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REVIEW ARTICLE

Constitutive expression and activation of stress response genes in
cancer stem-like cells/tumour initiating cells: Potent targets for
cancer stem cell therapy

Toshihiko Torigoe, Yoshihiko Hirohashi, Kazuyo Yasuda, & Noriyuki Sato

Department of Pathology, School of Medicine, Sapporo Medical University, Sapporo, Japan

Abstract

Cancer stem-like cells (CSCs)/tumour-initiating cells (TICs) are defined as the small population of
cancer cells that have stem cell-like phenotypes and high capacity for tumour initiation. These
cells may have a huge impact in the field of cancer therapy since they are extremely resistant to
standard chemoradiotherapy and thus are likely to be responsible for disease recurrence after
therapy. Therefore, extensive efforts are being made to elucidate the pathological and
molecular properties of CSCs/TICs and, with this information, to establish efficient anti-CSC/TIC
targeting therapies. This review considers recent findings on stress response genes that are
preferentially expressed in CSCs/TICs and their roles in tumour-promoting properties.
Implications for a novel therapeutic strategy targeting CSCs/TICs are also discussed.
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Characteristics of cancer stem-like cells

Tumours are composed of morphologically and functionally

heterogeneous cells. In the cancer stem cell hypothesis, it is

proposed that the heterogeneity occurs as a result of

differentiation of a small stem cell-like population of cancer

cells (cancer stem-like cells). They are presumed to have

properties similar to normal stem cells such as self-renewal

capacity, pluripotency and longevity. It is known that they use

the same signalling pathways as those found in normal stem

cells and embryonic stem cells such as Wnt, Notch and

Hedgehog [1,2]. However, in addition to these stem-like

features, they have two major malignant characteristics that

are responsible for tumour recurrence and metastasis.

The first is their high tumour-initiating capacity. As

described in a number of reports, only 10� 100 CSCs/TICs

can form a tumour within several weeks after transplantation

into immunodeficient mice such as NOD/SCID mice. The

resulting tumour recomposes phenotypically heterogeneous

tumour cells resembling the original tumour tissue. Therefore,

CSCs are designated as TICs in terms of tumour-forming

capacity. One valuable technique in which the tumour-

initiating capacity seen in vivo can be modelled in vitro is

use of the sphere-forming assay. Multicellular spheres that are

formed by breast CSCs and prostate CSCs are termed

‘‘mammospheres’’ and ‘‘prostaspheres’’, respectively [2,3],

when they are cultured under certain conditions. The sphere

formation assay is currently used to enrich CSCs/TICs

in vitro.

A second malignant property of CSCs is their high

resistance to stress. CSCs/TICs are resistant to chemother-

apeutic drugs, irradiation and other stresses such as hypoxia

and glucose starvation [4,5]. The mechanisms by which

CSCs/TICs acquire the stress resistance have been explained

in terms of expression of drug transporters, G0 arrest of the

cell cycle, and resistance to apoptosis [6]. These properties

are derived, in part, from parental normal stem/progenitor

cells from which cancer cells originate. However, it is likely

that CSCs/TICs might gain a specific anti-stress programme,

which is observed only in the testis among normal adult

tissues, as described in the following sections. The stress

resistance is used for isolation of CSCs/TICs in vitro from

several kinds of cancer, including breast cancer, lung cancer

and ovarian cancer [7,8].

Genes preferentially expressed in CSCs/TICs

To better understand the molecular basis for these malignant

characteristics of CSCs/TICs, we isolated them from various

human cancer cell lines by side population (SP) assay

(Figure 1) and ALDEFLUOR (Stem Cell Technologies,

Vancouver, Canada) assay (Figure 2), which are based on

the high activity of ATP-binding cassette (ABC) transporters

[9] and aldehyde dehydrogenase 1 (ALDH1), respectively, in

CSCs/TICs. The specific methods are described in the figure

legends and our previous reports [10,11–14]. CSCs/TICs were

enriched in the SP and/or ALDH1-high population and

subjected to comparative transcriptome analysis using a DNA

microarray and quantitative RT-PCR.
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CSC/TIC-preferential genes that were identified in colon,

lung, kidney, prostate, uterine and ovarian cancer cells were

classified into four categories (Table I). It was found that

CSCs/TICs expressed higher levels of 1) stemness-associated

genes, 2) stress-resistance genes, and 3) testis-specific genes.

