenesis and tumour growth. [55]. Notch stimulation with
sphingosine-1-phosphate (S1P) expands the breast cancer cells ALDH1+
subpopulation with CSC properties. S1P binding to the S1P receptor 3
(S1PR3) stimulates ligand-independent NOTCH activation. Over-
expression of sphingosine kinase 1 induces an increase in the levels of
S1P and the CSC expansion [72]. Similar correlations between Notch
signalling, ALDH activity, and CSCs have been observed in murine os-
teosarcoma [73].

In the non- small lung cancer model, ALDH is regulated through the
Notch pathway since the chemical or genetic suppression of NOTCH3
results in decreased ALDH activity [74]. ALDH1Al is involved in lung
CSC activity via suppression of the Notch/Cyclin-dependent kinase 2
(CDK2)/CyclinE1l pathway. Upregulation of ALDH1A1 in lung cancer
A549 cells significantly decreased expression of NOTCH1, NOTCH2 and
NOTCH3, CDK2, and CyclinEl and vice versa. ALDH1Al expression
maintained the stemness of the A549 cells [75].

6.2. Interaction with NRF2

NRF2 is involved in redox balance and, under oxidative stress, in-
duces the transcription of cytoprotective genes that inhibit potentially
carcinogenic reactive molecules [76]. On the other hand, high levels of
NRF2 correlated with chemoresistance caused by enhanced induction of
antioxidants, detoxifying enzymes, and drug efflux pumps [77].

In ALDH+ subpopulation isolated from colon cancer cell line
HCT116, ALDH1A1, NRF2, and NQO1 expression were higher than in
ALDH- cells. High levels of NRF2 and subsequent target genes were also
detected in ALDH1Al+ subpopulation from doxorubicin-resistant
ovarian cancer cells. The increase in ALDH1A1 and p62 was associ-
ated with NRF2 upregulation in the CSC-like ALDH+ cells [78].
Silencing of NRF2 in pancreatic cancer AsPC-1, COLO-357, and PANC-1
cells reduced the expression of ALDH1A1 and ALDH3A1 on mRNA and
protein level and significantly enhanced the sensitivity of pancreatic
cancer cells to 5-FU [79].

6.3. Interaction with CXCR4

CXCR4 is a chemokine receptor that belongs to seven trans-
membrane G protein-coupled cell surface receptors [80]. Its ligand,
CXCL12, acts on CXCR4-expressing cells by inducing their migration by
chemotaxis. Moreover, signalling of this ligand-receptor system results
in multiple intracellular responses like cell survival, proliferation, and
gene transcription [81]. CXCR4 transfers the signal via three potential
pathways inducing ALDH activation: (i) PI3K/Akt/NFxB connected to
ALDH1AL1 transcription; (ii) Jak/STAT and (iii) SOS/Shc/Grb2 - Ras/Raf
connected to ALDH1A3 transcription (in Chapter 4.1 and 4.2). All
pathways result in the process of cell survival and proliferation [82].

Feng and colleagues explored the relationship between ALDH1A1l,
ALDH1A3, CXCR7, and CXCR4 on 58 human cancer cell lines. ALDH1A3
expression was negatively correlated with CXCR4 in analysed cell lines
[83]. In three cell lines with attenuated ALDH1A3, colorectal HCT116
and SW480 cell lines together with A549 lung cells, they showed slower
growth and less invasive capacity together with low CXCR4 expression.
In contrast, CXCR4 expression did not change in SW620 and LOVO. The
overexpression of CXCR4 could rescue cell growth suppression mediated
by ALDH1A3 knockdown in SW480 and A549 cells but did not affect the
growth of LOVO cells. These observations showed ALDH1A3 attenua-
tion induced divergent CXCR4 regulation in different colon cancer cells.
Treatment with atRA did not affect CXCR4 protein change, which sug-
gested that other mechanisms rather than the RA pathway might be
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responsible for the regulation of CXCR4 caused by ALDH1A3 attenua-
tion [83].