Stemness-associated genes are well-known genes that are

expressed in embryonic stem cells and normal stem/progeni-

tor cells, and have crucial roles for the maintenance of

stemness properties such as self-renewal capacity and

pluripotency [10]. Most of the stress-resistance genes are

also expressed in normal stem/progenitor cells. For example,

ABC transporters are expressed in normal haematopoietic

stem cells as well [15]. It is likely that the stress-resistance

properties of CSCs/TICs might, in part, originate from normal

parental stem/progenitor cells. However, it is interesting that

certain stress response genes are exclusively expressed in

CSCs/TICs and the testis, which belong to the third group,

testis-specific genes [16]. Some of the cancer-expressing

testis-specific gene products are termed cancer/testis antigens

and have significant roles in the field of tumour immunology

since they can serve as immunodominant tumour-rejection

antigens [17]. We have reported recently that certain cancer/

testis antigens are preferentially expressed in SP cells;

therefore designating them cancer/testis/stem (CTS) antigens

[16]. The CTS antigens are potent molecular targets for CSC-

targeted immunotherapy. It is enigmatic why a number of

testis-specific genes are preferentially expressed in non-

testicular CSCs/TICs. We speculate that there should be a

close similarity between CSCs/TICs and spermatogonial

cells. It is likely that CSCs/TICs utilise a specific machinery

of spermatogonial stem cells for their unlimited proliferation

capacity, longevity and stress resistance.

Figure 1. Hoechst33342 staining assay that
shows CSC-enriched side population.
Ovarian carcinoma MCAS cells were stained
with 5.0 mg/mL Hoechst 33342 and analysed
by flow cytometry. (A) SP, side population
(2.2%); MP, main population. (B) SP was
decreased in the presence ABCG2 inhibitor
verapamil.

Figure 2. ALDEFLUOR assay revealed CSC-
enriched ALDH1-positive population.
ALDEFLUOR assay kit was purchased from
Stem Cell Technologies (Vancouver, BC,
Canada). MCAS cells were suspended in
1 mL assay buffer containing 1.5 mM of an
ALDH1 substrate, BODIPY

�
-aminoacetalde-

hyde and analysed by flow cytometry.
(A) ALDH1-high population (8.3%).
(B) ALDH1-high population disappeared in
the presence of 10-fold molar excess of
diethylamino-benzaldehyde (DEAB).

Table I. A list of genes preferentially expressed in CSCs/TICs of solid
cancers.

Category Gene names

1. Stemness-associated genes SOX2, OCT3/4, TBX3, NANOG,
CD133

2. Stress-resistance genes
i. ABC transporter genes ABCB1, ABCG2, ABCA5, ABCC1
ii. Detoxification enzyme genes ALDH1, ALDH3
iii. Anti-oxidative stress genes AKR1C1, AKR1C2, AKR1C3,

SEPW1, Nrf2,
iv. Anti-hypoxic stress gene FOXO3A
v. Anti-proteotoxic stress genes HSPA1B, Hsp70B0, Hsp27, CCT5,

DNAJB8, HSF1
3. Testis-specific genes SMCP, DNAJB8, HSPA1B,

OR7C1, MAGE-A
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Stress-resistance genes expressed in CSCs/TICs

Stress-resistance genes expressed in CSCs/TICs can be

categorised into the following groups.

ABC transporter genes

ABC transporters are located in the plasma membrane and

export certain chemicals and metabolites out of cells, thus

protecting the cells from their toxic effects [9]. In addition,

they are induced upon stress such as heat shock through their

promoter activation and associated with thermosensitivity of

tumour cells [18]. Among the ABC transporters, ABCG2

(breast cancer resistance protein, BCRP) and ABCB1 (multi-

drug resistance 1, MDR1) are preferentially expressed in

CSCs/TICs [19]. They are also expressed in normal haem-

atopoietic progenitors and neural stem cells as well as the

placenta and blood–testis barrier, protecting them from

harmful toxins [9,15,20,21]. Since fluorescent dyes such as

Hoechst 33342, dye cycle violet (DCV) and CDy1 can also

become substrates of the transporters, they are used as probes

for isolation of CSCs/TICs by flow cytometry (side popula-

tion assay, Figure 1) [9,15,20–22]. The ABCC-type subfamily

and ABCA-type subfamily are also overexpressed in CSCs/

TICs of certain tumour cells [23]. Overexpression of these

ABC transporters is the major cause of the chemotherapeutic

resistance of CSCs/TICs.

Detoxification enzyme genes

This group includes the aldehyde dehydrogenases (ALDHs).

Class 1 ALDH (ALDH1) is a cytosolic enzyme oxidising

harmful aldehydes, converting them into less toxic carboxylic

acids. It is also expressed in normal stem/progenitor cells and

functions in retinoic acid synthesis as retinal dehydrogenase,

which is important in embryonic development and stem cell

differentiation [24–26]. Therefore, ALDH1 activity has been

extensively studied in normal stem/progenitor cells. There are

19 members of the ALDH-family expressed in cytosol or

mitochondria of non-cancerous cells, and some of them are

overexpressed in CSCs/TICs [1,27]. ALDH activity can be

assessed by flow cytometry using the ALDEFLUOR fluor-

escent reagent [13,28]. Ginestier et al. first demonstrated that

breast cancer cells with increased ALDH activity had stem-

like properties and high tumour-initiating capacity, providing

a new assay to isolate CSCs/TICs [29]. Using this assay,

CSCs/TICs have been isolated successfully from a number of

solid tumour cells including those of lung, colon, liver,

prostate, uterine and ovarian cancers [11,13,30–32], indicat-

ing that high ALDH activity might be a general property of

CSCs/TICs of diverse origins. It has been reported that high

ALDH1/3 expression is associated with resistance to cyclo-

phosphamide [4,33]. In addition, it was reported recently that

ALDH1A1 expression conferred resistance to gemcitabine in

human pancreatic cancer cells. Therefore, it is likely that high

ALDH activity causes resistance to non-aldehyde toxic stress

as well.

Anti-oxidative stress genes

The aldo-keto reductase (AKR) family is a family of enzymes

that includes heterogeneous NADPH-dependent oxidoreduc-

tases, which are expressed in the normal liver and placenta

[34]. These enzymes function to catalyse reactive oxygen

species (ROS), thus protecting cells from oxidative stress.

There are 12 AKR family proteins, and some of them are

preferentially expressed in CSCs/TICs of various solid tumour

cells. We and others identified their overexpression (AKR1C1

and AKR1C2) through transcriptome analysis of CSCs/TICs

of ovarian and lung cancer cells [35], and Nomura et al.

showed overexpression of the proteins (AKR1C1 and

AKR1C3) through proteome analysis of CSCs of large cell

neuroendocrine carcinoma of the lung [36]. The AKR family

is involved in retinoic acid biosynthesis, suppression of cell

differentiation and resistance to oxidative stress [37–39].

Expression of the AKR family is regulated by the transcrip-

tional factor NF-E2-related factor 2 (NRF2), a master

regulator of antioxidant genes [40,41]. In this context, it is

noteworthy that NRF2 is also constitutively activated in

CSCs/TICs as well as normal haematopoietic stem cells [42].

Activated NRF2 drives a transcriptional programme to

increase oxidative stress resistance and reduce ROS in

CSCs/TICs of diverse origins [8].