6.4. Interaction with polycomb proteins

Polycomb family of proteins represent essential players in main-
taining the characteristics of stem cells and their deregulation is con-
nected to CSCs and tumour transformation. Bmi-1 is a member of the
Polycomb (PcG) family of transcriptional repressors that mediate gene
silencing by regulating chromatin. It inhibits Myc-induced apoptosis by
repressing the Cdkn2a locus. It also conceals the tumour suppressor
PTEN and induces EMT [84]. Silencing of Bmi-1 expression in Head and
Neck Squamous Cancer (HNSCC) - ALDH1 ™ cells resulted in Snail and
ALDH1 downregulation, inhibition of the clonogenic and migration
ability in vitro and reduction the number of lung metastases and tumour
size in vivo. Bmi-1 modulates the tumorigenic properties in HNSCC-
ALDH1" or ALDH1™ cells by regulating Snail, but the mechanism is
unknown [85].

Polycomb 1 of the nervous system (NSPc1) regulates RA synthesis in
glioma CSCs. It can inhibit the expression of retinol dehydrogenase 16
by binding to the promoter of its gene via RARE and thus reduce the
level of endogenous atRA in cells. Suppression of NSPcl expression re-
duces self-renewal and sphere formation in glioma CSCs and expression
of Nestin and CD133. Reduction of NSPc1 leads to positive feedback
during atRA formation and subsequent glioma stem cell differentiation
[32].

6.5. Interactions with MDR

Multidrug resistance (MDR) -1 protein activity is one of the funda-
mental mechanisms responsible for multidrug resistance. RARa regu-
lates MDR activity in human leukemic cells and leads to MDR [85].

However, the action of several retinoids is different. Retinol, retinyl
acetate, and 13-cis-RA (not atRA) reduce the activity of MDR1, using the
principle of non-competitive inhibition and the raising of the cyto-
plasmic membrane viscosity. Due to the reduced flexibility, ABC trans-
porters cannot efficiently transport drugs from the cells [86]. A study in
the ovarian cancer model reported that silencing of ALDH1A1 reduced
its downstream target NEK2. The downregulation of ABC transporters
(MDR1, ABCG2, and MRP1) was detected due to ALDH1A1 or NEK2
silencing. On the other hand, NEK2 overexpression leads to MDR1
upregulation. They assume that ALDH1A1 can be involved in cisplatin
resistance through the upregulation of NEK2 in ovarian cancer [87].

6.6. Interaction with HOX

Hox genes encode a highly conserved family of transcription factors
with homeodomain in their structure. They participate in the mainte-
nance of the adult tissue homeostasis and also in the development of
tumours [88]. Same as the homeotic genes, retinoids could control the
expression of Hox genes. Langston et al. [89] identified RARE as part of
the regulatory regions of Hox genes and demonstrated the possibility of
influencing their transcription by RA. There is reciprocal feedback be-
tween HOXAS5 and Wnt signalling. HOXAS is suppressed by the Wnt
pathway to maintain stemness and becomes active only outside the in-
testinal crypt, inhibiting Wnt signalling from enforcing differentiation.
Wnt/ p-catenin signalling activates ALDH1A1 transcription leading to c-
MYC expression. C-MYC reacts with the Miz1 protein as a transcriptional
repressor and prevents the transcription of HOXA5, thereby maintaining
the properties of stem cells. Tumour regression by HOXAS5 induction can
be triggered by retinoids [90]. Application of atRA to colon carcinoma
CSCs results in decreased expression of HOXA4 and HOXA9, inhibition
of proliferation, and an overall reduction in viability of affected cells
[88].
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7.

Conclusion

Aldehyde dehydrogenases 1A1 and 1A3 are generally known as stem

cell markers. Much lies hidden beneath this label: the ability to detoxify

the

drugs, antineoplastic regimen; the regulation of the tumour initia-

tion and progression by triggering retinoid acid signalling; the impact on

sevi
EM

eral pathways that are known to regulate stemness potential and
T.
Numerous processes were studied in models of ALDEFLUOR-sorted

ALDH+ cells with no specification of the correct isoform/s used.
These studies detected the functional differences in ALDH+ vs. ALDH-
cells, however molecular interactions require isoform-specific approach.

Thi:

s review summarizes the current state of knowledge of the partly

elucidated network around ALDH1A1 and ALDH1A3 proteins and their
adjacent signalling. The present data shows a large difference in tran-
scriptional activation of both proteins depending on tissue and tumour

typ

e examined.
This review highlights the complex network of molecules which

affect, regulate and influence ALDH1A1 and 1A3 isoforms resulting in
cancer cells’ resistance, tumorigenicity and motility.
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