In addition to the AKR family, certain members of the

selenoprotein family are overexpressed in CSCs/TICs as well

(Figure 3). Selenoproteins are proteins that contain the

selenium-binding amino acids selenocysteine and seleno-

methionine, and are known to have antioxidant/redox proper-

ties (glutathione peroxidases and thioredoxin reductases)

Figure 3. Semi-quantitative RT-PCR analysis
of genes expressed in HEC-1 endometrial
cancer cells. Total RNAs of side population
(SP) and main population (MP) of HEC-1
endometrial cancer cells were reverse tran-
scribed and amplified by using Taq enzyme
(QIAGEN). The thermal cycling conditions
were 94 �C for 2 min, followed by 35 cycles
of 15 s at 94 �C, 30 s at 60 �C, and 30 s at
72 �C.
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[43,44]. Furthermore, increasing evidence suggests that they

have a protective role against genotoxic stress [45].

Anti-hypoxic stress genes

Forkhead box O (FOXO) transcription factors are involved in

the regulation of the cell cycle, apoptosis and metabolism,

and their activity affects the maintenance, pluripotency and

longevity of normal stem/progenitor cells [46,47]. FOXO

proteins are critical regulators of oxidative stress by modulat-

ing the expression of several antioxidant enzyme genes, thus

playing a pivotal role in the regulation of the stem/progenitor

cell pool in the haematopoietic system [48]. We found that

FOXO3A was overexpressed and highly phosphorylated in

CSCs/TICs. FOXO3A is known to be activated by hypoxic

stress and required for suppression of oxygen consumption

and ROS production, thus promoting cell survival in hypoxia

[49]. The constitutive expression and activation of FOXO3A

in CSCs/TICs might be mediated by the activation of the

PI3K/AKT signaling pathway and is likely involved in their

high resistance to hypoxic stress and oxidative stress.

Anti-proteotoxic stress genes

Heat shock proteins (HSPs) and heat shock factor 1 (HSF1),

key factors in the heat shock response have been implicated in

the aetiology of cancer [50]. We and others have found that

certain HSPs are preferentially expressed in CSCs/TICs [32].

These include HSPA1B, Hsp70B0, Hsp27, CCT5 and

DNAJB8 [3,12]. Expression of HSPs is induced by thermal

stress or proteotoxic stressors that change the conformation of

the ternary structure of the protein (folding state) or lead to its

degradation [13]. Hsp70B0 is an Hsp70 family chaperone that

is strictly inducible with little or no basal expression in non-

cancerous cells [51]. HSPA1B is also an Hsp70 family

chaperone that is expressed during spermatogenesis and early

embryogenesis in the absence of stress [52]. DNAJB8 is an

Hsp40 family chaperone that is exclusively expressed during

spermatogenesis. It remains unknown why these special HSPs

are preferentially expressed in CSCs/TICs; however, aberrant

expression and activation of heat shock factors (HSFs), master

regulators of the heat shock response, might be involved in the

constitutive expression of the special HSPs in CSCs/TICs

[53]. Notably, we found that HSF1 was constitutively

expressed and phosphorylated in the absence of stress in

CSC/TIC-derived xenograft tumour tissues of human endo-

metrial cancer cells (Figure 4). Mendillo et al. reported that

HSF1, which is constitutively activated in cancer cells, drives

distinct gene expression from heat shock to support a highly

malignant cancer phenotype [54]. Although this group did not

mention HSF1 activation in CSCs, it is possible that the

constitutive activation of the HSF1-driven transcriptional

programme in CSCs might cause the aberrant expression of

special HSPs and other malignant phenotype-associated

genes, thus playing an important role in the stress resistance

and tumour-initiation capacity of CSCs/TICs.

Stress-resistance proteins as potent therapeutic
targets for cancer stem cell therapy

DNAJB8 is an Hsp40-family heat shock protein that is

overexpressed in CSCs/TICs of renal cell cancer [12].

Interestingly, siRNA-mediated knockdown of DNAJB8 sup-

presses the tumour initiation capacity of CSCs/TICs. Wei

et al. showed that knockdown of Hsp27 in breast cancer cells

decreased some characteristics of CSCs/TICs such as sphere

formation and ALDH1 activity [32]. Furthermore, we and

others found that siRNA-mediated attenuation of HSF1, a

master regulator of heat shock proteins, could lead to

decreased sphere-forming activity of ovarian CSCs/TICs

and haematopoietic CSCs/TICs [55]. These data strongly

suggest that CSCs/TICs of diverse origins might show much

greater dependence on the function of HSF1 or specific HSPs

to maintain their cancer-initiating capacity and anti-stress

properties than their non-CSC counterparts. Therefore, HSF1

or certain HSPs might serve as potential therapeutic targets

for CSC-targeted therapy [32,50,56]. For example, Newman

et al. reported that low concentrations of 17-AAG, an

inhibitor of Hsp90, successfully eliminated lymphoma CSCs

whereas it failed to eliminate non-CSCs [55]. Screening for

inhibitors of HSF1 is being conducted by many researchers

and future studies may reveal the potency of HSF1 as a target

in CSC-targeted therapy [50,56]. However, it has to be taken

into consideration that HSF1 and most HSPs also have crucial

roles for the maintenance of stemness and survival in normal

stem/progenitor cells. To develop an effective CSC-targeted

therapy with minimal toxicity against normal tissues, CSC/

TIC-specific stress response genes should be targeted [57]. In

this context, cancer/testis gene products such as DNAJB8 and

HSPA1B might serve as ideal targets for cancer therapy. They

can serve as ideal target antigens for cancer immunotherapy

as well, since they have less tolerance against immunisation

[58]. Actually, we reported that immunisation with a

DNAJB8-expressing DNA vaccine could induce a specific

CD8þ T-cell response and tumour suppression [12].

Therefore, DNAJB8 offers a potent therapeutic target for

both molecular-targeted therapy using siRNA or a specific

Figure 4. Immunostaining of tumour tissues
showing highly phosphorylated HSF-1 in
ALDH1-high tumour cells. Xenograft
tumours were obtained by transplantation of
ALDH1-high population (A) and ALDH1-
low population (B) of HEC-1 cells into NOD/
SCID mice. The formalin-fixed tumour tissue
sections were stained with anti-phospho-
HSF1 (S326) antibody (abcam, Cambridge,
UK). Higher nuclear staining in the ALDH-
high tumour tissue (A) indicates that HSF1
could be activated in the cells [60].
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inhibitor and for antigen-specific immunotherapy such as a

cancer vaccine.

Conclusion and future perspectives

We showed that a number of stress resistance genes were

constitutively expressed and activated in CSCs/TICs even in

the absence of cellular stress, which could cause therapeutic

resistance and tumour recurrence. Most importantly, some of

them are testis-specific genes and play crucial roles in the

maintenance of the stemness and tumour-initiation capacity of

CSCs/TICs as well as spermatogenesis [59]. Therefore,

regulation of their expression or inhibition of their activity

could serve as a potent therapeutic strategy targeting to CSCs/

TICs. Conversely, it is a matter of concern that, under certain

stress conditions in which stress resistance genes are up-

regulated, stemness characteristics and tumour-initiating

capacity might be augmented, thus aggravating the malignant

phenotype of the tumour. Actually, recent studies indicate that

CSCs and non-CSCs can engage in a bidirectional shift in

response to their microenvironment and stressors [5,8]. If this

is true, it is likely that incomplete hyperthermic therapy or

chemotherapy might induce the dedifferentiation of non-

CSCs to CSCs/TICs and augment tumour aggressiveness.

Regulation of the expression and function of stress resistance

molecules might suppress such a reverse transformation of

tumour cells. Further understanding of aberrantly expressed

stress resistance molecules in CSCs/TICs and their molecular

mechanisms should lead to novel therapeutic strategies for

cancer.
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